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Foreword

This volume seeks to bring together a wide-ranging set of peer-reviewed literature which, in the opinion
of the Editors, best represents the breadth of work ongoing in the field of fuel cell science and engineering
in recent years.

Fuel cell technology is a multi-disciplinary and fast changing field, and it is the intent of the volume to
bring together key review articles for the attention of those working in the field. In this regard the volume
is particularly aimed at technology developers who do not have access to the broad range of literature from
which these articles are drawn.

To that end papers are included from across 13 peer-reviewed Journals. They address all the main fuel
cell technologies (alkaline, phosphoric acid, direct methanol, solid oxide, polymer and molten carbonate
fuel cells), together with balance of plant issues such as fuel processing and hydrogen storage, and aspects
of underlying science including catalysis, membranes and electrode materials.

While no one monograph can hope to include all the work from the many researchers active in this field,
we hope that this collection of articles stimulates readers to delve more deeply into the literature in this
fascinating and important area.

Professor Nigel P. Brandon
Shell Chair in Sustainable Development in Energy, Imperial College, London

Dr Dave Thompsett
Johnson Matthey Technology Centre
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Chapter 1

US distributed generation fuel cell program

M.C. Williams, J.P. Strakey and Subhash C. Singhal

Abstract

The Department of Energy (DOE) is the largest funder of fuel cell technology in the US. The
Department of Energy – Office of Fossil Energy (FE) is developing high-temperature fuel cells for dis-
tributed generation. It has funded the development of tubular solid oxide fuel cell (SOFC) and molten
carbonate fuel cell (MCFC) power systems operating at up to 60% efficiency on natural gas. The
remarkable environmental performance of these fuel cells makes them likely candidates to help 
mitigate pollution. DOE is now pursuing more widely applicable SOFCs for 2010 and beyond. DOE
estimates that a 5 kW SOFC system can reach $400 per kW at reasonable manufacturing volumes.
SECA – the Solid State Energy Conversion Alliance – was formed by the National Energy Technology
Laboratory (NETL) and the Pacific Northwest National Laboratory (PNNL) to accelerate the com-
mercial readiness of planar and other SOFC systems utilizing 3–10 kW size modules by taking advan-
tage of the projected economies of production from a “mass customization” approach. In addition, if
the modular 3–10 kW size units can be “ganged” or “scaled-up” to larger sizes with no increase in cost,
then commercial, microgrid and other distributed generation markets will become attainable. Further
scale-up and hybridization of SECA SOFCs with gas turbines could result in penetration of the bulk
power market. This paper reviews the current status of the SOFC and MCFC in the US.

Keywords: Stationary power; Distributed generation; Cogeneration; Solid oxide fuel cell; Molten carbon-
ate fuel cell; Hybrids

Article Outline
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1. INTRODUCTION

Fuel cells have high efficiency, low environmental impact, potential low-cost even in small size units, and
are easy to site. Because of these factors, together with the interest for distributed power generation, the

1
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US Department of Energy – Office of Fossil Energy (FE) is funding several major programs for the devel-
opment of fuel cell-based power generation systems [1]. These programs include both solid oxide and
molten carbonate fuel cells, and can be categorized as follows:

● Solid oxide fuel cells (SOFCs):
– Siemens Westinghouse Power Corporation Tubular SOFC Program
– Solid State Energy Conversion Alliance (SECA) Programs

● Molten carbonate fuel cells (MCFCs):
– FuelCell Energy (FCE), Inc. Direct Fuel Cell (DFC) Program.

In addition, a new concept termed FutureGen was initiated early this year to produce electricity and hydro-
gen from coal in a virtually emission-free plant; this concept will also employ fuel cells. This paper 
discusses the status of the various fuel cell programs.

2. SOLID OXIDE FUEL CELLS (SOFCs)

2.1. Siemens Westinghouse Power Corporation’s Tubular SOFC Program

Siemens Westinghouse (formerly Westinghouse Electric Corporation) has been developing tubular 
SOFCs since late 1970s. In their latest tubular design, the cell components are deposited in the form of thin
layers on a cathode (air electrode) tube, closed at one end [2]. Figure 1 schematically illustrates the design of
the Siemens Westinghouse tubular cell [3,4]. The lanthanum manganite-based cathode tube (2.2 cm diam-
eter, 2.2 mm wall thickness, about 180 cm length) is fabricated by extrusion followed by sintering to obtain
about 30–35% porosity. Electrolyte, zirconia doped with about 10 mol% yttria (YSZ), is deposited in the
form of about 40-�m-thick layer by an electrochemical vapor deposition (EVD) process [5,6]. In this
process, chlorides of zirconium and yttrium are volatilized in a predetermined ratio and passed along with
hydrogen and argon over the outer surface of the porous air electrode tube. Oxygen mixed with steam is
passed inside the cathode tube. In the first stage of the reaction, molecular diffusion of oxygen, steam, metal
chlorides, and hydrogen occurs through the porous cathode and these react to fill the pores in the cathode
with the yttria-stabilized zirconia. During the second stage of the reaction after the pores in the air electrode
are closed, electrochemical transport of oxide ions occurs through the already deposited yttria-stabilized
zirconia in the pores from the high oxygen partial pressure side (oxygen/steam) to the low oxygen partial

2 Fuel Cells Compendium 

Interconnection

�

�

Electrolyte

Air electrode

Air flow

Fuel electrode

Fuel flow

Fig. 1. Schematic illustration of a Siemens Westinghouse tubular SOFC [3]
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pressure side (chlorides). The oxide ions, upon reaching the low oxygen partial pressure side, react with the
metal chlorides and the electrolyte film grows in thickness. The ratio of yttrium chloride to zirconium chloride
is so chosen that the electrolyte deposited contains about 10 mol% yttria.

The EVD technique deposits a very high quality, 100% dense, uniformly thick electrolyte film. However,
this technique to deposit the electrolyte is complex, capital-cost intensive, and requires vacuum equipment
that makes scaling it up to a cost-effective, continuous manufacturing process for high-volume SOFC pro-
duction difficult. Fabrication of the YSZ electrolyte films by a more cost-effective non-EVD technique, such
as plasma spraying followed by sintering, is presently being investigated to reduce cell manufacturing cost.

The Ni/YSZ anode, 100–150 �m thick, is deposited over the electrolyte by a two-step process. In the first
step, nickel powder slurry is applied over the electrolyte. In the second step, YSZ is grown around the nickel
particles by the same EVD process as used for depositing the electrolyte. Deposition of a Ni–YSZ slurry
over the electrolyte followed by sintering has also yielded anodes that are equivalent in performance to
those fabricated by the EVD process. Deposition of the anode by a thermal spraying method is also being
investigated. Use of these non-EVD processes should result in a substantial reduction in the cost of manu-
facturing SOFCs.

Doped lanthanum chromite interconnection is deposited in the form of about 85 �m thick, 9 mm wide
strip along the air electrode tube length by plasma spraying followed by densification sintering [7].

The cell tube is closed at one end. For cell operation, oxidant (air or oxygen) is introduced through an alu-
mina injector tube positioned inside the cell. The oxidant is discharged near the closed end of the cell and
flows through the annular space formed by the cell and the coaxial injector tube. Fuel flows on the outside
of the cell from the closed end and is electrochemically oxidized while flowing to the open end of the cell
generating electricity. At the open end of the cell, the oxygen-depleted air exits the cell and is combusted
with the partially depleted fuel. Typically, 50–90% of the fuel is utilized in the electrochemical cell reac-
tion. Part of the depleted fuel is recirculated in the fuel stream and the rest combusted to preheat incoming
air and/or fuel.

A large number of tubular cells have been electrically tested over the years, some for times as long as 
8 years; typical performance of these cells is illustrated in Fig. 2. These cells perform satisfactorily for
extended periods of time under a variety of operating conditions with less than 0.1% per 1000 h perfor-
mance degradation [3]. The tubular SOFCs have also shown the ability to be thermally cycled to room
temperature from 1000°C over 100 times without any mechanical damage or electrical performance loss.
This ability to sustain thermal cycles is essential for any SOFC generator to be commercially viable.

To construct an electric generator, individual cells are connected in both electrical parallel and series to
form a semi-rigid bundle that becomes the basic building block of a generator [3]. Nickel felt is used to
provide soft, mechanically compliant, low electrical resistance connections between the cells. This mate-
rial bonds to the nickel particles in the fuel electrode and the nickel plating on the interconnection for the
series connection, and to the two adjacent cell fuel electrodes for the parallel connection; such a
series–parallel arrangement provides improved generator reliability. A three-in-parallel by eight-in-series
cell bundle is shown in Fig. 3. The individual cell bundles are arrayed in series to build voltage and form
generator modules.

Since 1984, Siemens Westinghouse has designed, built, and tested almost a dozen fully integrated
power systems of successively increasing sizes. More recently, a 100 kW size atmospheric pressure power
system, employing 1152 tubular cells in 48 bundles of 24 cells each, was built as shown in Fig. 4. It oper-
ated very successfully for over 20 000 h in the Netherlands and Germany on natural gas at an efficiency of
46% with no detectable performance degradation. Such atmospheric systems are ideal for combined heat
and power (CHP) generation in distributed applications.

A scaled-up 250 kW size atmospheric pressure system, shown in Fig. 5, employing 2292 tubular cells,
with heat extraction (CHP), has also been built and is now operating at a Kinetrics Facility in Toronto,
Canada. Similar 250 kW size systems are planned for operation in 2004 at Stadwerke Hannover in Germany
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and at BP America in Alaska. Such atmospheric CHP products with electrical efficiencies in the 45–50%
range are expected to be the Siemens Westinghouse’s initial commercial offering commencing in 2006.

Siemens Westinghouse has also tested tubular SOFCs at pressures up to 15 atm on hydrogen and natural
gas fuels [3]. Figure 6 shows the effect of pressure on cell power output for a 2.2 cm diameter, 150 cm active
length cell at 1000°C. Operation at elevated pressures yields a higher cell power at any current density due
to increased Nernst potential and reduced cathode polarization, and thereby permits higher stack efficiency
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Fig. 3. A three-in-parallel by eight-in-services tubular cell bundle [3]

I044696-Ch01.qxd  11/21/05  10:50 AM  Page 4



US distributed generation fuel cell program 5

Fig. 4. Siemens Westinghouse’s 100 kW size atmospheric pressure CHP system

Fig. 5. Siemens Westinghouse’s 250 kW size atmospheric pressure CHP system
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and greater power output. With pressurized operation, SOFCs can be successfully used as replacements for
combustors in gas turbines for SOFC/turbine hybrid systems.

Siemens Westinghouse has designed, fabricated and tested a pressurized SOFC/gas turbine hybrid system
for enhanced efficiency. The initial 200 kW hybrid system (PH200), shown in Fig. 7, underwent proof-
of-concept testing at the National Fuel Cell Research Center in Irvine, CA, for about 3000 h, and the unit
achieved 52% electrical efficiency. This first-of-a-kind system provided many useful lessons and demonstrated
excellent emissions and efficiency performance. It demonstrated that SOFC/turbine hybrid systems are feasi-
ble, with promise of unparalleled efficiency, but stack and gas turbine development, system capacity scale-up,
and validation must occur before commercialization. A scaled-up 330 kW size hybrid system (PH300) 
(Fig. 8) is presently undergoing factory test in Pittsburgh, PA, before its eventual shipment to a German 
utility, RWE, in Essen, Germany. This system is expected to achieve an electrical efficiency of 58%. Further
demonstrations of hybrid systems in coming years are planned at utilities in US, Germany, and Italy.

Siemens Westinghouse’s efforts are now focused on reducing the cost of SOFC power systems. A man-
ufacturing facility with a production capacity of 15 MW per year has been built for start-up in late 2004; this
facility will provide information on the rate of reduction in the cost of SOFC power systems as production
volume increases.

6 Fuel Cells Compendium 

Fig. 7. Siemens Westinghouse’s 200 kW pressurized SOFC/gas turbine hybrid system

Fig. 8. Siemens Westinghouse 330 kW pressurized SOFC/turbine hybrid system for RWE, Germany
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Siemens Westinghouse Power Corporation’s (DOE) program is scheduled to wind down in FY2004. It is
in a sense the precursor program to the SECA program. It was through the tubular SOFC program that many
of the attributes of SOFCs have been first demonstrated.

2.2. Solid State Energy Conversion Alliance (SECA) SOFC Programs

The SECA program is the main thrust of the Department of Energy – Fossil Energy’s distributed genera-
tion fuel cell program. SECA SOFC program supports Climate Change, FutureGen, Clear Skies, and
Homeland Security initiatives. SECA is also recognized as part of the overall US Hydrogen program.
Achieving SECA goals should result in the wide deployment of SOFC technology in high-volume mar-
kets. This means that benefits to the nation are large but the cost must be low. This is the SECA goal – less
expensive materials, simple stack and system design, and high-volume markets. These criteria must be
met to compete in today’s energy market. Near-zero emissions, fuel flexibility, high efficiency, and simple
CO2 capture will provide a national payoff that gets bigger as these markets get larger.

The SECA program is dedicated to developing innovative, effective, low-cost ways to commercialize
SOFCs [8]. The program is designed to move fuel cells out of limited niche markets into widespread mar-
ket applications by making them available at a cost of $400/kW or less by 2010 through the mass cus-
tomization of common SOFC modules. SECA fuel cells will operate on today’s conventional fuels such as
natural gas, gasoline and diesel, as well as the fuels of tomorrow – coal gas and hydrogen. The program will
provide a bridge to the hydrogen economy beginning with the introduction of SECA fuel cells for station-
ary (for both central station and distributed power generation applications) and transportation’s auxiliary
power applications.

The SECA program is currently structured to include competing industry teams supported by a cross-
cutting core technology program. SECA has six industry teams working on designs that can be mass-
produced at costs that are almost 10-fold less than current costs. The SECA core technology program is
made up of researchers from industrial suppliers and manufacturers as well as from universities and national
laboratories, all working towards addressing key science and technology gaps to provide breakthrough
solutions to critical issues facing SOFCs.

The SECA industry teams collectively are making very good progress. Delphi, in partnership with Battelle,
is developing a compact, gasoline-fueled, 5 kW unit utilizing planar anode-supported SOFCs operating at
700–800°C for distributed generation and auxiliary power unit (APU) markets. Their first prototype APU,
shown in Fig. 9, was installed in the trunk of a luxury automobile and tested successfully [9,10]. Delphi is
expert at system integration and high-volume manufacturing and cost reduction. They are focused on making
a very compact and light-weight system suitable for auxiliary power generation in transportation applications.

General Electric (GE) is initially developing a natural gas-fueled 5 kW system, also utilizing planar,
anode-supported SOFCs, for residential power markets. GE is evaluating several stack designs and is espe-
cially interested in extending planar SOFCs to large hybrid systems. Presently, they are working on a
radial design that can simplify packaging by minimizing the need for seals. GE has made good progress
in achieving high fuel utilization with improved anode performance using standard materials.

Cummins and SOFCo team is developing a 10 kW product initially for recreational vehicles (RVs) that
would run on propane using a catalytic partial oxidation (CPOX) reformer. The team has produced a concep-
tual design for a multilayer SOFC stack assembled from low-cost “building blocks.” A thin electrolyte layer
(50–75 �m) is fabricated by tape casting. Anode ink is screen-printed onto the one side of the electrolyte tape,
and cathode ink onto the other. The printed cell is sandwiched between layers of a dense ceramic that accom-
modates reactant gas flow and electrical conduction. The assembly is then co-fired to form a single repeat unit.

Siemens Westinghouse, in addition to its ongoing tubular SOFC program for larger systems, is developing
smaller, 5–10 kW size products in the SECA program to satisfy multiple markets. They have developed a
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new flattened, ribbed cell design for these smaller units that retains all the advantages of the cylindrical,
cells such as not requiring seals, yet provides higher power density. These cells also make possible more
efficient manufacturing, bundle assembly, and provide higher volumetric power density. These cells will
be initially incorporated in 5 kW size systems being developed by Fuel Cell Technologies of Canada for
residential and other distributed power applications.

Two additional industry teams, one led by FCE and the other by Acumentrics, recently initiated work
under the SECA program. FCE will utilize lower-temperature planar anode-supported cells for distributed
power systems, whereas Acumentrics plans to use microtubular cells for fast-starting small systems.
Overall, the six industry teams are pursuing several design alternatives that enhance the prospects of 
success of SECA fuel cells for a broader market.

3. MOLTEN CARBONATE FUEL CELLS (MCFCs)

Department of Energy – Office of Fossil Energy has been funding molten carbonate-based Direct
FuelCell® (DFC®) development at FuelCell Energy, Inc. for stationary power plant applications. FCE
(Danbury, CT) is a world-recognized leader for the development and commercialization of high-efficiency
fuel cells that can generate clean electricity at power stations or in distributed locations near the customer,
including hospitals, schools, universities, hotels and other commercial and industrial applications. FCE
has designed and is beginning to commercialize three different fuel cell power plant models (DFC300,
DFC1500, and DFC3000). Rated output and footprint of these plants are provided in Fig. 10.

These power plants offer significant advantages compared to existing power generation technology –
higher fuel efficiency, significantly lower emissions, quieter operation, flexible siting and permitting
requirements, and scalability. Also, the exhaust heat can be used for cogeneration applications such as
high-pressure steam, district heating, and air conditioning. Because hydrogen is generated directly within
the fuel cell module from readily available fuels such as natural gas and waste water treatment gas, DFC
power plants are ready today and do not require the creation of a hydrogen infrastructure.

FCE’s products are based on its patented DFC technology [11,12]. Several DFC sub-megawatt power plants
are currently operating in Europe, Japan, and the US. Accomplishments to date include over 17 million kWh
generated with 12 million kWh at customer sites. FCE has also developed manufacturing and testing capabil-
ities to produce 50 MW per year. Additional DFC power plants are scheduled for delivery in Europe, Japan,

8 Fuel Cells Compendium 

Fig. 9. Delphi/Battelle 5 kW auxiliary power unit [9,10]
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and the US over the next 12 months, including its first DFC1500 and DFC3000 units. In parallel, FCE is also
developing technology for coal gas, logistic fuels, and other fossil and renewable fuels such as coal mine
methane gas and anaerobic digester gas from municipal and industrial wastewater treatment facilities.

FCE is also developing a ultra-high-efficiency hybrid system, the patented Direct FuelCell/Turbine®

(DFC/T®), a power plant designed to use the heat generated by the fuel cell to drive a unfired gas turbine
for additional electricity [13]. During 2002, FCE completed successful proof-of-concept testing of a
DFC/T power plant (Fig. 11) based on a 250 kW DFC integrated with a 30 kW modified microturbine.
This proof-of-concept demonstration has provided information for the continued design of a 40 MW
DFC/T power plant that is expected to approach 75% efficiency as well as to serve as a platform for high-
efficiency DFC/T systems in smaller sizes. FCE is currently continuing its proof-of-concept testing of the
DFC/T power plant with a 60 kW microturbine.

4. FUTUREGEN

FutureGen is a major new Presidential initiative to produce electricity and hydrogen from coal. It is a $1 
billion government/industry partnership to design, build and operate a nearly emission-free, coal-fired 
electricity, and hydrogen production plant. The 275 MW prototype plant will serve as a large-scale engineering
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laboratory for testing new clean power generation, carbon capture, and coal-to-hydrogen technologies, 
and will establish the technical and economic feasibility of producing hydrogen and electricity from coal,
the lowest cost and most abundant domestic energy resource. It will be the cleanest fossil fuel-fired power
plant in the world. Virtually every aspect of the prototype plant will employ cutting-edge technology. As
shown schematically in Fig. 12, rather than using traditional coal combustion technology, the plant will be
based on coal gasification, which produces synthesis gas consisting of hydrogen and carbon monoxide.
Advanced technology will be used to react the synthesis gas with steam to produce hydrogen and a con-
centrated stream of CO2. Initially, the hydrogen will be used as a clean fuel for electricity production either
in turbines, fuel cells, or fuel cell/turbine hybrids. The hydrogen could also be supplied as a feedstock for
refineries. Later on, the plant could be a source of transportation-grade hydrogen fuel.

The captured CO2 will be separated from the hydrogen, perhaps by novel membranes currently under
development. It would then be permanently sequestered in a geologic formation.

The project will require 10 years to complete and will be led by an industrial consortium representing
the coal and power industries.

5. SUMMARY

US Department of Energy – Office of Fossil Energy is funding several major programs for clean and efficient
power generation; these include high-temperature solid oxide and molten carbonate fuel cells and the com-
binations of these with gas turbines in highly efficient hybrids. Significant progress has been made in these
programs and 250 kW to few MW size systems are nearing commercialization. The biggest hurdle 
to large-scale commercialization is their rather high cost and the manufacturers are now concentrating 
on reducing the cost of fuel cell-based power systems. The SECA program is expected to provide SOFC sys-
tems that cost about $400/kW by 2010. Beyond 2010, SECA solid oxide fuel cells are expected to be incor-
porated into the FutureGen type plants to produce electricity and hydrogen in a virtually emission-free plant.
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Chapter 2

From curiosity to “power to change the world®”

Charles Stone and Anne E. Morrison

Abstract

Proton exchange membrane fuel cells (PEMFCs) experienced a dramatic renaissance in the 1980s
following their initial growth to everyday prominence in the 1960s through the activities of General
Electric. However, it is the potential of PEMFC products to ultimately replace the internal combus-
tion engine that has captured the greatest attention and provided the strongest impetus for techno-
logical expansion. Given that, it is quite clear that the impact of fuel cell technology will stretch
much further than automotive applications and will offer innovative and practical products to meet
the needs of stationary and portable electricity generation, as well as battery replacement.

A brief history of the development of fuel cell technology up to the early 1960s is provided, with a
more detailed review of key events that culminated in the exponential growth of PEMFC technology,
thereafter. The proliferation of demonstration programs is discussed, along with the development of busi-
nesses dedicated to the commercialization of this important technology. The beneficial far-reaching
impact of this technology in addressing the insatiable needs of the consumer for reliable, low-cost,
portable electricity supply, without sacrifice to environmental needs, is also explored. The proliferation
of alliances, both end-user and supplier-based is discussed to emphasize its importance in accelerating
PEMFC products into commercial production. The achievements of the technology development in
increased performance, power density, reliability and lowered costs are outlined. As well, a clear descrip-
tion is given of the remaining areas where further advancements must be made to achieve successful
commercialization. Finally, the factors that will define the rate of growth of PEMFC products into the
marketplace and the required profitability for the companies that produce them are given as comment in
the closing section.

Keywords: PEM fuel cells; History; Power generation; Alternative power technology; Environment-
friendly
PACS classification codes: 84.60.D
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1. INTRODUCTION

Through Edison’s many inventions, which included the incandescent light bulb [1], the storage battery
[2,3] and the phonograph [4,5], he was able to demonstrate the immense power and versatility of electric-
ity to meet both the practical and recreational needs of a rapidly developing world. This was really the
beginning of high-volume consumer products that utilized or produced electricity. Since then, there have
been many incredible and ingenious ways in which humanity has conceived the means to produce and har-
ness the power that is electricity. Going even further back than Edison, it was in 1802 that Sir Humphrey
Davy observed that a galvanic cell could be used to produce hydrogen and oxygen [6]. It followed from
there that the reversibility of this process should permit the production of electricity through the electro-
chemical combination of these two reactant gases. Almost 200 years later, the proton exchange membrane
fuel cell (PEMFC) has been demonstrated by both academic [7–10] and industrial [11,12] entities to be a
practical and environmentally desirable option in the production of electrical energy for various applica-
tions. The end use that has received the greatest attention has been the operation of PEMFC technology in
transportation applications. While this is clearly a multi-billion dollar market, the use of PEMFC technol-
ogy in both portable and stationary applications has equal potential and offers high-volume sales possibil-
ities that can be realized in the early part of this decade.

The use of ion-exchange membrane-based fuel cell technology in battery-replacement type applica-
tions, such as cellular phones [13,14], laptop computers [15] and hand-held devices [16–19] is a market
ripe for a product that can free users from the aggravation of repetitive recharging and limited usage
cycles. This application may also provide an early market opportunity for a modified PEMFC in which the
direct oxidation of a liquid fuel, methanol, obviates any concerns with the near-term availability of hydro-
gen. The direct methanol fuel cell (DMFC) [20,21] technology has been demonstrated by Ballard [22], the
Los Alamos National Laboratory [23] and others [24–26] to possess many beneficial characteristics
appropriate to commercial applications.

Driven by the need to generate power in a more efficient, user- and environmentally friendly manner,
the enabling technology, that is, PEMFC, will become an integral part of everyone’s daily life. The time
span for this great and important change will depend on many factors. Significant investment in this tech-
nology has already taken place, resulting in truly substantial progress in reliability, increased power den-
sity, improved manufacturing technologies, product demonstrations and materials cost reduction. To fully
appreciate a market-driven growth for PEMFC products, further advances in raw materials and com-
ponents cost reduction will be required. This responsibility lies squarely on the shoulders of three key
players. Firstly, there is the innovative supplier base for proton exchange membranes, electrocatalysts and
carbon-based materials. Secondly, the PEMFC developers must continue to produce even simpler stacks
and operating systems, that promote cost reduction through component and function integration, com-
bined with ease of manufacturing and the most efficient use of materials. Finally, governments also have
a role to play by ensuring adequate funding of activities that enhance progress of this technology into
products through actions such as targeted legislative and policy initiatives, fuel infrastructure develop-
ment, and consumer tax incentives for the purchase of PEMFC products. Together, these efforts will com-
bine to facilitate the market entry and growth of PEMFC-related products to meet humanity’s insatiable
thirst for energy, without further sacrifice to the health of our planet.

2. THE TECHNOLOGY DEVELOPMENT PATH TO THE PEMFC (1838–1960s)

The development of the fuel cell as an electrochemical device to produce electricity actually dates before
the inventions of the four-stroke internal combustion engine by Nikolaus August Otto in 1876 [27] and the
compression-ignition engine by Rudolf Diesel in 1892 [28]. In fact, we have to look back to the work of
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Christian Friedrich Schoenbein and his discovery of the “fuel cell effect” in 1838 [29], and from there to
the work of his friend William Robert Grove [30], the inventor of the “gas battery” or fuel cell. Grove iden-
tified what was much later to be recognized as one of the most important areas for development in
PEMFCs; namely, control of the interfaces between the electrolyte, electrocatalyst and reactant gas [31].
In 1889, Ludwig Mond and Charles Langer [32] developed a three-dimensional porous electrode structure
to increase the interfacial surface area. They noted that although this material facilitated reactant gas dis-
tribution to the electrocatalyst, flooding problems related to product water formation quickly negated its
effectiveness. These workers also observed that electricity was effectively produced in a fuel cell through
the use of hydrogen, from steam reforming of coal, and oxygen from the air. They further identified the
ability to increase power output from the fuel cell by “stacking” cells and by manifolding the reactant
gases into the stack. William W. Jacques suggested in 1896 [33] that the fuel cell could be used to propel
trains to great speed without the undesirable emission of smoke from conventional steam-powered
engines. Further, Jacques identified the potential of fuel cells to meet the energy needs of household and
marine applications.

Near the turn of the century, in 1910, Emil Baur et al. [34] plotted a polarization curve for a fuel cell.
They observed a decrease in cell voltage as a function of increasing current density, thereby elucidating
the means by which future performance improvements would be mapped. From the early 1930s, Francis
T. Bacon researched fuel cells predominantly for their potential as energy storage devices [35]. It was not
until August of 2000 [36] that a National Power subsidiary, Innogy, launched an energy storage device,
Regenesys™, based on Bacon’s proposal. Interestingly, it was Bacon who proposed that hydrogen pro-
duced by electrolysis from “cheap” electricity, rather than by the use of reformed fuels, would prove to be
the most effective means of powering fuel cells. Bacon further cautioned that the use of high temperatures
for fuel cells would require a careful choice of materials to avoid performance degradation. It was also
likely Bacon who ran the first fuel cell product demonstration programs in 1959, when he powered a forklift
truck, and energized other devices (up to 5 kW power output) to perform various tasks around his labora-
tory [37]. In the same year, Dr Harry Karl Ihrig of Allis-Chalmers Mfg. demonstrated a fuel cell-powered
tractor having 1008 cells, split into 112 stacks, with a total output of 15 kW [38]. This interesting and early
motive application for PEMFCs is shown in Fig. 1. Ultimately, it was Bacon’s significant efforts in fuel
cell development that fed into a commercial business for what was to become part of United Technologies
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Fig. 1. Dr Harry Karl Ihrig driving the Allis-Chalmers’ fuel cell-powered tractor (Photo reproduced from 
W. Mitchell (Ed.), Fuel Cells, Academic Press, New York, 1963.)
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(UTC). Building on Bacon’s original technology, UTC was able to produce fuel cells for the Apollo Lunar
Missions that served as power sources for on-board applications.

In 1959, Willard Grubb, of General Electric (GE) received a US patent [39] related to the design of a
fuel cell which, for the first time, incorporated an ion-exchange resin as the electrolyte (a solid electrolyte).
With this intellectual property in hand, GE began an intensive program of research and development to
produce PEMFC products, predominantly for space applications [40]. This effort led to GE receiving a
US$9 million subcontract [41] to design and develop PEMFCs for the Gemini Space Program. The PEMFC
approach won out over solar cells and other fuel cell approaches, based on its perceived simplicity and weight
advantages, combined with optimum compatibility with the Gemini Program requirements.

Initial chemistries chosen for PEMs included blends of inert polymer with highly cross-linked 
polystyrene-based ionomers [42], sulfonated phenol–formaldehyde [42], and heterogeneous sulfonated
divinylbenzene-cross-linked polystyrene [43]. These materials were prone to chemical and, in certain
cases, mechanical degradation when used as PEMs in fuel cells. Efforts to mitigate the degradation [44]
included the use of antioxidants, and the addition of Teflon® to the electrode materials. The first major
advance in PEMFC lifetime came with the development of PEMs based on sulfonated poly(�,�,�-
trifluorostyrene) [45], a material developed by GE to enhance chemical stability. However, poor membrane
mechanical properties [46] remained as an issue. A solution finally came in the mid-1960s through the
joint efforts of GE and DuPont [47]. This work resulted in the development of what is still today the PEM
of choice, namely, DuPont’s ubiquitous Nafion® membrane.

3. PEMFC DEVELOPMENT FROM THE 1970s INTO THE NEW MILLENNIUM

Ultimately, it was the development of the perfluorosulfonic acid proton exchange membrane, Nafion®, and
its demonstrated reliability [48] that brought to life the possibility that PEMFCs would find use as products
in widespread terrestrial applications. Once again, GE was the company that pioneered the work on
PEMFCs for use in transportation products, citing that this technology had the potential to deliver clean
power with high efficiency [48]. One key technical area that GE identified for further development was fuel
cell performance and the related parameter, power density, that is, kilowatts per kilogram and kilowatts per
liter for the PEMFC stack. In this endeavor, the elevation of stack operating temperature, control of water
management issues (especially maintenance of moisture levels within the PEM) and decrease in PEM
resistance were all identified as areas that would significantly increase the performance of the PEMFC.

In the late 1970s, GE’s interest in PEMFCs, and indeed their appeal in general for this technology,
began to diminish significantly. At this time, DuPont’s Nafion® membranes were finding use in water elec-
trolysis and chlor-alkali market segments, with studies indicating that these businesses would provide a
steeper and more stable return on investment for the membrane producer. Even for stationary applications
where the fuel cell’s most attractive attribute of high efficiency of operation over a dynamic electrical out-
put range was of optimum value, there was a developing preference for phosphoric acid (PAFC), molten
carbonate (MCFC) and solid oxide (SOFC) technologies over that of PEMFC [49].

Given the relatively low-power density available from the PEMFC technology of the early 1980s, most
investigators concluded [49] that unless the power density could be at least doubled, there would be no
market acceptance in the transportation arena. The same study further concluded that given the high cata-
lyst loading and expensive perfluorosulfonic acid membranes, PEMFCs would find great difficulty in
meeting the cost requirements that would promote commercialization. With limited market opportunities
for near-term revenue generation, GE decided to sell its PEMFC technology to International Fuel Cells, a
division of UTC [50].

Meanwhile, in Canada the utility companies [51] and the Canadian Government [52] were promoting
the continued development of PEMFC technology. For the Canadian utility companies, the driver was the
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production of cheap hydrogen through electrolysis, taking advantage of low electricity prices from hydro
and nuclear generating plants. For the government, it was a desire to reduce the reliance on hydrocarbon
fuels for electricity generation through the implementation of a hydrogen economy, as a long-term policy
decision.

It was in this more positive atmosphere that, in 1983, Ballard Technologies, later to become Ballard
Power Systems, was awarded a 3-year contract through two departments of the Canadian Government [53]
to develop low-cost PEMFCs. By the end of this contract, Ballard had:

● developed single cell and stack PEMFC hardware that operated efficiently on either air or pure 
oxygen, with either pure hydrogen or synthetic reformate fuel.

● achieved efficient PEMFC operation using synthetic reformate fuel by “cleaning” the gas mixture of
carbon monoxide (a well-known contaminant for platinum catalysts) through a process of selective
oxidation [53].

● confirmed the findings of Niedrach et al. [54] that carbon monoxide content, to certain concentrations,
could be tolerated in reformed fuels if a platinum/ruthenium anode catalyst was employed. This was
achieved by operating a fuel cell, under CO-containing hydrogen, for greater than 1000 h, wherein only
5% of the starting voltage was lost, compared to a 13% performance drop when no ruthenium was used
in the anode catalyst layer [53].

● demonstrated that the baseline performance of a cell operated using CO-containing fuel, with a 
platinum-only catalyst, could be immediately recovered by injection of air into the anode chamber [53].

The key contributor to the next substantial advancement in PEMFC technology came through the use of
a novel perfluorosulfonic acid membrane developed by the Dow Chemical [55]. The membrane was
received by Ballard in 1986 and, when evaluated, it provided a four-fold increase in electrical power out-
put as compared to the standard Nafion® membrane [56]. The Dow membrane possessed a higher sulfonic
acid concentration, higher water content at a given temperature, and was substantially thinner (relative 
to the standard Nafion® 117 which was �180 �m). By 1990, using a combination of developments in
PEMFC technology, a substantial improvement in performance was demonstrated at a current density of
5000 A/ft2 at 0.5 V. This performance was maintained for greater than 2000 h at 500 A/ft2 [57].

Further effort involved reductions in the quantities of electrocatalyst used in the membrane electrode
assembly (MEA). Work performed at the Los Alamos National Laboratory [58] in 1986 demonstrated that a
high surface area, supported electrocatalyst in contact with a proton conductor provided opportunity for dra-
matic catalyst loading reduction, without loss of performance. This was followed in 1988 by the reporting of
Srinivasan et al. [59] that the use of heat and pressure in the preparation of MEAs, where the temperature was
above the glass transition point of the PEM, resulted in establishing a more effective component interface.
These combined approaches provided comparable PEMFC performance at 0.35 mg/cm2 compared to the
more conventional catalyst loading of 4 mg/cm2. These workers also suggested that humidification of reac-
tant gases at 5–10°C above the cell operating temperature would be required to maintain long-term operat-
ing stability.

In 1991, a US patent was issued to Ballard [60] describing the significant benefits to PEMFC perfor-
mance that could be achieved through knowledgeable design of flow field patterns on the reactant gas carrier
plates of the unit cell. One of the described benefits of a “serpentine” design for the flow channels was its
ability to facilitate water removal from the cathode, thereby improving performance through enhanced oxi-
dant gas distribution to the electrocatalyst. Having successfully enhanced PEMFC performance through
design, attention quickly turned to the materials as a means of further reducing the cost and enhancing the
performance of the unit cell. Machined graphite/resin composites were employed as reactant gas flow plates
in place of the very expensive niobium plates used in the NASA fuel cell [56].

As early as 1989, Perry Energy Systems had demonstrated the first commercial PEMFC-powered 
submarine using a 2 kW Mk4 Ballard® fuel cell stack [57]. International Fuel Cells [61] and Ballard [62]
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identified the great value of demonstration programs in furthering the acceptance of PEMFCs as real prod-
ucts capable of meeting the needs of consumers in various markets. About this time, in 1991, a survey
identified that a total of six commercial entities were involved in the development of PEMFC technology
[63]. Two of these companies, International Fuel Cells [64] and Siemens [65], had purchased their base
technology from GE. These companies were focusing their efforts on meeting the needs of niche markets
applications where the, then, relatively high cost of PEMFC products would be viable.

The late 1980s and the 1990s saw a significant increase in demonstration programs for PEMFC proto-
type stacks and end products, some of which are shown below in Fig. 2. Daimler-Benz was evaluating a
20-cell Mk5 hydrogen/air stack, which produced 2 kW of power, as a feasibility study for the use of
PEMFCs in transportation applications [56]. A significant milestone for mass transportation demonstra-
tion programs was achieved in 1990, when Ballard entered into an agreement with the Government of
British Columbia to develop the first zero-emission bus powered by PEMFCs [62]. The initial phase of this
program was completed in 1992 when a Ballard® PEMFC-based engine, installed in the Phase I bus, pro-
vided the same performance as a corresponding diesel engine, but with pure water vapour as the only
emission [66]. Phase II of this program (1993–1995) commissioned the development of a higher power
density stack for a full-size commercial bus, which required a PEMFC to produce 200 kW of power with-
out reducing the number of passengers that could be transported [66]. The fuel cell was designed to 
produce all on-board power, that is, drive train, lighting and air conditioning. The objectives of both Phases
I and II were achieved within all key requirements.

The success of the first two phases led to the all-important Phase III of the program, which was to pro-
vide two small fleets of zero-emission commercial-size buses for revenue demonstration programs run by
the transit authorities of Chicago and Vancouver. The Chicago Transit Authority noted that all three of its
PEMFC buses performed very well and had been enthusiastically received by their customers. Beyond the
zero-emission aspect of these buses, passengers noted that they were substantially lower in noise pollution
[67], operating at a full 20 dB quieter than corresponding diesel buses. Working with their automotive
alliance partners, Ballard developed a pre-commercial PEMFC engine for a Phase IV bus. This engine
embodied significant advances over the Phase III engine in regard to both volumetric and gravimetric
power density, ease of maintenance and design for volume manufacture. A comparison of the two engine
designs is shown in Fig. 3.
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This successful approach to demonstration programs was repeated in both automotive applications as
well as in Ballard’s stationary product applications [66,68]. Other PEMFC developers such as Siemens
[69], De Nora [70] and Plug Power [71] have also embarked on demonstration programs as a means of
strengthening consumer awareness and acceptance of PEMFC technology. A graphic visualization for this
industry-wide exponential increase in the publicly disclosed product demonstrations and sales, for both
PEMFC and DMFC, is shown in Fig. 4.
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4. KEY BUSINESS AND SUPPLIER ALLIANCES IN PEMFCs FOR THE 21st CENTURY

Building on the success from the automotive demonstration programs of the late 1980s and 1990s, a deci-
sion was taken by Ballard in 1996 to form a close alliance with Daimler-Benz. Daimler-Benz paid C$450
million in return for its share in a venture to be focused on the commercialization of PEMFC engines for
mobile applications [72]. Within 8 months, this was followed by an equally significant investment in the
commercialization of PEMFC by Ford Motor [73]. Shortly thereafter, Toyota [74] announced that it was
undertaking an aggressive R&D effort to produce electric vehicles that made practical use of PEMFC
technology. By this time, PEMFC stacks were being developed and tested by almost every major auto-
motive OEM in the world. Like Toyota, a number of OEMs had their own PEMFC stack development 
programs (e.g. Honda, Nissan and GM), but almost all of the major automotive OEMs were involved in
evaluation programs that included a Ballard® fuel cell stack. This was aptly demonstrated at the opening
of the California Fuel Cell Partnership [75] in November 2000, where 11 of the 14 vehicles exhibited were
powered by Ballard® fuel cell stack hardware.

In the same timeframe, strategic alliances were forming to promote PEMFC products in the stationary
power market. For example, Ballard Generation Systems entered in alliances, development agreements or
supply agreements with six international corporations including GPU International, GEC Alstrom,
EBARA, Tokyo Gas, Coleman Powermate and Matsushita Electric Works [76–81] – thereby creating
global alliances for the manufacture, sale and distribution of stationary and portable power PEMFC prod-
ucts. This growing network of PEMFC stack and system developers was by no means restricted to Ballard
and its partners. By the beginning of the new millennium, more than 400 universities, research institutes,
private and public companies had entered into the race to progress PEMFC technology into a commercial
reality. Among these groups, alliances and joint development programs are becoming more commonplace.
For example, the MEA developer and producer Celanese Ventures formed significant alliances with both
Honda and Plug Power to determine the viability of their high-temperature materials for both transporta-
tion and stationary applications [82].

Alliances and collaborations have also formed between PEMFC stack developers and component sup-
pliers, to accelerate cost reduction and progress to high-volume manufacturing. Active areas of research
have included materials development, component simplification, high-volume manufacturing processes,
real-life PEMFC product testing and performance and reliability validation, all efforts directed toward
decreasing total systems cost while enhancing reliability. Leveraging these advances in technology has
resulted in a substantial increase in power density (see Fig. 5).

A significant contributor to this achievement has been the development, design and manufacture of new,
low-cost materials. The once standard material, machined graphite plates, used to produce bipolar plates
was determined to be too costly from both a material and manufacturing perspective. A low-cost graphitic
material [83,84] was developed based on flexible graphite (Grafoil®). This material is light-weight, amenable
to high-volume manufacturing and can be readily made into strong, yet flexible and thin bipolar plate
material. In addition, thin embossed metallic plates [85] offer significant advantages over machined
graphite plates, but require further development to address concerns over electrical conductivity and resis-
tance to corrosion [86]. Sealing for gas-tight operation in a PEMFC stack is an area that has seen signifi-
cant development, including a move toward injection-molded fluoropolymer seals [87] and integration of
the sealing function into the design and componentry of the MEA [88].

For the gas diffusion layer (GDL) component, there are three key approaches being investigated by
materials developers; namely, carbon-fibre paper [89], cloth materials [90] and non-woven materials [91].
For cost reduction and ease of high-volume manufacturing, the GDL must be processible as a rolling
goods material. To contribute in the achievement of this objective, Ballard Materials Products have devel-
oped and commercialized a continuous carbon-fibre based gas diffusion material for use by all PEMFC
manufacturers.
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Electrocatalyst development is fundamental to performance enhancement and cost reduction; all major
noble metal catalyst producers, such as Johnson Matthey [92], Degussa Metals Catalyst Cerdec (dmc2)
[93], Tanaka Kikinzoku Kogyo (TKK) [94] and Engelhard [95], have some activity in this area. New
alloys are being developed [96–98] to reduce cost, enhance performance and operational flexibility (cold
start-up, CO tolerance, cell-reversal tolerance, etc.). There is also substantial academic research activity
directed toward the development of non-noble metal catalysts for PEMFCs [99,100]. Positive results 
from these efforts would go a long way to achieving dramatic cost reduction, assuming no sacrifice to 
performance. Processing technologies for catalyst application are expanding to include decal application
[101], dry spraying [102], electrodeposition [103] and chemical combustion vapour deposition 
(CCVD) [104].

Of all the areas for cost reduction and performance enhancement, the proton exchange membrane com-
ponent stands out as an area of great importance. Today, there is essentially only one commercial membrane
type, namely, the perfluorosulfonic acid PEMs sold by the DuPont, Asahi Glass and Asahi Chemical com-
panies. There are, however, significant numbers of development activities underway in both academic and
commercial entities [105]. These efforts are focused on addressing improved performance and reliability,
dramatic cost reduction, ease of manufacture, optimization for use in specific applications, operation under
reduced or zero external humidification, high-temperature operation and low-methanol crossover (e.g. in
DMFC applications). Through Ballard Advanced Materials, significant effort and resources have been
invested over the last 10 years to develop proprietary ionomers [106] and membrane processing technolo-
gies that will hasten the implementation of low-cost PEMs. This has recently culminated in an alliance with
Victrex to develop new ionomer materials and pilot manufacturing capability [107].

In addition to materials development for the fuel cell stack, PEMFC systems development has seen quite
revolutionary advances [108–111]. Modeling activities have increased the speed and reliability for systems
development [112,113]. Recently, some exciting modeling work has been published [114,115] that should
find use in facilitating the design of advanced unit cell components. Finally, developments in analytical
techniques (SEM, TEM, STEM, CV, impedance, WAXS, SANS, current and voltage mapping, etc.) that
probe the microstructure, function, interaction and performance of PEMFC components will continue to
advance the characterization and optimization of materials.
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Reflecting this enormous growth in technological advancement has been an equally impressive growth
in worldwide patent activity. Figure 6 illustrates the exponential increase in patent applications for PEMFC-
related inventions that has occurred in recent years.

5. WHY THE WORLD NEEDS PEMFC PRODUCTS

What is driving this vast investment of resources to bring PEMFC-based products to the marketplace? There
are, as one would expect, multiple reasons. There is the high efficiency of the fuel cell reaction, the ability to
place control of electricity generation into the hands of the individual consumer, concerns over conventional
fuel sources [116–119], concerns over global warming [120,121], the environment [122,123], and noise pollu-
tion [124], to name but a few. The possibility of creating a product for which the most attractive fuel, hydrogen
[125,126], is at once plentiful, renewable and, when used in a PEMFC product, produces no emissions, is truly
compelling. PEMFC devices are lightweight, easily portable and scaleable to meet the need of a broad range of
power generation, from watts to hundreds of kilowatts [122,127]. PEMFC stacks have no moving parts and, as
such, are inherently more reliable and require less maintenance than conventional engines and generators.
PEMFC products provide power directly at the site of use and avoid costly losses through energy distribution
from a centralized power plant [128]. In addition, PEMFC products for home and office use are ideally suited
to the highly energy efficient co-generation of electricity and heat [128].

Through the many effective PEMFC demonstration products put forth by both academic and industrial
entities, the consumer is becoming a key player in the acceleration toward commercial PEMFC products.
Our technology-driven society is finding more and more ways of using electricity to enhance and advance
our everyday life experiences. While embracing these developments, the consumer is insisting that such
benefits not be exploited at the expense of a healthy ecosystem. Before billions of consumers in the devel-
oping world become full partners in global energy production and consumption, we need to strike the right
balance between power usage and safe, clean energy production. PEMFC products will play a leading role
in achieving this delicate balance.

6. THE OUTLOOK FOR THE FUTURE

The chairman of Ford Motor, William C. Ford, Jr tells us that by the end of the first quarter of this new 
millennium, hydrogen-powered PEMFCs could be the predominant automotive power source [129]. Given
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the huge amount of resources directed toward making this technology a commercial reality, there will
surely be other beneficial and profitable markets that will adopt PEMFC products. The micro-fuel cell,
portable and stationary applications [130] all have the potential to drive a near-term revolutionary growth
in the manufacture and sale of PEMFC products. To meet this potential, there is still significant work to be
done and successes to be achieved. Further dramatic cost reduction is required, along with greater liberal-
ization of existing power markets. Acceleration to a hydrogen economy and infrastructure would also be
greatly beneficial, as would be an increased simplification in both stack and system components, design
and fabrication.

We are in an era of constant and accelerating change; how we choose to manage this change will be a
measure of our creativity and humanity. Technological change can only benefit the consumer if it offers
solutions to unmet needs or provides an economic or ecological advantage. The products that proliferate
from PEMFC technology will meet these requirements; however, the mass commercialization of these
products will require further creativity, commitment and significant expenditures by all involved and inter-
ested parties. Beyond the PEMFC developers and manufacturers, governments, key component suppliers
and developers, as well as the consumers themselves, must work together to ensure that PEMFC products
fulfill and embody the promise of this enabling and revolutionary technology.
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Chapter 3

A review of catalytic issues and process conditions for
renewable hydrogen and alkanes by aqueous-phase
reforming of oxygenated hydrocarbons over supported
metal catalysts

R.R. Davda, J.W. Shabaker, G.W. Huber, R.D. Cortright and J.A. Dumesic

Abstract

We have recently developed a single-step, low-temperature process for the catalytic production of
fuels, such as hydrogen and/or alkanes, from renewable biomass-derived oxygenated hydrocarbons.
This paper reviews our work in the development of this aqueous-phase reforming (APR) process to
produce hydrogen or alkanes in high yields. First, the thermodynamic and kinetic considerations
that form the basis of the process are discussed, after which reaction kinetics results for ethylene gly-
col APR over different metals and supports are presented. These studies indicate Pt-based catalysts
are effective for producing hydrogen via APR. Various reaction pathways may occur, depending on
the nature of the catalyst, support, feed and process conditions. The effects of these various factors
on the selectivity of the process to make hydrogen versus alkanes are discussed, and it is shown how
process conditions can be manipulated to control the molecular weight distribution of the product
alkane stream. In addition, process improvements that lead to hydrogen containing low concentra-
tions of CO are discussed, and a dual-reactor strategy for processing high concentrations of glucose
feeds is demonstrated. Finally, various strategies are assembled in the form of a composite process
that can be used to produce renewable alkanes or fuel-cell grade hydrogen with high selectivity from
concentrated feedstocks of oxygenated hydrocarbons.

Keywords: Hydrogen production; Fuel cells; Reforming; Renewable energy; Supported metal catalysts;
Hydrocarbon fuels; Renewable alkanes
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1. INTRODUCTION

Fuel cells have emerged as promising devices for meeting future global energy needs. In particular, fuel
cells that consume hydrogen are environmentally clean, quiet, and highly efficient devices for electrical
power generation. While hydrogen fuel cells have a low impact on the environment, current methods for
producing hydrogen require high-temperature steam reforming of non-renewable hydrocarbon feedstocks
[1] and [2]. The full environmental benefit of generating power from hydrogen fuel cells is achieved when
hydrogen is produced from renewable sources such as solar power and biomass. Biomass and biomass in
wastes are promising sources for the sustainable production of hydrogen in an age of diminishing fossil
fuel reserves. However, conversion of biomass to hydrogen remains a challenge, since processes such as
enzymatic decomposition of sugars, steam reforming of bio-oils, and gasification suffer from low hydro-
gen production rates and/or complex processing requirements [3] and [4].

The production of hydrogen for fuel cells and other industrial applications from renewable biomass-
derived resources is a major challenge as global energy generation moves towards a ‘hydrogen society’.
Conversion of biomass in to hydrogen involves an extraction step to produce an aqueous carbohydrate feed
stream from biomass, which can then be processed in a reformer to produce H2 and CO2. The CO2 green-
house gas can then be recycled back into the environment where it is consumed to grow more biomass, and
the H2 can be used for various applications (e.g., fed to a fuel cell, used in a hydrogenation process, con-
sumed in an internal combustion engine, etc.). The development of an efficient reforming process is imper-
ative to make the overall process feasible.

In the present review paper, we show that carbohydrates such as sugars (e.g., glucose) and polyols (e.g.,
methanol, ethylene glycol, glycerol and sorbitol) can be efficiently converted with water in the aqueous
phase over appropriate heterogeneous catalysts at temperatures near 500 K to produce primarily H2 and
CO2. Our aqueous-phase reforming (APR) process provides a route to generate hydrogen as a value-added
chemical from aqueous-phase carbohydrates found in waste-water from biomass processing (e.g., cheese
whey, beer brewery waste-water, sugar processing), from carbohydrates streams extracted from agricul-
tural products such as corn and sugar beets, and from aqueous carbohydrates extracted by steam-aqueous
fractionation of lower-valued hemicellulose from biomass [5–7]. The resulting hydrogen can be purified,
if necessary, and utilized as:

1. a chemical feedstock for production of ammonia and fertilizers;
2. a chemical reagent for the future hydrogenation of carbohydrates to produce glycols;
3. a hydrogen-rich gas stream that augments the gas stream from biomass gasification units utilized for

the production of liquid fuel via the Fischer–Tropsch process;
4. a future renewable fuel source for proton exchange membrane (PEM) fuel cells.
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Hydrogen production using APR of carbohydrates has several advantages over existing methods of pro-
ducing hydrogen via the steam reforming of hydrocarbons:

1. APR eliminates the need to vaporize both water and the oxygenated hydrocarbon, which reduces the
energy requirements for producing hydrogen.

2. The oxygenated compounds of interest are nonflammable and non-toxic, allowing them to be stored
and handled safely.

3. APR occurs at temperatures and pressures where the (WGS) reaction is favorable, making it possible
to generate hydrogen with low amounts of CO in a single chemical reactor.

4. APR is conducted at pressures (typically 15–50 bar) where the hydrogen-rich effluent can be effec-
tively purified using pressure-swing adsorption or membrane technologies, and the carbon dioxide
can also be effectively separated for either sequestration or use as a chemical.

5. APR occurs at low temperatures that minimize undesirable decomposition reactions typically
encountered when carbohydrates are heated to elevated temperatures.

6. Production of H2 and CO2 from carbohydrates may be accomplished in a single-step, low-temperature
process, in contrast to the multi-reactor steam reforming system required for producing hydrogen
from hydrocarbons.

Important selectivity challenges govern the production of H2 by APR, because the mixture of H2 and
CO2 formed in this process is thermodynamically unstable at low temperatures with respect to the forma-
tion of methane. Accordingly, the selective formation of H2 represents a classic problem in heterogeneous
catalysis and reaction engineering: the identification of catalysts and the design of reactors to maximize
the yields of desired products at the expense of undesired byproducts formed in series and/or parallel reac-
tion pathways. We show how the hydrogen selectivity can be controlled by altering the nature of catalyti-
cally active metal and metal–alloy components, and by choice of catalyst support. We also show how the
reforming process can be operated at moderately high feed concentrations of oxygenated hydrocarbons
(e.g., 10 wt.%), and we indicate how the APR processes can be conducted to achieve low levels of CO in
the gaseous effluent (e.g., lower than 100 ppm). We also demonstrate how the APR process can be
designed to favor the formation of heavier alkanes (e.g., hexane) from biomass-derived oxygenated com-
pounds (e.g., glucose). This variation of the APR process provides a means to produce clean alkane
streams from renewable resources, thereby providing an application for APR in the interim period until
hydrogen fuel cells become more economical.

2. AQUEOUS-PHASE REFORMING

2.1. Basis for aqueous-phase reforming process

2.1.1. Thermodynamic considerations

Reaction conditions for producing hydrogen from hydrocarbons are dictated by the thermodynamics for
the steam reforming of the alkanes to form CO and H2 (reaction (1)) and the WGS reaction to form CO2

and H2 from CO (reaction (2)):

(1)

(2)

Figure 1 shows the changes in the standard Gibbs free energy (�G°/RT) associated with reaction (1) for a
series of alkanes (CH4, C2H6, C3H8, C6H14), normalized per mole of CO produced. It can be seen that the

CO H O CO H2� �2 27

C H H O CO H2 2n n n n n� � � �2 22 17 ( )
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steam reforming of alkanes is thermodynamically favorable (i.e., negative values of �G°/RT) only at tem-
peratures higher than 675 K (and higher than 900 K for methane reforming). Carbohydrates are oxygenated
hydrocarbons having a C:O ratio of 1:1, and these compounds produce CO and H2 according to reaction (3):

(3)

Relevant oxygenated hydrocarbons having a C:O ratio of 1:1 are methanol (CH3OH), ethylene glycol
(C2H4(OH)2), glycerol (C3H5(OH)3), and sorbitol (C6H8(OH)6). Importantly, sorbitol is produced via the
hydrogenation of glucose (C6H6(OH)6). Figure 1 shows that steam reforming of these oxygenated hydrocar-
bons to produce CO and H2 is thermodynamically favorable at significantly lower temperatures than those
required for alkanes with similar number of carbon atoms. Accordingly, the steam reforming of oxy-
genated hydrocarbons having a C:O ratio of 1:1 would offer a low-temperature route for the formation of
CO and H2. Figure 1 also shows that the value of �G°/RT for WGS of CO to CO2 and H2 is more favorable
at lower temperatures. Therefore, it might be possible to produce H2 and CO2 from steam reforming of
oxygenated compounds utilizing a single-step catalytic process, since the WGS reaction is favorable at the
same low temperatures at which steam reforming of carbohydrates is possible.

The steam reforming of hydrocarbons typically takes place in the vapor phase. However, vapor-phase
steam reforming of oxygenated hydrocarbons at low temperatures may become limited by the vapor pres-
sures of these reactants. Figure 1 shows the plots of the logarithm of the vapor pressures (in atm) of CH3OH,
C2H4(OH)2, C3H5(OH)3, and C6H8(OH)6 versus temperature. It is apparent that the vapor-phase reforming
of methanol, ethylene glycol, and glycerol can be carried out at temperatures near 550 K, since the values
of �G°/RT are favorable and the vapor pressures of these oxygenated reactants are higher than 1 atm at this

C H CO H2n y n n y� �7 2
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temperature. In contrast, vapor-phase reforming of sorbitol must be carried out at temperatures near 750 K.
Importantly, reforming of oxygenated hydrocarbons, if carried out in the liquid phase, would make it pos-
sible to produce H2 from carbohydrate-derived feedstocks (e.g., sorbitol and glucose) that have limited
volatility, thereby taking advantage of single-reactor processing at lower temperatures.

2.1.2. Kinetic considerations

Important reaction selectivity issues must be addressed if APR reactions are to be used for the production
of H2 from renewable biomass resources, since the H2 and CO2 produced at low temperatures are thermo-
dynamically unstable with respect to alkanes and water. Alkanes (especially CH4) can be formed from the
subsequent reaction of H2 and CO/CO2 via methanation and Fischer–Tropsch reactions [12–15]. For
example, the equilibrium constant at 500 K for the conversion of CO2 and H2 to methane (CO2 � 4H2 ↔
CH4 � 2H2O) is of the order of 1010 per mole of CO2. Accordingly, selective hydrogen production via
APR of oxygenated hydrocarbons would require an efficient catalyst that promotes reforming reactions
(CˆC scission followed by water-gas shift) and inhibits alkane-formation reactions (CˆO scission fol-
lowed by hydrogenation).

The catalytic activities of different metals for CˆC bond breaking during ethane hydrogenolysis have
been studied by Sinfelt and Yates [16], and the relative rates for the different metals are shown in Figure 2.
It can be seen that Pt shows reasonable catalytic activity for CˆC bond cleavage, although not as high as
metals such as Ru, Ni, Ir and Rh. However, an effective catalyst for reforming of ethylene glycol must not
only be active for cleavage of the CˆC bond, but it must also be active for the WGS reaction to remove CO
from the metal surface at the low temperatures of the reforming reaction. In this respect, Grenoble et al. [17]
have reported the relative catalytic activities for WGS over different metals supported on alumina, and these
data are also shown in Figure 2. It can be seen that Cu exhibits the highest water-gas shift rates among all the
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metals (although this metal shows no activity for CˆC bond breaking), and Pt, Ru and Ni also show appre-
ciable water-gas shift activity. Finally, to obtain a high selectivity for hydrogen production, the catalyst must
not facilitate undesired side reactions, such as methanation of CO and Fischer–Tropsch synthesis. Figure 2
shows the relative rates of methanation catalyzed by different metals supported on silica, as reported by
Vannice [15]. It can be seen that Ru, Ni and Rh exhibit the highest rates of methanation, whereas Pt, Ir and
Pd show lower catalytic activities for the methanation reaction. Thus, upon comparing the catalytic activi-
ties of various metals in Figure 2, it can be inferred that Pt and Pd should show suitable catalytic activity and
selectivity for production of hydrogen by reforming of oxygenated hydrocarbons, which requires reason-
ably high activity for CˆC bond breaking and WGS reactions, and low activity for methanation.

We have recently reported results from periodic density functional theory calculations to probe the
nature of surface intermediates that may be formed on Pt(111) by the decomposition of ethanol [18]. In
these calculations, we probed transition states for cleavage of CˆC and CˆO bonds in these intermedi-
ates adsorbed on Pt(111) to identify and compare the most favorable pathways for cleavage of these bonds
in oxygenated hydrocarbons on Pt-based catalysts. We chose ethanol for the study since this molecule is a
simple oxygenated hydrocarbon containing a CˆC bond.

The strategy for conducting these calculations was first to determine the stabilities of all 24 species
(with stoichiometry C2HxO) that can be formed by removal of hydrogen atoms from ethanol, without
cleavage of CˆC or CˆO bonds. Within each C2HxO isomeric set, the lowest-energy surface species
(with respect to gaseous ethanol and clean Pt(111) slabs) are ethanol, 1-hydroxyethyl (CH3CHOH), 
1-hydroxyethylidene (CH3COH), acetyl (CH3CO), ketene (CH2CO), ketenyl (CHCO), and CCO species.
The next step in these calculations was to determine the stabilities of all possible reaction products result-
ing from CˆC or CˆO bond cleavage (i.e., stabilities of adsorbed O, OH, C2Hx, and CHxO species).
From the results of these calculations it was then possible to determine the energy changes for all possible
CˆC and CˆO cleavage reactions. We then selected those CˆC and CˆO cleavage reactions with the
most favorable energy changes and identified their transition states. In general, the computational time to
identify stable adsorbed species is shorter than to identify transition states. Thus, we started with rigorous
DFT calculations for transition states corresponding to those reactions with the most favorable energy
changes, since these reactions are expected to lead to transition states of low energy. Accordingly, we
investigated with rigorous DFT calculations 14 transitions states from among the 48 transition states that
are possible by cleavage of CˆC and CˆO bonds in the 24 species that can be formed by dehydrogena-
tion of ethanol. The 1-hydroxyethylidene (CH3COH) species has the lowest-energy transition state for
CˆO bond cleavage, and the ketenyl (CHCO) species has the lowest-energy transition state for CˆC
bond cleavage. Based on the results from DFT calculations for reactions with favorable energy changes,
we generated a linear Brønted – Evans – Polanyi correlation for the energies of the transition states for
CˆC and CˆO bond cleavage in terms of the energies of the adsorbed products for these reactions. We
then used this correlation to estimate the energies of the transition states for the 34 remaining CˆC and
CˆO bond cleavage reactions having less favorable energy changes, from which it was concluded that the
energies of these remaining transition states were all significantly higher than the values of the lowest-
energy transition energies that we had identified from our rigorous DFT calculations.

Figure 3 shows a simplified potential energy diagram of the stabilities and reactivities of dehydrogenated
species derived from ethanol on Pt(111). Only the most stable species within each isomeric set and the
most stable transition states for CˆO and CˆC bond cleavage are consolidated in this schematic poten-
tial energy diagram. Views of adsorbed species and transition states are shown in the insets. It can be seen
from Figure 3 that CˆO bond cleavage occurs on more highly hydrogenated species compared to CˆC
bond cleavage. Importantly, it can be seen that cleavage of the CˆC bond in species derived from ethanol
should be faster than cleavage of the CˆO bond on Pt(111), since the energies with respect to ethanol of
the lowest transition states for these reactions are equal to 4 and 42 kJ/mol, respectively. Furthermore, it
appears that cleavage of the CˆC bond in species derived from ethanol should be faster than cleavage of
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the CˆC bond in ethane on Pt(111). In particular, the electronic energy associated with the formation of
this transition state (and adsorbed H-atoms) from ethane is equal to 125 kJ/mol (ref), and this value is sig-
nificantly higher than the energy of 4 kJ/mol for the transition state controlling CˆC cleavage in ethanol.

2.2. Factors controlling selectivity for aqueous-phase reforming

2.2.1. Nature of the catalyst

2.2.1.1. Catalytic metal components
It is possible to produce hydrogen by steam reforming of methanol over copper-based catalysts at temper-
atures near 550 K [2] and [19]. However, copper-based catalysts are not effective for steam reforming of
heavier oxygenated hydrocarbons, since these catalysts show low activity for cleavage of CˆC bonds
[16]. Therefore, it is more likely that effective catalysts for reforming of oxygenated hydrocarbons would
be based on Group VIII metals, since these metals generally show higher activities for breaking CˆC
bonds [16] and [20]. Aqueous-phase reforming of ethylene glycol over silica-supported Group VIII metal
catalysts was conducted in a fixed bed reactor [8, 21] Figure 4 summarizes the results of these studies at
483 K, and results at 498 K show similar trends. The rate of ethylene glycol reforming (as measured by the
rate of CO2 production) decreases in the following order:

Pt � Ni � Ru � Rh � Pd � Ir

The catalysts are also compared based on their selectivity for hydrogen production, which is defined [22]
as the number of moles of H2 in the effluent gas normalized by the number of moles of H2 that would be
present if each mole of carbon in the effluent gas had participated in the ethylene glycol reforming reac-
tion to give 5/2 mol of H2. In addition, the alkane selectivity is defined as the moles of carbon in the
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gaseous alkane products normalized by the total moles of carbon in the gaseous effluent stream. Silica sup-
ported Rh, Ru and Ni show low selectivity for production of H2 and high selectivity for alkane production.
Unfortunately, Ni/SiO2 deactivated under reaction conditions at 498 K.

While Pt, Ni and Ru exhibit relatively high activities for the reforming reaction, only Pt and Pd also show
relatively high selectivity for the production of H2. These trends suggest that active catalysts for APR 
reactions should possess high catalytic activity for the WGS reaction and sufficiently high catalytic activity for
cleavage of CˆC bonds. Moreover, Pt and Pd catalysts exhibit low activity for the CˆO scission reactions
and the series methanation and Fischer–Tropsch reactions between the reforming products, CO/CO2 and H2.
On this basis, Pt-based catalysts were identified as promising systems for further study. Due to their low cost
and good catalytic activity, Ni-based catalysts are also attractive despite their tendency to produce alkanes.

2.2.1.2. Catalyst supports
Various supported platinum catalysts were prepared to test the effect of the support on the activity and
selectivity for production of hydrogen by aqueous reforming of ethylene glycol [10]. As shown in Figure 5A,
turnover frequencies for production of hydrogen are the highest over Pt-black and Pt supported on TiO2,
carbon, and Al2O3 (i.e., 8–15 min�1 at 498 K for 10 wt.% ethylene glycol), while moderate catalytic activ-
ity for production of hydrogen is demonstrated by Pt supported on SiO2ˆAl2O3 and ZrO2 (near 5 min�1).
Lower turnover frequencies are exhibited by Pt supported on CeO2, ZnO, and SiO2 (less than about
2 min�1), which may be due to deactivation caused by hydrothermal degradation of these support materi-
als. As shown in Figure 5B, catalysts consisting of Pt supported on carbon, TiO2, SiO2ˆAl2O3 and Pt-
black also lead to the production (about 1–3 min�1) of gaseous alkanes and liquid-phase compounds that
would lead to alkanes at higher conversions (e.g., ethanol, acetic acid, acetaldehyde). Thus, we conclude
that Pt/Al2O3, and to a lesser extent Pt/ZrO2 and Pt/TiO2, are active as well as selective catalysts for the
production of H2 from liquid-phase reforming of ethylene glycol. By testing a sintered version of our
highly dispersed Pt/Al2O3 catalyst (with a dispersion of only 31%), we conclude that effect of support on
reforming activity and selectivity is greater than the effect of metal dispersion.

2.2.1.3. Modified nickel catalysts
A Sn-promoted Raney-Ni catalyst can be used to achieve good activity, selectivity, and stability for 
production of hydrogen by APR of biomass-derived oxygenated hydrocarbons [11] and [23]. This 
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inexpensive material has catalytic properties that are comparable to those of Pt/Al2O3 for production of
hydrogen from small oxygenate hydrocarbons, such as ethylene glycol, glycerol, and sorbitol. Rates of
hydrogen production by APR of ethylene glycol over Raney-NiˆSn catalysts with NiˆSn atomic 
ratios of up to 14:1 are comparable to 3 wt.% Pt/Al2O3, based on reactor volume. The addition of Sn to
Raney-Ni catalysts significantly decreases the rate of methane formation from series recombination of CO
or CO2 with H2, while maintaining high rates of CˆC cleavage necessary for production of H2. However,
it is necessary to operate the reactor near the bubble-point pressure of the feed and at moderate space–times
to achieve high selectivities for production of H2 over Raney-NiˆSn catalysts, whereas it is impossible to
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achieve these high selectivities under any conditions over unpromoted Ni catalysts. These NiˆSn cata-
lysts illustrate the potential of bimetallic compounds and alloys as new catalysts for the APR process.

2.2.2. Reaction conditions

Reaction kinetic measurements were conducted to determine the effects of reaction conditions on the APR
of methanol and ethylene glycol over Pt/Al2O3 catalysts [9]. The apparent activation energy barriers for
APR of ethylene glycol and methanol (measured under kinetically controlled reaction conditions) at tem-
peratures between 483 and 498 K are equal to 100 and 140 kJ/mol, respectively. At 498 K, these oxy-
genates have similar reactivity for APR over Pt/Al2O3, indicating that CˆC bond cleavage is not rate
limiting for ethylene glycol reforming. Also, both methanol and ethylene glycol reforming are fractional
order in feed concentration. The rate of hydrogen production is higher order in methanol (0.8) than ethyl-
ene glycol (0.3–0.5), indicating that the surface coverage by species derived from ethylene glycol is higher
than from methanol under APR reaction conditions.

Another experimental observation is that the APR reaction is strongly inhibited by system pressure. By
assuming that the bubbles inside the reactor consist of water vapor at its vapor pressure, increasing the sys-
tem pressure at constant temperature increases the partial pressures of the products (i.e., H2 and CO2)
according to the following relations:

Accordingly, the partial pressure of hydrogen in the reactor can be calculated, and a weak inhibition by
hydrogen can thereby be deduced for both feed-stocks (�0.5 order). The inhibiting effect of hydrogen on
the rate of reforming could be caused by the blocking of surface sites by adsorbed hydrogen atoms. The
increased H2 and CO2 partial pressures may also drive the WGS reaction in the reverse direction to
increase the CO concentration in the reactor, hence leading to lower rates due to higher coverage of CO on
the metal surface. In addition, hydrogen could inhibit the rate by decreasing the surface concentrations of
reactive intermediates formed from dehydrogenation of the oxygenated hydrocarbon reactants, as sug-
gested from results of DFT calculations.

The liquid-phase environment of APR favors the WGS reaction. Accordingly, low levels of CO
(�300 ppm) are detected in the gaseous effluents from APR of methanol and ethylene glycol over alumina-
supported Pt catalysts at low conversion, and APR of both oxygenated hydrocarbons over Pt/Al2O3 leads
to nearly 100% selectivity for the formation of H2 (compared to the formation of alkanes). Since the selec-
tivity for hydrogen production from methanol and ethylene glycol is essentially independent of conver-
sion, it appears that the series hydrogenation of CO/CO2 to alkanes is not significant over Pt/Al2O3.

2.2.3. Reaction pathways

Figure 6 shows a schematic representation of reaction pathways that we suggest are involved in the 
formation of H2 and alkanes from an oxygenated hydrocarbon (e.g., ethylene glycol) over a metal catalyst.
Ethylene glycol first undergoes reversible dehydrogenation steps to give adsorbed intermediates, prior to
cleavage of CˆC or CˆO bonds. The adsorbed species can be formed on the metal surface either by for-
mation of metal–carbon bonds and/or metal–oxygen bonds. On a metal catalyst such as platinum, the
adsorbed species bonded to the surface by the formation of PtˆC bonds is more stable than the species
involving PtˆO bonds [18]. However, PtˆO bonds may also be formed, since activation energy barriers
for cleavage of OˆH and CˆH bonds are similar on Pt. Subsequent to formation of adsorbed species on
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the metal surface, three reaction pathways can occur, indicated as (I), (II) and (III) in Figure 6. Pathway I
involves cleavage of the CˆC bond leading to the formation of CO and H2, followed by reaction of CO
with water to form CO2 and H2 by the water-gas shift (WGS) reaction [17] and [24]. Further reaction of
CO and/or CO2 with H2 (e.g., on metals such as Ni, Rh and Ru) leads to alkanes and water by methana-
tion and Fischer–Tropsch reactions [12], [13], [14] and [15], and this degradation in the production of H2

represents a series-selectivity challenge. Pathway II leads to the formation of an alcohol on the metal cat-
alyst by cleavage of the CˆO bond, followed by hydrogenation. The alcohol can undergo further reaction
on the metal surface (adsorption, CˆC cleavage, CˆO cleavage) to form alkanes (CH4, C2H6), CO2, H2

and H2O. This degradation in the production of H2 (by alkane formation) represents a parallel-selectivity
challenge. Pathway III involves desorption of species from the metal surface followed by rearrangement
(which may occur on the catalyst support and/or in the aqueous phase) to form an acid, which can then
undergo surface reactions (adsorption, CˆC cleavage, CˆO cleavage) to form alkanes (CH4, C2H6),
CO2, H2 and H2O. This pathway represents an additional parallel-selectivity challenge.

The catalyst support can affect the selectivity for H2 production by catalyzing parallel dehydration path-
ways [25] and [26] that lead to the formation of alkanes. For example, the selectivity observed for the pro-
duction of H2 by APR of ethylene glycol over silica-supported Pt is significantly lower than we have
observed for APR over alumina-supported Pt [8] and [22]. Thus, it appears that the higher acidity of silica
compared to alumina, as reflected by the lower isoelectric point of silica [27], can facilitate acid-catalyzed
dehydration reactions of ethylene glycol, represented by pathway IV in Figure 6, followed by hydrogena-
tion on the metal surface to form an alcohol. The alcohol can subsequently undergo surface reactions, as in
pathway II, to form alkanes (CH4, C2H6), CO2, H2 and H2O. This bi-functional dehydration/hydrogenation
pathway consumes H2, leading to decreased hydrogen selectivity and increased alkane selectivity.

2.2.4. Nature of the feed

Experimental results for the APR of reforming of glucose, sorbitol, glycerol, ethylene glycol and methanol are
illustrated in Figure 7 [22]. Reactions were carried out over a Pt/Al2O3 catalyst at 498 and 538 K. Figure 7
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indicates that the selectivity for H2 production improves in the order glucose � sorbitol � glycerol �
ethylene glycol � methanol. The Figure also shows that lower operating temperatures result in higher H2

selectivities, although this trend is in part due to the lower conversions achieved at lower temperatures. The
selectivity for alkane production follows the opposite trend to that exhibited by the H2 selectivity. The high-
est hydrogen yields are obtained when using sorbitol, glycerol and ethylene glycol as feed molecules for
APR. Although these molecules can be derived from renewable feedstocks [28–31], the reforming of less
reduced and more immediately available compounds such as glucose would be highly desirable.
Unfortunately, as seen in Figure 7, the hydrogen yield from APR of glucose is lower than for these other
more reduced compounds. Furthermore, while the high hydrogen yields for reforming of the polyols are
insensitive to the concentration of the aqueous feed (e.g., from 1 to 10 wt.%), the hydrogen yield for reform-
ing of glucose decreases further as the feed concentration increases to about 10 wt.%. The lower H2 selec-
tivities for the APR of glucose, compared to that achieved using the other oxygenated hydrocarbon
reactants, are at least partially due to homogeneous reactions of glucose in the aqueous-phase at the tem-
peratures employed in APR [32–35].

Reforming reactions are fractional order in the feed concentration [9], whereas glucose decomposition
studies have shown first-order dependence on the feed concentration [34]. Thus, the rate of homogeneous
glucose decomposition relative to the reforming rate increases with an increase in the glucose concentra-
tion from 1 to 10 wt.%. Accordingly, to collect the data presented in Figure 7 [22], low concentrations (i.e.,
1 wt.%) of all feed molecules were employed to minimize effects from homogeneous decomposition reac-
tions and thereby compare the selectivities under conditions where the conversion of reactant is controlled
by the Pt/Al2O3 catalyst. This low feed concentration corresponds to a molar ratio H2O/C of 165.
Processing such dilute solutions is economically not practical, even though reasonably high hydrogen
yields are achieved. However, the undesirable homogeneous reactions observed with glucose pose less of
a problem when using sorbitol, glycerol, ethylene glycol and methanol, which makes it possible to gener-
ate high yields of hydrogen by the APR of more concentrated solutions containing these compounds (e.g.,
aqueous solutions containing 10 wt.% of these oxygenated hydrocarbon reactants, corresponding to molar
ratios H2O/C equal to 5).
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2.3. Factors favoring production of heavier alkanes

Aqueous-phase reforming of sorbitol can be tailored to selectively produce a clean stream of heavier alkanes
consisting primarily of butane, pentane and hexane. The conversion of sorbitol in to alkanes plus CO2 and
water is an exothermic process that retains approximately 95% of the heating value and only 30% of the
mass of the biomass-derived reactant. This reaction takes place by a bi-functional pathway involving first
the formation of hydrogen and CO2 on the appropriate metal catalyst (such as Pt) and the dehydration of
sorbitol on a solid acid catalyst (such as silica–alumina) or a mineral acid. These initial steps are followed
by hydrogenation of the dehydrated reaction intermediates on the metal catalyst. When these steps are bal-
anced properly, the hydrogen produced in the first step is fully consumed by hydrogenation of dehydrated
reaction intermediates, leading to the overall conversion of sorbitol in to alkanes plus CO2 and water. The
selectivities for production of alkanes can be varied by changing the catalyst composition, the pH of the
feed, the reaction conditions, and modifying the reactor design [36].

Figure 8 shows the effect of increasing the solid or mineral acidity on the alkane selectivity. As solid acid
(SiO2ˆAl2O3, containing 25 wt.% Al2O3 from Grace Davison) is added to Pt/Al2O3, the selectivity to heavier
alkanes increases, as shown in Figure 8A. The alkanes formed are straight-chain compounds with only minor
amounts of branched isomers (less than 5%). The H2 selectivity decreases from 43 to 11% for the Pt/Al2O3

catalyst upon adding the solid acid SiO2ˆAl2O3, indicating that the majority of the H2 produced by the
reforming reaction is consumed by the production of alkanes when the catalyst contains a sufficient number
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of acid sites. Similarly, the selectivity to heavier alkanes increases as a mineral acid (HCl) is added to 
the feed, as shown in Figure 8(B). The H2 selectivity decreases from 43 to 6% as the pH of the feed decreases
from 7 to 2.

A catalyst was prepared by depositing 4 wt.% Pt on the solid acid SiO2ˆAl2O3 support [36], and this
catalyst exhibited similar selectivity as the physical mixture of Pt/Al2O3 with SiO2ˆAl2O3, for a similar
ratio of Pt to solid acid sites [22]. The H2 selectivity was usually less than 5% for the Pt/SiO2ˆAl2O3,
indicating that most of the H2 produced was consumed in the production of the alkanes. Changing the 
temperature of the reactor from 538 to 498 K had little effect on the product selectivity. In contrast, the
hexane selectivity increases from 21 to 40% for the Pt/SiO2ˆAl2O3 catalyst at 498 K as the pressure
increases from 25.8 to 39.6 bar, indicating that the reaction conditions can be used to manipulate the
alkane selectivity.

As another option to produce heavier alkanes by APR, H2 can be co-fed to the reactor with the aqueous
feed. When H2 is co-fed with an aqueous solution containing 5 wt.% sorbitol over the Pt/SiO2ˆAl2O3 cat-
alyst at 498 K and 34.8 bar, the selectivity to pentane plus hexane increases from 55 to 78% [36]. Under
these conditions, approximately 90% of the effluent gas phase carbon is present as alkanes. Accordingly,
increasing the hydrogen partial pressure in the reactor increases the rate of hydrogenation compared to
CˆC bond cleavage on the metal catalyst surface. The co-feeding of H2 with the aqueous feed allows 
bi-functional catalysts to be formulated using metals (such as Pd) that by themselves show low activities
for hydrogen production by APR reactions. In this case the hydrogen required for the formation of alkanes
by the bi-functional catalyst is supplied externally instead of being formed in the reactor by APR, and the
sole role of the metal component is to catalyze hydrogenation reactions.

2.4. Producing hydrogen containing low levels of CO: ultra-shift

Production of hydrogen containing low levels of CO is critical for energy generation using hydrogen PEM
fuel cells. APR of oxygenates takes place over metal catalysts to produce CO and H2. Adsorbed CO under-
goes water-gas shift, which increases the amount of H2 produced and removes CO from the catalyst sur-
face [37]. The lowest partial pressure of CO that can be achieved depends on the thermodynamics of the
WGS reaction and the operating conditions as given by

where KWGS is the equilibrium constant for the vapor-phase WGS and Pj the partial pressures. Since H2,
CO2, and small amounts of alkanes (primarily CH4) are produced by APR, gas bubbles are formed within
the liquid-phase flow reactor. As noted above with respect to the effects of system pressure on reaction
kinetics, the pressure in these bubbles can be approximated to be equal to the system pressure.
Accordingly, the partial pressures of water vapor and the reaction products are dictated by the feed con-
centrations, system pressure and temperature, as outlined below [38].

For dilute product concentrations and system pressures above the saturation pressure of water, gaseous
bubbles contain water vapor at a pressure equal to its saturation pressure at the reactor temperature, and the
remaining pressure is the sum of the partial pressures of the product gases. The extent of vaporization, y, is
defined as the percent of water in the vapor phase relative to the total amount of water flowing in the reactor.
In contrast, for systems operated at pressures that are near the saturation pressure of water, all the liquid water
may vaporize and the composition of the bubble is dictated by the stoichiometry of the feed stream. At this
condition, the partial pressure of water is below its saturation pressure because the water vapor is diluted by
the reforming product gases. Higher concentrations of ethylene glycol lead to lower partial pressures of water
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because of greater dilution from H2 and CO2 produced by reforming reactions. As the system pressure is
increased, the partial pressure of water vapor increases until it reaches the saturation pressure of water, at
which point any further increase in the system pressure leads to partial condensation of liquid water.

The above arguments indicate that the conditions which favor the lowest levels of CO from reforming
of oxygenates are those which lead to the lowest partial pressures of H2 and CO2 in the reforming gas bub-
bles; and, these conditions are achieved by operating at system pressures that are near the saturation pres-
sure of water and at low ethylene glycol feed concentrations. As the system pressure increases and extent
of vaporization decreases below 100%, the partial pressures of H2 and CO2 in the bubble increase, thereby
leading to higher equilibrium concentrations of CO. Similarly, as the ethylene glycol concentration in the
feed increases, higher partial pressures of H2 and CO2 are developed, even for the case of complete vapor-
ization, again leading to higher equilibrium CO concentrations.

Figure 9 shows the results for APR of 2 wt.% ethylene glycol over a Pt/Al2O3 catalyst contained in an upflow
reactor, which was divided into two separately heated reaction zones [38]. Reforming reactions were carried
out in the lower section (denoted as the reforming-zone), maintained at 498 K. The temperature of the top
section (denoted as the shift-zone), system pressure, feed concentration, and feed flow rate were variables of
the system. The observed CO concentration in the effluent gas and the corresponding equilibrium concentra-
tion are reported in Figure 9 for system pressures of 25.8, 32.0 and 36.2 bar, with the shift-zone of the reac-
tor maintained at the same temperature as the reforming temperature of 498 K. Since the saturation pressure
of water at 498 K is equal to 25.1 bar, liquid water is completely vaporized at a system pressure of 25.8 bar
and the H2 pressure in the bubble is calculated to be 0.77 bar, leading to a low equilibrium CO concentration
of 66 ppm in the reactor effluent. At system pressures of 32 and 36.2 bar, the H2 pressures are 4.60 and 7.53
bar, respectively, with only 18 and 11% vaporization of water occurring in each case. These conditions lead
to higher equilibrium CO concentrations of 380 and 617 ppm, respectively.

Although the lowest levels of CO are obtained when the reactor is operated near the saturation pressure of
water, this condition is not feasible for larger, non-volatile feeds such as glucose, which undergo undesirable
decomposition reactions when vaporized [32–35]. It thus becomes imperative to operate the reformer at sys-
tem pressures above the saturation pressure of water, to maintain liquid phase conditions. In these cases, we
propose a process, which we denote as “ultra-shift”, to achieve very low levels of CO in the product gas from
APR of oxygenated hydrocarbons, conducted at pressures above the saturation pressure of water. This
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process involves vaporization of liquid water (in the shift-zone) to dilute the H2 and CO2 in the bubbles,
thereby favoring increased conversion of the WGS reaction and leading to lower CO concentrations.

The feasibility of the ultra-shift process is depicted in Figure 9 [38]. It is seen that at a system pressure
of 32 bar, when the temperature of the shift-zone was increased from 498 to 508 K, 91% of the water in
this zone vaporized, thereby decreasing the H2 pressure to 1.05vbar, and lowering the measured CO con-
centration from 380 to 84 ppm. In the case where the system pressure was 36.2 bar, increasing the tem-
perature of the shift-zone from 498 to 515 K decreased the H2 pressure from 7.53 to 1.14 bar and the
measured CO concentration from 564 to 89 ppm. At the higher temperatures, the effect of diluting the H2

and CO2 pressures with water vapor supersedes the less favorable thermodynamics, leading to ultra-shift.

2.5. Hydrogen from concentrated glucose feeds

Aqueous-phase reforming of glucose (C6O6H12) is of particular interest for biomass utilization, because
this sugar comprises the major energy reserves in plants and animals. As discussed earlier, the hydrogen
selectivity from reforming of glucose decreases as the liquid concentration increases from 1 to 10 wt.%
because of undesired hydrogen-consuming side reactions that occur in the liquid phase [34]. This decrease
in selectivity is an important limitation, because processing dilute aqueous solutions involves the process-
ing of excessive amounts of water.

Figure 10 depicts various reaction pathways that take place during APR of glucose and sorbitol [39].
Production of H2 and CO2 from glucose (G) and sorbitol (S) takes place on metal catalysts such as Pt or
NiˆSn alloys (pathways G1 and S1) via cleavage of CˆC bonds followed by WGS. As discussed earlier,
undesired alkanes can be formed by cleavage of CˆO bonds on the metal catalyst and dehydration processes
on acidic catalyst supports (pathways G2, S2). In the case of glucose, undesired reactions can also take place
in the aqueous phase to form organic acids, aldehydes and carbonaceous deposits (pathway G3). These unde-
sirable homogeneous decomposition reactions are first order in the glucose concentration, whereas the desir-
able reforming reactions on the catalyst surface are fractional order; therefore, high concentrations of glucose
lead to low hydrogen selectivities. The hydrogenation of glucose to sorbitol (pathway GˆS) also takes place
on metal catalysts with high selectivity at low temperatures (e.g., 400 K) and high H2 pressures.

The rates of pathways G1, G2 and G3 increase more rapidly with temperature than does the rate of path-
way GˆS. Accordingly, a strategy for improving the hydrogen selectivity from APR of glucose is to employ
a dual-reactor system involving a low-temperature hydrogenation step followed by a higher-temperature
reforming process. In this respect, we have conducted studies in which the partial pressures of the gas-phase
products in the reactor were varied by co-feeding a gas stream (N2 or H2) with the liquid feed (10 wt.% 
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glucose/sorbitol) at the inlet of the reactor. The performance of the reactor in this mode can be then compared
to the case where only liquid was fed to the reactor and N2 sweep gas was combined with the effluent stream
at the exit of the reactor. It was found that the hydrogen selectivities observed for APR of glucose (�10–13%)
were much lower compared to reforming of sorbitol (�60%) under similar conditions. Also higher alkane
selectivities of 47–50% were observed for reforming of glucose, indicating that APR of glucose, even with
hydrogen co-fed with the liquid reactant stream at the inlet of the reactor, is not selective for production of H2.
These results indicate that co-feeding hydrogen with liquid reactants into the reforming reactor at 538 K (and
52.4 bar) does not lead to rapid hydrogenation of glucose into sorbitol and its subsequent reforming to give
high H2 selectivities. Similarly, sorbitol does not undergo rapid dehydrogenation to glucose under conditions
of APR where H2 is not co-fed with the liquid reactant stream to the reforming reactor, a desirable result.

Experiments were conducted by co-feeding gaseous H2 with aqueous solutions containing 10 wt.% sor-
bitol or glucose into a dual-reactor system consisting of a hydrogenation reactor at 393 K followed by a
reforming reactor at 538 K [39]. The presence of the hydrogenation reactor did not affect the APR of sor-
bitol. However, when 10 wt.% glucose was co-fed with gaseous H2 to the dual-reactor system, then high
hydrogen selectivity (62.4%) and low alkane selectivity (21.3%) were obtained, these values being simi-
lar to the selectivities obtained from the reforming of sorbitol. These results indicate that glucose is first
completely hydrogenated to sorbitol before being sent to the reformer in which the sorbitol is then con-
verted with high selectivity in to H2 and CO2.

3. DISCUSSION AND OVERVIEW

Figure 11 summarizes the thermodynamic and kinetic aspects that form the foundation of the APR process.
In contrast to alkane reforming which is favorable only at high temperatures, the reforming of oxygenated
hydrocarbons (C:O ratio of 1:1) to form CO and H2 is thermodynamically favorable at relatively lower
temperatures of 400 K. Also, the subsequent WGS reaction, necessary to convert the carbon monoxide
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generated by reforming in to carbon dioxide, becomes increasingly favorable at lower temperatures. In
addition, results from DFT calculations indicate that the activation energy required to break the CˆC
bond in oxygenated hydrocarbons is lower than that required for alkanes, indicating that CˆC cleavage is
easier in oxygenates than in alkanes. These results suggest that it is possible to design a process in which
oxygenated hydrocarbons can be converted in to H2 and CO2 in a single-step process, wherein both the
reforming and WGS reactions are conducted in the same low-temperature reactor. Although the more
volatile oxygenates such as methanol, ethylene glycol and glycerol can be processed in the vapor as well
as liquid phases, processing less volatile oxygenates such as glucose and sorbitol under vapor-phase con-
ditions would require high-temperature reforming, followed by WGS at lower temperatures, thus obviat-
ing the advantages of a single-reactor low-temperature process.

Figure 12 summarizes the effects of various factors on the selectivity of hydrogen production, and also
suggests process conditions that may lead to the selective production of alkanes, if desired, from oxy-
genated hydrocarbons. It is seen from Figure 12a, that metals such as Pt, Pd and NiˆSn alloys show high
selectivity for hydrogen production and very low tendency for formation of alkanes. In comparison, sup-
ported Ni catalysts tend to make more alkanes and also show some deactivation with time, which may be
due to sintering of the metal particles, leading to lower dispersions. Figure 12a also shows that metals such
as Ru and Rh are very active for alkane formation and make very little hydrogen.

The support plays an important role in the selectivity of the APR process, as summarized in Figure 12b. The
more acidic supports (e.g., silica–alumina) lead to high selectivities for alkane formation, whereas the more
basic/neutral supports (e.g., alumina) favor hydrogen production. Supports with mild acidity fall within the
spectrum of the two extremes, as seen for titania-based catalysts. The acidity of the solution also affects the
performance of the aqueous-phase reformer in a similar way. Depending on the nature of the byproduct/inter-
mediate compounds formed in the reactor, the aqueous solution in contact with the catalyst can be acidic,
neutral or basic. Also gaseous carbon dioxide dissolved in the solution at high pressures makes a slightly
acidic solution (pH � 4–5). Acidic solutions (pH � 2–4) promote alkane formation, due to acid-catalyzed
dehydration reactions that occur in solution (followed by hydrogenation on the metal). In contrast, neutral
and basic solutions lead to high hydrogen selectivities and low alkane selectivities, as shown in Figure 12c.

The type of feed also has a strong influence on the reaction selectivity. In general, polyols (e.g., sorbitol)
have a higher selectivity for H2 production than sugars (e.g., glucose). Within the family of polyols, the
hydrogen selectivity decreases with increasing carbon number of the feed, probably because the number of
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undesired hydrogen-consuming side reactions increases accordingly. Also, processing higher feed concen-
trations of glucose leads to lower hydrogen selectivities. For example, as the glucose feed concentration
increases from 1 to 10 wt.%, the alkane selectivity increases from 30 to 50%, and the hydrogen selectivity
decreases accordingly. This change with concentration is caused by undesired homogeneous decomposition
reactions associated with sugars. These different feed effects have been summarized in Figure 12d.

Figure 13 outlines the various reaction pathways that can take place in the APR reactor (for polyols as feed),
resulting in multiple selectivity challenges. The oxygenated hydrocarbon feedstock can undergo reforming
via CˆC cleavage on the metal surface to make the desired H2 and CO2. The CO2 formed can undergo
undesired series methanation/Fischer–Tropsch synthesis reactions to form alkanes. Alternately, some met-
als have a tendency to favor CˆO bond scission, followed by hydrogenation to make alcohol intermediates,
which can then further react on the metal surface (CˆC/CˆO cleavage) to form alkanes. These reactions
constitute parallel-selectivity challenges on the metal surface. In addition to metal catalyzed reactions,
undesired bi-functional catalysis can occur by combinations of metal, support and solution, as shown in 
Figure 13. Reaction pathways such as dehydration–hydrogenation leading to alcohols, and dehydrogena-
tion-rearrangement to form acids can occur in solution or on the support aided by metal catalysis. These
intermediates can then react further in solution or on the catalyst to make more alkanes. To obtain high
selectivities for hydrogen production, the metal catalyst should show high rates of CˆC cleavage, low rates
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of CˆO cleavage and low rates of series methanation/Fischer–Tropsch synthesis reactions. Metals such as
Pt and NiˆSn alloy systems show these favorable characteristics. Also the support should not favor dehy-
dration/CˆO cleavage reactions or promote the formation of acids in aqueous solution. Acidic supports
such as silica–alumina have shown a tendency to promote these undesirable reactions. Hence, non-acidic
supports such as alumina are required to obtain high selectivities for hydrogen production via APR reac-
tions. Finally, acidic solutions also lead to dehydration of the feed polyol, which ultimately leads to alkane
formation.

Low CO levels in the product gas can be obtained by operating at suitable reaction conditions. Figure 14 out-
lines the concept of the ultra-shift process used to drive the CO levels to as low as possible. Based on the WGS
equilibrium, the partial pressure of CO (PCO) in the reactor is proportional to the partial pressure of hydrogen
(PH2

), which in turn decreases as the partial pressure of water (Pwater) in the system approaches the total sys-
tem pressure (Ptotal). Thus, to reduce the equilibrium concentration of CO in the reactor, the hydrogen pressure
should be lowered by increasing the water pressure in the system. This effect can be achieved using the ultra-
shift process, wherein the water pressure is increased either by reducing the system pressure in an isothermal
reactor, or increasing the temperature of the upper ultra-shift-zone of the isobaric reactor. For example, when
the shift temperature is maintained at the reforming temperature of 498 K, the effluent concentration of CO
increases as the system pressure is increased. However, when the shift temperature is increased such that a
majority of the liquid water vaporizes, then the product CO concentration, even at the higher pressures,
decreases to below 100 ppm for 2% ethylene glycol. Thus, the addition of the ultra-shift zone to the reforming
reactor leads to low CO levels while allowing for processing of non-volatile feedstocks such as glucose in the
lower aqueous-phase reformer. Importantly, when the effluent from the reactor is subsequently cooled to con-
dense liquid water, then the pressure of the non-condensable gases increases and approaches the system pres-
sure. This process of ultra-shift, involving initial vaporization followed by condensation of liquid water, thus
leads to the desirable production of fuel-cell-grade H2 at high pressures and containing very low levels of CO.

The basis for the dual-reactor process for handling concentrated glucose feeds is summarized in Figure 15.
One of the important limitations of the APR of glucose solutions is that the hydrogen selectivity decreases
when higher concentration feeds are used. This limitation is specific to glucose feedstocks, and a
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sugar–alcohol such as sorbitol does not suffer this restriction. Starting with glucose, the main desirable
reaction that can occur is the catalytic reforming at high temperatures to form H2 and CO2. In addition,
undesired homogeneous decomposition reactions can occur at the same reaction conditions as reforming,
to produce alkanes and coke. The rate of reforming increases more slowly with increasing feed concen-
tration, as compared to the decomposition rates, leading to lower hydrogen selectivities at higher feed con-
centrations. Also, glucose can undergo hydrogenation (using H2 produced by reforming or supplied
externally) to form sorbitol, which can then undergo reforming on the catalyst surface to produce the
desired H2 and CO2. Since sorbitol decomposition rates in aqueous solution are much slower relative to
the sorbitol reforming rates, high hydrogen selectivities can be obtained at all concentrations of the feed.
The activation energy barrier for glucose hydrogenation is lower than the activation energies for glucose
reforming and glucose decomposition. Therefore, glucose hydrogenation becomes dominant at lower tem-
peratures, and almost complete conversion of glucose in to sorbitol can be achieved, without any conver-
sion in to H2 and CO2. The relative rates of the different reactions involved in glucose processing thus
indicate that for the efficient extraction of hydrogen from glucose feedstocks, it is necessary to utilize an
initial hydrogenation reactor that converts the glucose in to sorbitol, followed by a reforming reactor to
produce hydrogen with high selectivities, as described in Figure 15.

We now outline how the APR process can be manipulated to obtain a product with the desired specifi-
cations. Sugar alcohols such as sorbitol give higher hydrogen selectivities than the corresponding sugar,
i.e., glucose. Thus polyols (including sugar–alcohols) can be processed directly in the aqueous-phase
reformer to obtain relatively high hydrogen selectivities, without any upstream processing. However, as
shown in Figure 16, co-feeding hydrogen with the aqueous feed and employing a low-temperature hydro-
genation reactor upstream from the reformer are used for processing sugars at high concentrations to
obtain hydrogen in high selectivities. To obtain alkanes from concentrated sugars, a similar hydrogenation
to sorbitol is first carried out, followed by reaction over an acidic catalyst in the presence of a hydrogen
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co-feed. For applications such as PEM fuel cells wherein very low levels of CO in the hydrogen fuel are
necessary for efficient operation, an ultra-shift zone, downstream of the reformer may be used to lower the
outlet CO levels in the gas.

A novel aspect of the APR process is that a beneficial synergy is formed by operating the hydrogena-
tion reactor, the reforming reactor, the ultra shift-zone of the reactor, and the gas–liquid separator (situated
downstream of the reactors) at different temperatures while maintaining the total pressure of the system at
a constant value, as depicted schematically in Figure 16. An aqueous solution of glucose can be co-fed
with gaseous H2 to the hydrogenation reactor, which is operated at a relatively low temperature (T �
370 K) to minimize glucose decomposition reactions in the liquid phase. At the low vapor pressure of
water corresponding to this hydrogenation temperature, the partial pressure of hydrogen in this reactor is
high, and hence favorable for the conversion of glucose in to sorbitol. The aqueous solution of sorbitol and
gaseous H2 are then fed to the reforming (or alkane formation) reactor, which is operated at the higher tem-
perature (T � 500 K), necessary to convert sorbitol in to H2 and CO2 (or alkanes). If low levels of CO are
required in the product gas, an ultra-shift-zone (T � 510 K) downstream of the reforming reactor can be
employed. Finally, the liquid and gaseous effluents from the reactor are cooled and sent to a separator,
which is maintained at a low temperature (T � 300 K), and the sum of the H2 and CO2 (or alkanes) pres-
sures is essentially equal to the total pressure of the system. In the case of a hydrogen-rich reformate, this
high pressure facilitates further removal of CO2 from H2 by pressure-swing adsorption or membrane sep-
aration. A fraction of the purified H2 at high pressure can then be recycled to the hydrogenation reactor,
and the remaining hydrogen may be directed to a fuel cell for generation of electrical power.

An important advantage of the APR process is that it can be tailored to make renewable fuels such as H2

or alkanes in high selectivity. Another advantageous consequence of making H2 and alkanes via the APR
process is that the energy required for the endothermic reforming of oxygenates may be produced 
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internally, by allowing a fraction of the oxygenated compound to form alkanes through exothermic reaction
pathways. In this respect, the formation of a mixture of hydrogen and alkanes from APR of oxygenates may
be essentially neutral energetically, and little additional energy is required to drive the reaction. The gas
effluent from the reformer could then be utilized as a feed to an internal combustion engine or suitable fuel
cell (such as a solid oxide fuel cell).

4. CONCLUSIONS

Aqueous-phase reforming of biomass-derived oxygenated hydrocarbons is a new process to produce
renewable fuels consisting of hydrogen and alkanes. Catalysts based on Pt and NiˆSn alloys are promis-
ing materials for hydrogen production. Various competing reaction pathways are involved in the reforming
process, leading to parallel and series-selectivity challenges for production of hydrogen. The selectivity of
the reforming process depends on various factors such as nature of the catalytically active metal, support,
solution pH, feed and process conditions. By manipulating these factors, the APR process can be tailored
to produce either H2 or alkanes. Moreover, the molecular weight distribution of the alkane product stream
can also be controlled, for example, to favor the formation of heavier alkanes using bi-functional catalysts
containing metal and acidic components. Also, it is possible to operate the APR process to achieve very low
CO levels in the product by using an ultra-shift zone downstream of the reactor. Aqueous-phase reforming
is best conducted using polyol feed molecules (e.g., sorbitol), because the product distribution obtained 
is relatively insensitive to the aqueous feed concentration (e.g., from 1 to 10 wt.%, and probably higher). 
In contrast, processing high concentrations of sugars (e.g., glucose) is accompanied by undesirable decom-
position reactions. However, in these cases, a dual-reactor approach can be used for processing high 
concentrations of glucose, in which glucose is hydrogenated to sorbitol in the first reactor, and sorbitol is
passed to the APR reactor for selective production of hydrogen or alkanes.

We note, in closing, that aqueous-phase reforming is a remarkably flexible process that can be tailored
to selective produce hydrogen or to produce an alkane stream with a desired molecular weight distribution.
Accordingly, this process offers exciting research opportunities for developing new generation of hetero-
geneous catalysts using metals, metal alloys, supports, and promoters that are stable under aqueous-phase
reaction conditions. 
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Chapter 4

Fuel processing for low- and high-temperature fuel cells:
challenges, and opportunities for sustainable 
development in the 21st century

Chunshan Song

Abstract

This review paper first discusses the needs for fundamental changes in the energy system for major
efficiency improvements in terms of global resource limitation and sustainable development. Major
improvement in energy efficiency of electric power plants and transportation vehicles is needed to
enable the world to meet the energy demands at lower rate of energy consumption with corresponding
reduction in pollutant and CO2 emissions. A brief overview will then be given on principle and advan-
tages of different types of low-and high-temperature fuel cells. Fuel cells are intrinsically much more
energy-efficient, and could achieve as high as 70–80% system efficiency (including heat utilization) in
electric power plants using solid oxide fuel cells (SOFC, versus the current efficiency of 30–37% via
combustion), and 40–50% efficiency for transportation using proton-exchange membrane fuel cells
(PEMFC) or solid oxide fuel cells (versus the current efficiency of 20–35% with internal combustion
(IC) engines). The technical discussions will focus on fuel processing for fuel cell applications in the
21st century. The strategies and options of fuel processors depend on the type of fuel cells and appli-
cations. Among the low-temperature fuel cells, PEMFC require H2 as the fuel and thus nearly CO and
sulfur-free gas feed must be produced from fuel processor. High-temperature fuel cells such as solid
oxide fuel cells can use both CO and H2 as fuel, and thus fuel processing can be achieved in less steps.
Hydrocarbon and alcohol fuels can both be used as fuels for reforming on-site or on-board. Alcohol
fuels have the advantages of being ultra-clean and sulfur-free and can be reformed at lower tempera-
tures, but hydrocarbon fuels have the advantages of existing infrastructure of production and distribu-
tion and higher energy density. Further research and development on fuel processing are necessary for
improved energy efficiency and reduced size of fuel processor. More effective ways for on-site or 
on-board deep removal of sulfur before and after fuel reforming, and more energy-efficient and stable
catalysts and processes for reforming hydrocarbon fuels are necessary for both high and low-temperature
fuel cells. In addition, more active and robust (non-pyrophoric) catalysts for water–gas-shift (WGS)
reactions, more selective and active catalysts for preferential CO oxidation at lower temperature, more
CO-tolerant anode catalysts would contribute significantly to development and implementation of low-
temperature fuel cells, particularly proton-exchange membrane fuel cells. In addition, more work is
required in the area of electrode catalysis and high-temperature membrane development related to fuel
processing including tolerance to certain components in reformate, especially CO and sulfur species.

Keywords: Fuel processing; Reforming; Sulfur removal; Water–gas-shift; H2; Fuel cell; Catalyst; Catalysis;
Energy efficiency; Sustainable development 
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1. INTRODUCTION

As the world moved into the first decade of the 21st century, a global view is due for energy consumption
in the last century and the situations around energy supply and demand of energy and fuels in the future.
The world of the 20th century is characterized by growth. Table 1 shows the changes in worldwide energy
use in the 20th century, including consumption of different forms of energy in million tonnes of oil equiv-
alent (MTOE), world population, and per capita energy consumption comparing the years 1900 and 1997,
which are based on recent statistical data [1–3]. The rapid development in industrial and transportation
sectors and improvements in living standards among residential sectors correspond to the dramatic 
growth in energy consumption from 911 MTOE in 1900 to 9647 MTOE in 1997. This is also due in part
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to the rapid increase in population from 1762 million in 1900 to 5847 million in 1997, as can be seen from
Table 1.

Table 1 also shows the data on combined global CO2 emissions from fossil fuel burning, cement manu-
facture, and gas flaring expressed in million metric tonnes of carbon (MMTC) in 1990 and 1997 [4]. It is
clear from Table 1 that global CO2 emissions increased over 10 times, from 534 MMTC in 1900 to 6601
MMTC in 1997, in proportion with the dramatic increase in worldwide consumption of fossil energy. The
emissions of enormously large amounts of gases from combustion into the atmosphere has caused a rise
in global concentrations of greenhouse gases, particularly CO2. Table 1 also includes data on the global
atmospheric concentrations of greenhouse gas CO2 in 1900 and in 1997, where the 1900 data was deter-
mined by measuring ancient air occluded in ice core samples [5], and that for 1997 was from actual mea-
surement of atmospheric CO2 in Mauna Loa, Hawaii [6]. The increase in atmospheric concentrations of
CO2 has been clearly established and can be attributed largely to increased consumption of fossil fuels by
combustion. To control greenhouse gas emissions in the world, several types of approaches will be neces-
sary, including major improvement in energy efficiency, the use of carbon-less (or carbon-free) energy,
and the sequestration of carbon such as CO2 storage in geologic formations.

2. SUSTAINABLE DEVELOPMENT OF ENERGY

2.1. Supply-side challenge of energy balance

Figure 1 shows the energy supply and demand (in quadrillion Btu) in the US in 1998 [7]. The existing
energy system in the US and in the world today is largely based on combustion of fossil fuels – petroleum,
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Table 1. Worldwide energy use in million tonnes of oil equivalent (MTOE), world popula-
tion and per capita energy consumption in the 20th century

1900 1997

Energy source MTOE % MTOE %

Petroleum 18 2 2940 30
Natural gas 9 1 2173 23
Coal 501 55 2122 22
Nuclear 0 0 579 6
Renewable 383 42 1833 19

Total 911 100 9647 100

Population (million) 1762 5847
Per capita energy use (TOE) 0.517 1.649
Global CO2 emission (MMTC)a 534 6601
Per capita CO2 emission (MTC) 0.30 1.13
CO2 (ppmv)b 295 364
Life expectancy (years)c 47 76

a Global CO2 emissions from fossil fuel burning, cement manufacture, and gas flaring; expressed in million
metric tonnes of carbon (MMTC).

b Global atmospheric CO2 concentrations expressed in parts per million by volume (ppmv).
c Life expectancy is based on the statistical record in the US [2,3].
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natural gas, and coal – in stationary and mobile devices. It is clear from Fig. 1 that petroleum, natural gas,
and coal are the three largest sources of primary energy consumption in the US. Renewable energies are
important but small parts (6.87%) of the US energy flow, although they have potential to grow.

Figure 2 illustrates the energy input and the output of electricity (in quadrillion Btu) from power plants in
the US in 1998 [7]. As is well known, electricity is the most convenient form of energy in industry and in daily
life. The electric power plants are the largest consumers of coal. Great progress has been made in the electric
power industry with respect to pollution control and generation technology with certain improvements in
energy efficiency. What is not apparent in the energy supply–demand pictures is the following. The energy
input into electric power plants represents 36.9% of the total primary energy supply in the US, but the major-
ity of the energy input into the electric power plants, over 65%, is lost and wasted as conversion loss in the
process, as can be seen from Fig. 2 for the electricity flow in the US including electric utilities and non-utility
power producers. The same trend of conversion loss is also applicable for the fuels used in transportation,
which represents 25.4% of the total primary energy consumption. This energy waste is largely due to the ther-
modynamic limitations of heat engine operations dictated by the maximum efficiency of the Carnot cycle.

How much more fossil energy resources are there? The known worldwide reserves of petroleum
(1033.2 billion barrels in 1999) [8] would be consumed in about 39 years, based on the current annual con-
sumption of petroleum (26.88 billion barrels in 1998). On the same basis, the known natural gas reserves
in the world (5141.6 trillion cubic feet in 1999) would last for 63 years at the current annual consumption
level (82.19 trillion cubic feet in 1998) [8]. While new exploration and production technologies will
expand the oil and gas resources, two experts in oil industry, Campbell and Laherrere [9], have indicated
that global production of conventional oil will begin to decline sooner than most people think and they
have compellingly alluded to the end of cheap oil early in this century. Worldwide coal production and
consumption in 1998 were 5042.7 and 5013.5 million short tonnes, respectively [7]. The known world
recoverable coal reserves in 1999 are 1087.19 billion short tonnes [8], which is over 215 times the world
consumption level in 1998. Thus, coal has great potential as a future source of primary energy, although
environmental pressures may militate against expanded markets for coal as an energy source. However,
even coal resources are limited. Prof. George Olah, the winner of Nobel Prize in chemistry in 1994,
pointed out in 1991 that “Oil and gas resources under the most optimistic scenarios won’t last much longer
than through the next century. Coal reserves are more abundant, but are also limited. … I suggest we
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should worry much more about our limited and diminishing fossil resources” [10]. In this context, it is
important to recognize the limitations of non-renewable hydrocarbon resources in the world.

2.2. Sustainable development of energy

Can the world sustain itself by continuously using the existing energy system based on combustion of fossil
resources in the 21st century? Petroleum, natural gas and coal are important fossil hydrocarbon resources that
are non-renewable. Sustainable development may have different meanings to different people, but a
respected definition from the report “Our Common Future” [11], is as follows: “Sustainable development is
development that meets the needs of the present without compromising the ability of future generations to
meet their own needs” [12]. Sustainable development of the energy system focuses on improving the quality
of life for all of the Earth’s citizens by developing highly efficient energy devices and utilization systems that
are cleaner and more environmentally friendly. This requires meeting the needs of the current population
with a balanced clean energy mix while minimizing unintentional consequences caused by increases in
atmospheric concentrations of greenhouse gases due to a rapid rise in global consumption of carbon-based
energy. Ultimately, human society should identify and establish innovative ways to satisfy the needs for
energy and chemical feedstocks without increasing the consumption of natural resources beyond the capac-
ity of the globe to supply them indefinitely. Sustainable development requires an understanding that inaction
has consequences and that we must find innovative ways to change institutional structures and influence indi-
vidual behavior [12]. Sustainable development is not a new idea since many cultures over the course of
human history have recognized the need for harmony between the environment, society and economy. What
is new is an articulation of these ideas in the context of a global industrial and information society [12].

2.3. Vision for efficient utilization of hydrocarbon resources

Figure 3 presents a vision on directions and important issues in research on effective and comprehensive
utilization of hydrocarbon resources that are non-renewable. It has been developed by the author for directing
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future research in our laboratory on clean fuels, chemicals, and catalysis. There are three fundamental ele-
ments in this vision: fuel uses, non-fuel uses, and environmental issues of energy and resources. This is a
personal view reflecting my judgments and prejudices for future directions. It is helpful to us for seeing
future directions and for promoting responsible and sustainable development in research on energy and
fuels for the 21st century. Fundamentally, all fossil hydrocarbon resources are non-renewable and precious
gifts from nature, and thus it is important to explore more effective and efficient ways of comprehensive
utilization of all the fossil energy resources for sustainable development. The new processes and new
energy systems should be much more energy-efficient, and also more environmentally benign.

Considering sustainable development seriously today is about being proactive and about taking respon-
sible actions. The principle applies to all the nations in the world, but countries at different stages of eco-
nomic development can take different but sustainable strategies. As indicated in “The Human Development
Report” by the United Nations, Developing countries face a fundamental choice [13]. They can mimic the
industrial countries and go through a development phase that is dirty and wasteful and creates an enor-
mous legacy of pollution. Or they can leapfrog over some of the steps followed by industrial countries and
incorporate efficient technologies [13]. It is therefore very important for “the present in the world” to make
major efforts toward more efficient, responsible, comprehensive and environmentally benign use of the
valuable fossil hydrocarbon resources, toward sustainable development.

Does the world really need new conversion devices in addition to internal combustion (IC) engines and
heat engines for energy system? The fundamental answer to this question is yes, because the efficiencies
of existing energy systems are not satisfactory since over 60% of the energy input is simply wasted in most
power plants and in most vehicles for transportation. From an environmental standpoint, many of the exist-
ing processes in energy and chemical industries that rely on post-use clean-up to meet environmental reg-
ulations should be replaced by more benign processes that do not generate pollution at the source. For
example, the current power plants use post-combustion SOx and NOx reduction system, but the future sys-
tem should preferably eliminate or minimize SOx and NOx formation at the source. The current diesel fuels
contain polycyclic sulfur and aromatic compounds that form SOx and soot upon combustion in the diesel
engines that would require exhaust gas treatment. In the future, ultra-clean fuels could be made at the
source, the refinery, which will eliminate or minimize such pollutants before the fuel use in either current
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engines or future vehicles that may be based on fuel cells. Fuel cells are promising candidates as truly
energy-efficient conversion devices [14].

3. PRINCIPLE AND ADVANTAGES OF FUEL CELLS

3.1. Concept of fuel cells

The principle of fuel cell was first discovered in 1839 by Sir William R. Grove, a British jurist and physi-
cist, who used hydrogen and oxygen as fuels catalyzed on platinum electrodes [15,16]. A fuel cell is
defined as an electrochemical device in which the chemical energy stored in a fuel is converted directly
into electricity. A fuel cell consists of an electrolyte material which is sandwiched between two thin elec-
trodes (porous anode and cathode). Specifically, a fuel cell consists of an anode – to which a fuel, com-
monly hydrogen, is supplied – and a cathode – to which an oxidant, commonly oxygen, is supplied. The
oxygen needed by a fuel cell is generally supplied by feeding air. The two electrodes of a fuel cell are sep-
arated by an ion-conducting electrolyte. All fuel cells have the same basic operating principle. An input
fuel is catalytically reacted (electrons removed from the fuel elements) in the fuel cell to create an electric
current. The input fuel passes over the anode (negatively charged electrode) where it catalytically splits
into electrons and ions, and oxygen passes over the cathode (positively charged electrode). The electrons
go through an external circuit to serve an electric load while the ions move through the electrolyte toward
the oppositely charged electrode. At the electrode, ions combine to create by-products, primarily water
and CO2. Depending on the input fuel and electrolyte, different chemical reactions will occur.

The main product of fuel cell operation is the DC electricity produced from the flow of electrons from
the anode to the cathode. The amount of current available to the external circuit depends on the chemical
activity and amount of the substances supplied as fuels and the loss of power inside the fuel cell stack. The
current-producing process continues for as long as there is a supply of reactants because the electrodes and
electrolyte of a fuel cell are designed to remain unchanged by the chemical reactions. Most individual fuel
cells are small in size and produce between 0.5 and 0.9 V of DC electricity. Combination of several or
many individual cells in a “stack” configuration is necessary for producing the higher voltages more com-
monly found in low and medium voltage distribution systems. The stack is the main component of the
power section in a fuel cell power plant. The by-products of fuel cell operation are heat, water in the form
of steam or liquid water, and CO2 in the case of hydrocarbon fuel.

3.2. Efficiency of fuel cells

A simplified way to illustrate the efficiency of energy conversion devices is to examine the theoretical max-
imum efficiency [14]. The efficiency limit for heat engines such as steam and gas turbines is defined by
Carnot cycle as maximum efficiency � (T1 � T2)/T1, where T1 is the maximum temperature of fluid in a
heat engine, and T2 the temperature at which heated fluid is released. All the temperatures are in Kelvin
(K � 273 � degree Celsius), and therefore the lower temperature T2 value is never small (usually �290 K).
For a steam turbine operating at 400°C, with the water exhausted through a condenser at 50°C, the Carnot
efficiency limit is (673 � 323)/673 � 0.52 � 52%. (The steam is usually generated by boiler based on fos-
sil fuel combustion, and so the heat transfer efficiency is also an issue in overall conversion.) For fuel cells,
the situation is very different. Fuel cell operation is a chemical process, such as hydrogen oxidation to pro-
duce water, and thus involves the changes in enthalpy or heat (�H) and changes in Gibbs free energy (�G).
It is the change in Gibbs free energy of formation that is converted into electrical energy [14]. The Gibbs
free energy is related to the fuel cell voltage via �G � �nF�U0, where n is the number of electrons involved
in the reaction, F the Faraday constant, and �U0 the voltage of the cell for thermodynamic equilibrium in the
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absence of a current flow which can be derived by �U0 � (��G)/(nF) [17]. For the case of H2ˆO2 fuel
cell, the equilibrium cell voltage is 1.23 V corresponding to the �G of �237 kJ/mol for the overall reaction
(H2 � (1/2) O2 � H2O) at standard conditions (25°C).

The maximum efficiency for fuel cell can be directly calculated based on �G and �H as maximum fuel
cell efficiency � �G/(��H). The �H value for the reaction is different depending on whether the product
water is in vapor or in liquid state. If the water is in liquid state, then (��H) is higher due to release of heat
of condensation. The higher value is called higher heating value (HHV), and the lower value is called
lower heating value (LHV). If this information is not given, then it is likely that the LHV has been used
because this will give a higher efficiency value [14].

3.3. Types of fuel cells

On the basis of the electrolyte employed, there are five types of fuel cells. They differ in the composition
of the electrolyte and are in different stages of development. They are alkaline fuel cells (AFC), phos-
phoric acid fuel cells (PAFC), proton-exchange membrane fuel cells (PEMFC), molten carbonate fuel
cells (MCFC), and solid oxide fuel cells (SOFC). In all types there are separate reactions at the anode and
the cathode, and charged ions move through the electrolyte, while electrons move round an external cir-
cuit. Another common feature is that the electrodes must be porous, because the gases must be in contact
with the electrode and the electrolyte at the same time.

Table 2 lists the main features of the four main types of fuel cells summarized based on various recent
publications [14,18–21]. Each of them has advantages and disadvantages relative to each other. Different
types of fuel cells are briefly discussed below, which will pave the ground for further discussions on fuel
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Table 2. Types of fuel cells and their features

Features Fuel cell type

Name Polymer electrolyte Phosphoric acid Molten carbonate Solid oxide
Electrolyte Ion-exchange membrane Phosphoric acid Alkali carbonates Yttria-stabilized 

mixture zirconia
Operating 70–90 180–220 650–700 800–1000
temperature (°C)

Charge carrier H� H� CO3
2� O2�

Electrolyte state Solid Immobilized liquid Immobilized liquid Solid
Cell hardware Carbon- or metal-based Graphite-based Stainless steel Ceramic
Catalyst, anode Platinum (Pt) Platinum (Pt) Nickel (Ni) Nickel (Ni)
Fuels for cell H2 H2 Reformate or Reformate or 

CO/H2 CO/H2 or CH4

Reforming External or direct MeOH External External or internal External or internal, 
or direct CH4

Feed for fuel MeOH, natural gas, LPG, Natural gas, MeOH, Gas from coal or Gas from coal or 
processor gasoline, diesel, jet fuel gasoline, diesel, biomass, natural biomass, natural 

jet fuel gas, jet fuel gas, gasoline, 
diesel, jet fuel

Oxidant for cell O2/air O2/air CO2/O2/air O2/air
Co-generation heat None Low quality High High
Cell efficiency 40–50 40–50 50–60 50–60
(% LHV)
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processing for fuel cell applications. Detailed description on these fuel cells can be found in comprehen-
sive references [14,20].

3.3.1. Proton-exchange membrane fuel cell

The PEMFC uses a solid polymer membrane as its electrolyte (Scheme 1). This membrane is an electronic
insulator, but an excellent conductor of protons (hydrogen cations). The ion-exchange membrane used to
date is fluorinated sulfonic acid polymer such as Nafion resin manufactured by Du Pont, which consist of
a fluorocarbon polymer backbone, similar to Teflon, to which are attached sulfonic acid groups. The acid
molecules are fixed to the polymer and cannot “leak” out, but the protons on these acid groups are free to
migrate through the membrane. The solid electrolyte exhibits excellent resistance to gas cross-over [20].
With the solid polymer electrolyte, electrolyte loss is not an issue with regard to stack life. Typically the
anode and cathode catalysts consist of one or more precious metals, particularly platinum (Pt) supported
on carbon. Because of the limitation on the temperature imposed by the polymer and water balance, the
operating temperature of PEMFC is less than 120°C, usually between 70 and 90°C.

PEMFC system, also called solid polymer fuel cell (SPFC), was first developed by General Electric in
the US in the 1960s for use by NASA on their first manned space vehicle Germini spacecraft [14].
However, the water management problem in the electrolyte was judged to be too difficult to manage reli-
ably and for Apollo vehicles NASA selected the “rival” alkali fuel cell; General Electric did not pursue
commercial development of PEMFC [14]. Today PEMFC is widely considered to be a most promising
fuel cell system that has widespread applications. The significant advances in PEMFC in the 1980s and
early 1990s were due largely to major development efforts by Ballard Power Systems of Vancouver,
Canada, and Los Alamos National Laboratory in the US [14]. The developments on solid polymer fuel
cells at Ballard have been summarized by Prater [22]. PEMFC performance has improved over the last
several years. Current densities of 850 A/ft2 are achieved at 0.7 V per cell with hydrogen and oxygen at
65 psi, and over 500 A/ft2 is obtained with air at the same pressure [18]. The PEMFC technology is pri-
marily suited for residential/commercial (business) and transportation applications [21]. PEMFC offers 
an order of magnitude higher power density than any other fuel cell system, with the exception of the
advanced aerospace AFC, which has comparable performance [18]. The use of a solid polymer electrolyte
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eliminates the corrosion and safety concerns associated with liquid electrolyte fuel cells. Its low operating
temperature provides instant start-up and requires no thermal shielding to protect personnel. Recent
advances in performance and design offer the possibility of lower cost than any other fuel cell system [18].

In addition to pure hydrogen, the PEMFC can also operate on reformed hydrocarbon fuels without
removal of the by-product CO2. However, the anode catalyst is sensitive to CO, partly because PEMFC
operates at low temperatures. The traces of CO produced during the reforming process must be converted
into CO2 by a catalytic process such as selective oxidation process before the fuel gas enters the fuel cell.
Higher loadings of Pt catalysts than those used in PAFCs are required in both the anode and the cathode
of PEMFC [20]. CO must be reduced to �10 ppm, and the CO removal is typically a catalytic process
which can be integrated into a fuel processing system. Water management is critical for PEMFC; the fuel
cell must operate under conditions where the by-product water does not evaporate faster than it is pro-
duced because the membrane must be hydrated [20].

3.3.2. Phosphoric acid fuel cell

The PAFC uses liquid, concentrated phosphoric acid as the electrolyte (Scheme 2). The phosphoric acid is
usually contained in a Teflon-bonded silicon carbide matrix. The small pore structure of this matrix pref-
erentially keeps the acid in place through capillary action. Some acid may be entrained in the fuel or oxi-
dant streams and addition of acid may be required after many hours of operation. Platinum supported on
porous carbon is used on both the anode (for the fuel) and cathode (for the oxidant) sides of the electrolyte.
PAFC operates at 180–220°C, typically around 200°C. The relative stability of concentrated phosphoric
acid is high compared to other common acids, which enables PAFC operation at the high end of the acid
temperature range of up to 220°C [20]. In addition, the use of concentrated acid of nearly 100% minimizes
the water vapor pressure and therefore water management in PAFC is not difficult, unlike PEMFC.

PAFC power plant designs can achieve 40–45% fuel-to-electricity conversion efficiencies on a lower
heating value basis (LHV) [23]. PAFC has a power density of 160–175 W/ft2 of active cell area [18].
Turnkey 200 kW plants are now available and have been installed at more than 70 sites in the United
States, Europe, and Japan [21]. Operating at about 200°C (400°F), the PAFC plant also produces heat for
domestic hot water and space heating. PAFC is the most mature fuel cell technology in terms of system
development and is already in the first stages of commercialization. It has been under development for
more than 20 years and has received a total worldwide investment in the development and demonstration
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of the technology in excess of $500 million [18]. The PAFC was selected for substantial development a
number of years ago because of the belief that, among the low-temperature fuel cells, it was the only tech-
nology which showed relative tolerance for reformed hydrocarbon fuels and thus could have widespread
applicability in the near term [18].

3.3.3. Alkaline fuel cell

AFC uses aqueous solution of potassium hydroxide (KOH) as its electrolyte. The electrolyte is retained in
a solid matrix (usually asbestos), and a wide range of electrocatalysts can be used, including nickel, metal
oxides, spinels, and noble metals electrode [20]. The operating temperatures of AFC can be higher than
PAFC by using concentrated KOH (85%) for high-temperature AFC at up to 250°C, or lower by using less
concentrated KOH (35–50%) for low-temperature AFC at �120°C. The fuel supply for AFC is limited to
hydrogen; CO is a poison; and CO2 reacts with KOH to form K2CO3, thus changing the electrolyte [20].

AFC concept has been described since 1902 in a US patent but they were not demonstrated till the 1940s
and 1950s by Francis T. Bacon at Cambridge, England [14]. Since 1960s AFC has been used in space
applications that took man to the moon with the Apollo missions [14]. However, the requirement of pure
H2 and the sensitivity to CO2 appear to be among the major factors limiting the widespread application of
AFC. The alkaline fuel cell is being phased out in the US where its only use has been in space vehicles
[20]. However, it should be noted that AFC has its advantages of being simple in design and less expen-
sive (electrolyte materials), and may have some applications where its disadvantages (require pure H2,
sensitive to CO2) are not an issue such as with regenerative fuel cells involving water [14].

3.3.4. Molten carbonate fuel cell

The MCFC uses a molten carbonate salt mixture as its electrolyte (Scheme 3). The composition of the
electrolyte varies, but usually consists of lithium carbonate and potassium carbonate (Li2CO3ˆK2CO3).
At the operating temperature of about 650°C (1200°F), the salt mixture is liquid and a good ionic con-
ductor. The electrolyte is suspended in a porous, insulating and chemically inert ceramic (LiA1O2) matrix
[18]. At the high operating temperatures in MCFCs, noble metals are not required for electrodes; nickel
(Ni) or its alloy with chromium (Cr) or aluminum (Al) can be used as anode, and nickel oxide (NiO) as
cathode [20]. The cell performance is sensitive to operating temperature. A change in cell temperature
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from 1200°F (650°C) to 1110°F (600°C) results in a drop in cell voltage of almost 15% [18]. The reduc-
tion in cell voltage is due to increased ionic and electrical resistance and a reduction in electrode kinetics.

MCFCs evolved from work in the 1960s aimed at producing a fuel cell which would operate directly on
coal [18]. While direct operation on coal seems less likely today, operation on coal-derived fuel gases or
natural gas is viable. MCFCs are now being tested in full-scale demonstration plants and thus offer higher
fuel-to-electricity efficiencies, approaching 50–60% (LHV) fuel-to-electricity efficiencies [23]. Because
MCFCs operate at higher temperatures, around 650°C (1200°F), they are candidates for combined-cycle
applications, in which the exhaust heat is used to generate additional electricity. When the waste heat is
used, total thermal efficiencies can approach 85% [21]. The disadvantages of MCFC are that the electrolyte
is corrosive and mobile, and a source of CO2 is required at the cathode to form the carbonate ion [20].

3.3.5. Solid oxide fuel cell

SOFC uses a ceramic, solid-phase electrolyte (Scheme 4) which reduces corrosion considerations and elim-
inates the electrolyte management problems associated with the liquid electrolyte fuel cells. To achieve ade-
quate ionic conductivity in such a ceramic, however, the system must operate at high temperatures in the
range of 650–1000°C, typically around 800–1000°C (1830°F) in the current technology. The preferred
electrolyte material, dense yttria (Y2O3)-stabilized zirconia (ZrO2), is an excellent conductor of negatively
charged oxygen (oxide) ions at high temperatures. The SOFC is a solid state device and shares certain prop-
erties and fabrication techniques with semiconductor devices [18]. The anode of SOFC is typically a porous
nickel–zirconia (NiˆZrO2) cermet (cermet is the ceramic–metal composite) or cobalt–zirconia (CoˆZrO2)
cermet, while the cathode is typically magnesium (Mg)-doped lanthanum manganate or strontium (Sr)-
doped lanthanum manganate LaMnO3 [18,20].

At the operating temperature of 800–1000°C, internal reforming of most hydrocarbon fuels should be
possible, and the waste heat from such a device would be easily utilized by conventional thermal electricity
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generating plants to yield excellent fuel efficiency. On the other hand, the high operating temperature of
SOFC has its own drawbacks due to the demand and thermal stressing on the materials including the sealants
and the longer start-up time [20]. Because the electrolyte is solid, the cell can be cast into various shapes such
as tubular, planar, or monolithic [20]. SOFCs are currently being demonstrated in a 160 kW plant [21]. They
are considered to be state-of-the-art fuel cell technology for electric power plants and offer the stability and
reliability of all-solid-state ceramic construction. Operation up to 1000°C (1830°F) allows more flexibility in
the choice of fuels and can produce better performance in combined-cycle applications [21]. Adjusting air
and fuel flows allows the SOFC to easily follow changing load requirements. Like MCFCs, SOFCs can
approach 50–60% (LHV) electrical efficiency, and 85% (LHV) total thermal efficiency [21].

3.4. Advantages of fuel cells compared to conventional devices

In general, all the fuel cells operate without combusting fuel and with few moving parts, and thus they are
very attractive from both energy and environmental standpoints. A fuel cell can be two to three times more
efficient than an IC engine in converting fuel into electricity [24]. A fuel cell resembles an electric battery
in that both produce a direct current by using an electrochemical process. A battery contains only a lim-
ited amount of fuel material and oxidant, which are depleted with use. Unlike a battery, a fuel cell does not
run down or require recharging; it operates as long as the fuel and an oxidizer are supplied continuously
from outside the cell.

The general advantages of fuel cells are reflected by the following desirable characteristics: (1) high-
energy conversion efficiency; (2) extremely low emissions of pollutants; (3) extremely low noise or
acoustical pollution; (4) effective reduction of greenhouse gas (CO2) formation at the source compared to
low-efficiency devices; and (5) process simplicity for conversion of chemical energy to electrical energy.
Depending on the specific types of fuel cells, other advantages may include fuel flexibility and existing
infrastructure of hydrocarbon fuel supplies; co-generation capability; modular design for mass produc-
tion; relatively rapid load response.

Therefore, fuel cells have great potential to penetrate into markets for both stationary power plants (for
industrial, commercial, and residential home applications) and mobile power plants for transportation by
cars, buses, trucks, trains and ships, as well as man-portable micro-generators. As indicated by US DOE,
fuel cells have emerged in the last decade as one of the most promising new technologies for meeting the
US energy needs well into the 21st century for power generation [21,25], and for transportation [26,27].
Unlike power plants that use combustion technologies, fuel cell plants that generate electricity and usable
heat can be built in a wide range of sizes – from 200 kW units suitable for powering commercial buildings,
to 100 MW plants that can add base-load capacity to utility power plants [21].

The disadvantages or challenges to be overcome include the following factors. The costs of fuel cells are
still considerably higher than conventional power plants per kW. The fuel hydrogen is not readily available
and thus on-site or on-board H2 production via reforming is necessary. There are no readily available and
affordable ways for on-board or on-site desulfurization of hydrocarbon fuels and this presents a challenge
for using hydrocarbon fuels [28,29]. The efficiency of fuel processing affects the over system efficiency.

4. FUEL PROCESSING FOR FUEL CELL APPLICATIONS

4.1. Fuel options for fuel cells

Figure 4 illustrates the general concepts of processing gaseous, liquid, and solid fuels for fuel cell applica-
tions. For a conventional combustion system, a wide range of gaseous, liquid and solid fuels may be used,
while hydrogen, reformate (hydrogen-rich gas from fuel reforming), and methanol are the primary fuels
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available for current fuel cells. The sulfur compounds in hydrocarbon fuels poison the catalysts in fuel
processor and fuel cells and must be removed. Syngas can be generated from reforming. Reformate (syn-
gas and other components such as steam and carbon dioxide) can be used as the fuel for high-temperature
fuel cells such as SOFC and MCFC, for which the solid or liquid or gaseous fuels need to be reformulated.
Hydrogen is the real fuel for low-temperature fuel cells such as PEMFC and PAFC, which can be obtained
by fuel reformulation on-site for stationary applications or on-board for automotive applications. When nat-
ural gas or other hydrocarbon fuel is used in a PAFC system, the reformate must be processed by water –
gas-shift (WGS) reaction. A PAFC can tolerate about 1–2% CO [20]. When used in a PEMFC, the product
gas from WGS must be further processed to reduce CO to �10 ppm. Synthetic ultra-clean fuels can be
made by Fischer–Tropsch synthesis [30] or methanol synthesis using the synthesis gas produced from nat-
ural gas or from coal gasification, as shown in Fig. 4, but the synthetic cleanness is obtained at the expense
of extra cost for the extra conversion and processing steps.

Hohlein et al. [31] made a critical assessment of power trains for automobiles with fuel cell systems and
different fuels including alcohols, ether and hydrocarbon fuels, and they indicated that hydrogen as PEFC
fuel has to be produced on-board. H2 can be obtained by catalytic steam reforming of methanol [32] and
ethanol [33,34]. Methanol can also be used for direct electrochemical conversion to H2 using direct
methanol fuel cell (DMFC). Synthetic methanol has the advantage of being ultra-clean and easy to reform
at lower temperatures. On the other hand, lower energy density and lack of infrastructure for methanol dis-
tribution and environmental concerns are some drawbacks for methanol. The advantages of existing infra-
structures of worldwide production and distribution of natural gas, gasoline, diesel and jet fuels have led
to active research on hydrocarbon-based fuel processors. Therefore, hydrogen production by processing
conventional hydrocarbon fuels is considered by many researchers to be a promising approach [35–37].

It is increasingly recognized that the fuel processing subsystem can have a major impact on overall fuel
cell system costs, particularly as ongoing research and development efforts result in reduction of the basic
cost structure of stacks which currently dominate system costs [38]. The general processing schemes for
syngas and H2 production through steam reforming of hydrocarbons have been discussed by Gunardson
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[39], Rostrup-Nielsen [40] and Armor [41] for stationary H2 plants in the gas industry, and by Clarke et al.
[42], Dicks [43], and Privette [44] for fuel cell applications.

4.2. Fuel cells for electric power plants

Figure 5 shows the components of fuel cell systems for electric power plants. Fuel cell systems can be
grouped into three sections: fuel processor, generator (fuel cell stack), and power conditioner (DC/AC
inverter). In the fuel processor, a fuel such as natural gas or gasoline is processed in several steps to pro-
duce hydrogen. The hydrogen-rich fuel and oxygen (air) are then fed into the generator section to produce
DC electricity and reusable heat. The generator section includes a fuel cell stack which is a series of elec-
trode plates interconnected to produce the required quantity of electrical power. The output DC electricity
from fuel cell is then converted into AC electricity in the power conditioning section where it also reduces
voltage spikes and harmonic distortions. The power conditioner can also regulate the voltage and current
output from the fuel cells to accommodate variations in load requirements [45].

Figure 6 illustrates different paths of electricity generation from hydrocarbon-based solid, liquid and
gaseous fuels by conventional technologies and new technologies based on fuel cells. As shown in Fig. 1
and Fig. 2 [7], a large amount of primary energy is consumed for electricity generation, and most of this
electric power is generated via path I in Fig. 6 for fossil fuel-based power plants, and later half of path I
for nuclear power plants. The efficiencies of the current electric power plants are about 30–37% in the US.
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Path III is the electricity generation based on fuel cells including fuel processing, which is expected be
more efficient than path I. Ideally, direct electricity generation based on path IV shown in Fig. 6 would be
the most efficient.

Fuel cells have potential to double the efficiency of fossil fuel-based electric power generation, with a
resultant slashing of CO2 emissions [21,25]. The goals for the 21st century fuel cells program of the US
DOE include development of solid state fuel cells with installed cost approaching $400/kW (from current
fuel cell cost of about $4000/kW) and efficiencies up to 80% (LHV) by 2015, and applications include
those in distributed power, central station power, and transportation [23,25]. SOFC and MCFC are prom-
ising for stationary applications such as electric power plants. Gasification of coal or other carbon-based
fuels can be coupled to solid oxide-based or molten carbonate-based fuel cells for more efficient power
generation. An extensive review on development of fuel cell technologies in the US, Europe and Japan up
to 1995 has been published by Appleby [46] with emphasis on systems, economics and commercialization
of fuel cells for stationary power generation.

4.3. Fuel cells for transportation

Currently, the typical overall fuel efficiency of gasoline-powered cars is only around 12%, and the overall
fuel efficiency of diesel-powered vehicles are better, at around 15% [47]. These numbers, however, indi-
cate that the majority of the energy is wasted. Therefore, new powering mechanisms (that are more effi-
cient and clean) are also being explored by many auto manufacturers. Fundamentally, the theoretical upper
limit of efficiency in the current IC engines is set by a thermodynamic (Carnot) cycle based on combus-
tion, and this must be overcome by using different conversion devices. Fuel cells hold tremendous poten-
tial in this direction [48]. Fuel cell-powered cars are expected to be two to three times more efficient than
the gasoline and diesel engines [153]. There is a great potential for the widespread applications and there
is a fundamental need in view of sustainable development.

The consumption of transportation fuels is increasing worldwide. The total US consumption of petro-
leum products reached an all-time high of 18.68 million barrels per day (MBPD) in 1998. Of the petro-
leum consumed, 8.20 MBPD was used as motor gasoline, 3.44 MBPD as distillate fuels (including diesel
and industrial fuels), 1.57 MBPD as jet fuels, 0.82 MBPD as residual fuel oil, and 1.93 MBPD as lique-
fied petroleum gas (LPG), and 2.72 MBPD for other uses [7]. Among the distillate fuels, about 2.2 MBPD
of diesel fuel is consumed in the US road transportation market [49]. Due to the high demand and low
domestic production in the US, crude oil and petroleum products were imported at the all-time high rate
of 10.4 MBPD in 1998, while exports measured only 0.9 MBPD [7]. Between 1985 and 1998, the rate of
net importation of crude oil and refinery products more than doubled from 4.3 to 9.5 MBPD [7], largely as
a result of increasing demand for transportation fuels in the US. The demand for diesel fuels is increasing
faster than the demand for other refined petroleum products and at the same time diesel fuel is being refor-
mulated [50]. According to a recent analysis, diesel fuel demand is expected to increase significantly in the
early part of the 21st century and both the US and Europe will be increasingly short of this product [51].
While the world will continue to rely on liquid fuels for transportation in the foreseeable future, the way
the world uses liquid fuels in the future – sometime in the 21st century – may be significantly different
from today.

PEM-based fuel cells seem to be promising for energy-efficient transportation in the 21st century. The
power density that can be achieved with PEMFC is roughly a factor of 10 greater than that observed for
the other fuel cell systems which represents a great potential for a significant reduction in stack size and
cost over that possible for other systems [18]. The PEMFC typically operates at 70°C (160°F) to 85°C
(185°F). About 50% of maximum power is available immediately at room temperature. Full operating
power is available within about 3 min under normal conditions. The low temperature of operation also

68 Fuel Cells Compendium 

I044696-Ch04.qxd  11/21/05  10:53 AM  Page 68



reduces or eliminates the need for thermal insulation to protect personnel or other equipment [18]. There
is also hope for using SOFC for automotive applications using hydrocarbon fuels.

The transportation fuel cell program of the US DOE has been introduced in an overview by Milliken
[27]. There is a cooperative research program called Partnership for a New Generation of Vehicles
(PNGV) between the US federal government and the auto manufacturers including Daimler Chrysler,
Ford Motor, and General Motors [52]. The review by Chalk et al. [53] described the status of the PNGV
program and the key role and technical accomplishments of the DOE program on transportation fuel cells.
A recent NRC report summarized the progress and the current status of fuel processor for automotive
applications [52]. The PNGV program for automotive fuel cell applications aimed at creating an 80 miles
per gallon PEMFC-powered car [53]. Fuel cells have potential to double the efficiency of energy utiliza-
tion for transportation, and as an example, the transportation fuel cell program of US DOE has year 2004
target efficiencies up to 48% for gasoline-based vehicles [27]. In January 2002, the US government
announced a new program called Freedom CAR (CAR stands for Cooperative Automotive Research),
which replaces the PNGV program [54, 55]. The strategic objective of Freedom CAR seems to be directed
at developing hydrogen-based fuel cells to power the cars of future [55].

In March 1999, Daimler Chrysler AG unveiled its newest fuel cell vehicle, Necar 4 (new electric car).
This is the first time fuel cell system was mounted in the floor of the car. H2 is the fuel for the fuel cell, and
Necar 4 is powered by liquid hydrogen. Recently, Necar 5 has been announced by Daimler Chrysler,
which uses the on-board methanol reformer for the fuel cell car; the first long-range fuel cell car test drive
was conducted on Necar 5 in May 2002 starting from Sacramento in CA to Washington, DC for a driving
distance of about 3000 miles [154]. In April 1999, a large number of companies and California state agen-
cies formed the “California Fuel Cell Partnership” to advance further automotive fuel cell technology. The
partnership plans to place 50 fuel cell cars and buses on the road between 2000 and 2003. Ogden et al. [56]
made a comparison of hydrogen, methanol and gasoline as fuels for fuel cell vehicles, and discussed their
implications for vehicle design and infrastructure development.

4.4. Fuel cells for residential and commercial sectors

While centralized electric utilities will continue to be the major generators of electricity in the near future,
there are application markets where small fuel cells can serve as convenient generators for residential
homes and commercial buildings. The general advantages for such applications include high energy effi-
ciency, low noise, low emissions of pollutants, and low greenhouse gas emissions. For this type of appli-
cations using PEMFC, however, catalytic fuel processing should consider non-pyrophoric catalysts for the
WGS reaction, as indicated recently [57]. The general principle of fuel processing is the same for most
applications, and the fuel processor typically include the components of fuel reforming, WGS, and CO
clean-up. The fuels, however, would preferably be those that have existing infrastructure in the distribu-
tion network such as natural gas [36]. For residential applications, in addition to natural gas, propane gas
or LPG is also a potential fuel for on-site reforming for fuel cells [58].

4.5. Fuel cells as portable power sources

So far, the direct methanol fuel cell is the only option as the portable fuel cell. This type of fuel cell uses
direct electrochemical oxidation of methanol without fuel reforming. Recently, research efforts have begun
on developing miniaturized liquid hydrocarbon-based fuel processor as well as micro-reformer using
methanol for micro-fuel cells, for use as man-portable electrical power sources. The advantage of liquid
hydrocarbons is the higher energy density compared to methanol for micro-fuel processor development,
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which should preferably have at least an order of magnitude longer time of effective use without fuel
replacement, as compared to batteries.

5. CHALLENGES AND OPPORTUNITIES FOR FUEL PROCESSING RESEARCH

The concepts and steps of fuel processing are illustrated in Fig. 4. There are challenges and opportunities
for research and development on fuel processing for fuel cells. The progress in commercial development
of fuel cells is faster than many people have predicted a few years ago. Fuel cells have become more prom-
ising and increasingly more important in the past few years, perhaps due to a combination of several fac-
tors [21,24–27,59–61,155] that stimulate investment in this area: (1) more stringent environmental
regulations on controls of pollutant emissions such as EPA Tier II and California ZEV; (2) deregulation of
electric power industry and the potential market for distributed generation; (3) intrinsically higher energy
efficiency and environmentally friendly nature of fuel cells; (4) advances and successful demonstration of
the technology by leading fuel cell companies (such as Ballard Power Systems Inc. in Canada, Inter-
national Fuel Cells, Siemens Westinghouse, and the Fuel Cell Energy) and financially powerful alliances
between fuel cell companies and large auto manufacturers (such as Daimler-Benz, Ford, General Motors
and Toyota Motors) and various organizations including US DOE, US DOD, and NEDO in Japan; (5)
potential to reduce CO2 emissions while meeting the energy demands; (6) the potential to double the 
fuel efficiency in electric power plants by SOFC and MCFC and the potential to triple the fuel efficiency
for transportation by PEMFC and SOFC development. Based on the report from Arthur D. Little Inc. in
1998, there are fuel processor technology paths, whose manufacturing cost analyses are consistent with
fuel processor subsystem costs of under $150/kW in stationary applications and $30/kW in transport
applications [38].

Table 3 summarizes the general fuel requirements of fuel cells and impacts of gas components on five
different types of fuel cells [14,20,62]. Table 4 lists some of the performance targets for stationary and
transport fuel cell applications according to the US DOE [23,25,27]. The US DOE is supporting research
and development to address some of the biggest remaining challenges, which include fuel processing and
lowering the cost of transportation fuel cell systems [26,27], and the development of more advanced fuel
cell systems such as 21st century fuel cells with efficiency up to 70–80% [23,25].

Figure 7 shows the steps and current options for on-site and on-board processing to produce H2 for low-
temperature fuel cells such as PEMFC and PAFC. For catalytic research, needs and opportunities exist in
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Table 3. The fuel requirements of fuel cells and impacts of gas components

Species PEMFC AFC PAFC MCFC SOFC

Operating temperature (°C) 70–90 70–200 180–220 650–700 800–1000
H2 Fuel Fuel Fuel Fuel Fuel
CO Poison (�10 ppm) Poison Poison (�0.5%) Fuela Fuela

CH4 Diluent Diluent Diluent Diluenta,b Diluenta,b

CO2 and H2O Diluent Poisonc Diluent Diluent Diluent
Sulfur (as H2S and COS) Poison Unknown Poison Poison Poison 

(�0.1 ppm) (�50 ppm) (�0.5 ppm) (�1 ppm)

a CO can react with H2O to produce H2 and CO2 by shift reaction; CH4 reacts with H2 and CO faster than reacting as a fuel at the 
electrode.

b A fuel in the external or internal reforming MCFC and SOFC.
c CO2 is a poison for AFC which more or less rules out its use with reformed fuels. Sources: From Refs. [14,20,62].
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Table 4. Performance targets for stationary and transport fuel cell applications

Program and application Parameters Target values

Second generation Efficiency(% LHV) 50–60
fuel cell for stationary Cost ($/kW) 1000–1500
applicationsa,b Target year 2003

21st century fuel Efficiency (% LHV) 70–80
cell for stationary Cost ($/kW) 400
applicationsa,b Target year 2015

Transportationc targets 50 kW gasoline fuel processor
in Partnership for Energy efficiency (%) 80
New Generation Vehicle Power density (W/I) 750
(PNGV) Program Specific power (W/kg) 750

CO tolerance (ppm) 10 (CO); 0 (sulfur)
Emissions �EPA Tier II
Start to full power (min) 0.5
Life time (h) �5000
Cost ($/kW) 10

50 kW reformate fuel cell Subsystem
Efficiency 60% at 25% peak power
Platinum loading (g Pt/kW) 0.2
Start to full power (min) 0.5
Cost ($/kW) 40
Power density (W/I) 500
CO tolerance (ppm) 100 (CO)
Life time (h) �5000
Target year 2004

50 kW gasoline-based fuel cell system by 2004
Energy efficiency 48% at 25% peak power
Specific power (W/kg) 300
Start-up to full power (min) 0.5
Transient response (s) 1
Cost ($/kW) 50

a See Ref. [23].
b See Ref. [25].
c See Ref. [27].
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several aspects in the area of fuel processing and electrode catalysis related to fuel processing, which
involve one or more of the following aspects: catalytic materials development and application, process
development, reactor development, system development, sensor and modeling development.

Gasoline, diesel fuels and jet fuels as well as natural gas are potential candidate fuels that all have existing
infrastructure of manufacture and distribution, for hydrogen production for fuel cell applications either for
stationary or mobile devices. Alcohol fuels such as methanol are among the candidate fuels. The reforming
of alcohols can be done at lower temperatures. The processing sequence of hydrogen production from hydro-
carbon fuels may involve several steps including fuel deep desulfurization, reforming (partial oxidation,
steam reforming, autothermal reforming), WGS (high-temperature shift, low-temperature shift), CO clean-up
(by either preferential CO oxidation or CO methanation), followed by feeding into fuel cells or feeding after
some gas separation depending on the needs of purity of hydrogen and the impacts of impurities for the 
specific applications.

Based on the studies reported in literature and conducted in our laboratory, some key issues can be sum-
marized, as shown in Fig. 8, for fuel processing for fuel cells. Based on a preliminary analysis of current
situations, it appears necessary for further research to develop (1) effective ways for ultra-deep removal of
sulfur from hydrocarbon fuels before reforming; (2) more energy-efficient and compact processors for on-
site or on-board fuel reforming; (3) more effective removal of inorganic sulfur (H2S) after fuel reforming;
(4) non-pyrophoric, and more active catalysts for WGS reactions at medium and low temperatures; (5)
highly selective and active catalysts for preferential oxidation of CO to enable maximum production of H2;
(6) high-performance electrode catalysts such as CO-tolerant electrodes with lower costs or lower loading
of precious metals, and suitable proton-exchange membranes at higher (than current) temperatures for
PEMFC. Several of the above issues are further elaborated below.

It should be noted that by using fuel processing for hydrogen production in multiple steps, the net effi-
ciency of the fuel cell system is reduced, and its efficiency advantage is consequently reduced, although
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such an indirect fuel cell system would still display a significant efficiency advantage. In this context, it is
important to develop highly efficient and compact fuel processor for fuel cell applications. While this
review focuses on fuel processing, there are other important aspects of fuel cell system such as computa-
tional and experimental fluid dynamics [63,64].

5.1. Sulfur removal from hydrocarbon fuels before/after reforming

For conventional transportation fuels used in IC engines, catalytic research on clean fuels involve the fol-
lowing three aspects: (1) fuel processing for improved performance, (2) fuel refining for meeting environ-
mental regulations such as deep removal of sulfur and reduction of aromatics, and (3) pollution control
using the exhaust gas treatment system. For fuel cell applications, ultra-clean fuels are needed [28,62], and
thus most of the recent discussions in literature on desulfurization of conventional refinery streams to
make clean fuels [65–67] also apply to the fuels for fuel cells. Deep hydrodesulfurization of diesel fuels
has been discussed in several recent reviews [68–70]. New types of catalysts for conventional hydrodesul-
furization of diesel [71] and jet fuels [72] and low-temperature hydrotreating [73] as well as a new inte-
grated system [152] are being explored in our laboratory for deep removal of sulfur from diesel and jet
fuels.

However, even with the so-called ultra-low sulfur clean fuels which only contain �30 ppmw sulfur in
gasoline and �15 ppmw sulfur in diesel fuels that would meet the EPA Tier II specifications for year 2006,
the sulfur contents are still too high for fuel cell applications [28,29]. Some treatments for the sulfur removal
is still necessary either before the fuel reforming, with possibly additional polishing for H2S removal [74]
after reforming before the reformate flows to the WGS reactor which also serves to protect PEMFC anode
catalyst from sulfur poisoning [29,62]. This will be especially necessary for using petroleum-based gaso-
line, diesel fuels and jet fuels, because they will inevitably contain sulfur species, mostly in the two to three-
ring polycyclic structures [75,76]. Different approaches for treating sulfur may be needed as a part of the
fuel processor system [62,77].

A recent study explored the selective adsorption for removing sulfur (SARS) as a new process for 
on-site or on-board removal of organic sulfur species from hydrocarbon fuels for fuel cell systems [78,79].
It is advantageous to use the selective adsorption for sulfur removal from fuels before the reformer for fuel
cells, since this approach can be used at ambient temperatures without using hydrogen [29,62,78]. As indi-
cated by Bellows of International Fuel Cells [77], sulfur is a severe poison for catalysts in fuel processors
for fuel cells, especially downstream of reformer; some developers are using sulfur traps before or after
the reformer, but “other developers ignore sulfur removal and simply assume that when fuel cells are com-
mercialized the refineries will produce sulfur-free or ultra-low-sulfur fuels” [77]. The selective adsorption
[78] can be applied as organic sulfur trap for sulfur removal from fuels before the reformer for fuel cells
on-board or on-site, and it may be applied in a periodically replaceable form such as a cartridge. Further
improvement in adsorption capacity is desired.

Reformate from autothermal reforming of hydrocarbon fuels such as gasoline, diesel and jet fuels may
contain H2S at ppm levels, which can deactivate the catalysts for subsequent processing such as WGS and
also poison the anode catalysts based on platinum. On-site or on-board sulfur removal from such refor-
mate may be necessary. Some recent studies examined solid adsorbent such as ZnO to capture H2S from
reformate before it enters the WGS reactor [20,44,80,81]. The pre-desulfurization of sulfur-containing liq-
uid fuels is also used prior to the catalytic autothermal in the multi-fuel processor being developed by
McDermott Technology [82]. Capturing the organic sulfur with solid adsorbent by SARS before fuel
reforming is an alternative approach [28,29,79] to conventional hydrodesulfurization. Any organic sulfur
species will be converted into H2S during reforming which produces a reducing atmosphere due to H2-rich

Fuel processing for low- and high-temperature fuel cells 73

I044696-Ch04.qxd  11/21/05  10:53 AM  Page 73



gas. For H2S capture using ZnO, the morphology of ZnO in the adsorbent is important for effective sulfur
removal [74]. More effective adsorbent materials for either organic sulfur or H2S would be needed for
more efficient deep sulfur removal for fuel cell applications.

5.2. Fuel reforming for PEMFC and PAFC

Various fuel cell systems and general fuel reforming methods have been reviewed by Larminie and Dicks [14],
Hirschenhofer [20]. Privette [44], and Farrauto and Heck [59] have indicated recently that the PEMFC will be
a major focus for research in catalytic fuel processing to make hydrogen from hydrocarbons. PEMFC require
hydrogen but not necessarily pure H2 as the fuel. PEMFC is sensitive to CO because CO poisons the precious
metal in the anode at the PEMFC operating temperature. Hydrogen from on-site or on-board fuel processing
is an important part of most PEM-based fuel cell systems. The fuel processor converts the hydrocarbon or
alcohol fuels into hydrogen-rich gas in several steps. There are three common methods of processing hydro-
carbon fuels to create the hydrogen required by the fuel cells. They are steam reforming, partial oxidation, and
autothermal reforming or oxidative steam reforming, and the fuels include alcohols and hydrocarbons.

The following equations represent the possible reactions in different processing steps involving three
representative fuels: natural gas (CH4) and liquefied propane gas (LPG) for stationary applications, and
liquid hydrocarbon fuels (CmHn) and methanol (MeOH) and other alcohols for mobile applications. Most
reactions (Eqs (1)–(10), and (15)–(17)) require specific catalysts and process conditions in the current sys-
tem. Some reactions (Eqs (11)–(14) and (18)) are undesirable but may occur under certain conditions.
Trimm and Onsan [83] published a review for on-board fuel conversion and concluded that a combination
of oxidation and steam reforming or direct partial oxidation are the most promising processes.

● Steam reforming
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(9)

(10)

● Carbon formation

(11)

(12)

(13)

(14)

● Water–gas-shift

(15)

(16)

● CO oxidation

(17)

(18)

5.2.1. Reforming of alcohol fuels

Production of H2 from alcohol fuels can be achieved by steam reforming of methanol [84,85] and ethanol
[33,35,86]. Peppley et al. [87] have reported on the reaction network for steam reforming of methanol on
Cu/ZnO/Al2O3. Their experimental results showed that, in order to explain the complete range of observed
product compositions, one need to include rate expressions for all three reactions (methanol–steam
reforming, WGS and methanol decomposition) in the kinetic analysis. The same group has reported on
surface mechanisms for steam reforming of methanol over Cu/ZnO/Al2O3 catalysts, which account for all
three of the possible overall reactions: methanol and steam reacting directly to form H2 and CO2, methanol
decomposition to H2 and CO and the WGS reaction [88]. For practical application, Wiese et al. [89]
reported on methanol steam reforming in a fuel cell drive system. Peters et al. [90] reported their study on
a methanol reformer concept and they considered the particular impact of dynamics and long-term stabil-
ity for use in a fuel cell-powered passenger car.

Because steam reforming is an endothermic reaction, one processing approach is to create nearly
autothermal system by incorporating oxidation into steam reforming, as in the case of hydrocarbon fuel
reforming. There are several recent reports on oxidative steam reforming of methanol [32,91–93,156].
Johnson Matthey has recently developed the HotSpot™ methanol processor which combines the steam
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reforming with catalytic partial oxidation in a single catalyst bed [156], followed by CO removal for 
on-board hydrogen generation [94]. Reitz et al. [32,92] reported some recent results on steam reforming
of methanol over CuO/ZnO under oxidizing conditions. Recently, Velu et al. [93] reported on oxidative
steam reforming of methanol over CuZnAl(Zr)-oxide catalysts for the selective production of hydrogen
for fuel cells. Fierro [91] presented an overview on both partial oxidation and steam reforming involved in
the oxidative steam reforming of methanol for the selective production of hydrogen. Fierro [91] covered
studies on activity and effects of operating conditions as well as some mechanistic and kinetic aspects on
oxidative steam reforming and partial oxidation of methanol over Cu/ZnO and Pd/ZnO catalysts. Steam
reforming and oxidative steam reforming of alcohol are easier than that of a hydrocarbon, but WGS is still
necessary for CO removal in general.

5.2.2. Reforming of hydrocarbon fuels

One of the recent focus areas is fuel processing for H2 production from hydrocarbon fuels such as gaso-
line and diesel fuels for transportation as well as natural gas for stationary applications using low-temperature
fuel cells, particularly PEMFC [35–37]. In addition to low cost, transport applications require a fuel
processor that is compact and can start rapidly. The fuel processing subsystem for PEMFC, which is the
focus of transport applications, includes the reforming, WGS, and deep CO removal [38].

There are two types of metals as candidate catalysts for reforming. The first is non-precious metal (base
metal), and the second is precious metal (noble metal) catalyst. Typical base metal catalyst is nickel (Ni)
supported on Al2O3, with or without alkali promoters. Typical precious metal that has been widely studied
is platinum (Pt). While Al2O3 is still the widely used support material, various new support materials are
being studied. Methods for hydrocarbon reformation include steam reforming, partial oxidation, and
autothermal reforming. Steam reforming is widely used in industry for making H2 and syngas [39–41].
Steam reforming generally give higher H2/CO ratios (�3) compared to partial oxidation for a given feed,
but steam reforming is endothermic and thus requires external heating. Direct partial oxidation (POX) of
CH4 to produce syngas [95, 96] and partial combustion of CH4 for energy-efficient autothermal syngas pro-
duction [97] are being explored. Liquid fuel can be reformed by partial oxidation; all the commercial par-
tial oxidation reactors employ non-catalytic partial oxidation of the feed stream by oxygen in the presence
of steam with flame temperatures of about 1300–1500°C [20]. These reactions are important but the cat-
alytic partial oxidation is more difficult to control. The major operating problems in catalytic partial oxida-
tion include the over-heating or hot spots due to the exothermic nature of the reactions, and coking problem.

Consequently, coupling the partial oxidation with endothermic steam reforming could lead to a more
efficient catalytic autothermal reforming. Many papers and reviews have been published in the recent past
on syngas production using autothermal reforming as a part of gas-to-liquids (GTL) research and devel-
opment efforts worldwide, although such studies were directed for stationary syngas production [30,
97–100]. Trimm and Onsan [83] reported that indirect partial oxidation, which involves combustion of
part of the fuel to produce sufficient heat to drive the endothermic steam reforming reaction, is the pre-
ferred process for on-board reforming of all fuels including methanol, methane, propane and octane.

The principle of autothermal reforming is applicable to both stationary syngas or H2 plants and mobile
fuel processors. However, non-catalytic POX or non-catalytic combustion, is not suitable for on-board
autothermal reforming for fuel cells for mobile applications which prefer compact fuel processors where
all the individual steps including reforming, WGS and CO clean-up are carried out inside one enclosure.
Some technical issues for H2 production by reforming of hydrocarbon fuels for PEMFC have been dis-
cussed by Bellows [101] and Krumpelt [102]. Several studies have been presented at recent conferences,
including fuel processing research at Epyx [103], fuel-flexible processing system at Hydrogen Burner
Technology [81], compact fuel processor for fuel cell vehicles being developed jointly by McDermott
Technology and Catalytica [82], fuel processors for small-scale stationary PEMFC systems at Northwest
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Power Systems [104], and reformate gas processing at Los Alamos National Laboratory [105]. Epyx Corp.
(a subsidiary of Arthur D. Little) in the US merged with De Nora Fuel Cells in Italy to form a new com-
pany called Nuvera Fuel Cells in April 2000, which will produce fuel cell systems for applications in the
stationary power and transportation markets.

Reformation of liquid or gaseous fuels may become an important process for hydrogen production for
on-site stationary fuel cell or on-board mobile fuel cell applications, until the direct electrochemical con-
version of fuels (or other more efficient conversion routes) become practically feasible. Consequently, there
are considerable research interests and commercial developments in hydrocarbon-based fuel processing for
transportation [31,38] using gasoline [157] or diesel fuel [158]. Fuel processing studies at US national lab-
oratories have been presented at a recent conference. For example, studies reported by Argonne National
Laboratory include catalytic autothermal reforming [106], alternative WGS catalysts [57], effects of fuel
contaminants on reforming catalyst performance and durability [107], integrated fuel processor develop-
ment for PEMFC-based vehicle applications [108], and sulfur removal from reformate [80]. Studies pre-
sented by Los Alamos National Laboratory include fuel processing with emphasis on the effects of fuel and
fuel constituents on fuel processor performance and catalyst durability [109], and CO clean-up develop-
ment by preferential oxidation (PrOx) [110]. Researchers from Pacific Northwest National Laboratory
reported a compact fuel reforming reactor system based on micro-channel fuel processing [111].

Chalk et al. [26] discussed the challenges for fuel cells in transport applications. Fuel processing for H2 pro-
duction by on-board reforming of hydrocarbon fuels for cars and trucks may become important in the early
part of next century. It is expected that in the near future a significant fraction of newer vehicles may be hybrid
vehicles which use conventional fuels as well as the existing fuel handling and distribution system. An example
is a fuel cell vehicle that uses conventional hydrocarbon fuels and performs on-board steam reforming to con-
vert the hydrocarbon fuels into hydrogen and carbon monoxide, followed by the WGS and preferential oxida-
tion to convert CO and water into H2 and CO2. In this case, clean hydrocarbon fuels that are extremely low in
sulfur and aromatics will be needed. As the new technologies develop further and gain widespread acceptance,
vehicles that do not use conventional fuels may penetrate more into road transportation.

A new approach for fuel reforming is to use H2-selective membrane. The use of supported palladium
membrane reactor for steam reforming has also been reported by Kikuchi [112] for membrane develop-
ment and by Lin and Rei [113] for process development. Kikuchi [112] and Kikuchi et al. [114] have cre-
ated a composite membrane consisting of thin palladium layer deposited on the outer surface of porous
ceramics. By using electroless plating, the palladium layer could completely cover the surface, so that only
hydrogen could permeate through the membrane with a 100% selectivity, and such membrane has been
incorporated in a steam reformer being developed by Tokyo Gas and Mitsubishi Heavy Industries for the
PEMFC system [112]. In a related study, Prabhu and Oyama [115] reported on the preparation and appli-
cation of hydrogen-selective ceramic membranes for CO2 reforming of methane.

The work on catalytic fuel reforming in our laboratory is directed toward energy-efficient oxidative
steam reforming in carbon-free regions for hydrocarbon fuels as well as methanol for stationary and
mobile applications. This is based on our prior work and on-going study for reforming of natural gas to
produce syngas and H2 under various conditions including high-pressure regime [29,65,75,116–119].
There are also fundamentally interesting issues and concepts in literature on hydrocarbon reforming such
as oxygen spillover. Based on the report by Maillet et al. [120], oxygen species (OH, O) can be transferred
from a Rh/Al2O3 catalyst to pure oxides such as ceria, and OH groups stored on the support migrate to the
metal particles where the reaction with CHx fragments from the activation of C3H8 (feed molecule) can
occur. Rostrup-Nielsen and Alstrup [121] reported that the rates of steam reforming and hydrogenolysis
are closely correlated indicating common rate-controlling steps.

It should also be noted that hydrogen production itself is an important subject. In addition to fuel 
cells, hydrogen production, storage and transportation have other potential applications as a clean energy,
as a reactant for chemical processing such as hydrogenation, as well as for fuel processing such as
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hydrodesulfurization for making ultra-clean fuels. One could also envision some new developments that
could result in high-capacity materials for safe storage and transportation of hydrogen that could also be
released readily in a safe manner.

5.3. Carbon formation during reforming

Carbon formation is a problem in reforming of hydrocarbon fuels in the stationary syngas plants [122],
particularly for hydrocarbon fuels with two or more carbon atoms in the main chain. The same problem
can occur also during fuel reforming for fuel cell applications. For example, Sone et al. [159] recently
reported on carbon deposition in fuel cell system. Partial oxidation, steam reforming and autothermal
reforming can be used for converting liquid hydrocarbon fuels such as gasoline, jet fuel, and diesel fuels
into synthesis gas, followed by WGS reaction and preferential CO oxidation to produce H2-rich gas for use
in fuel cells. Heavier hydrocarbons in the jet fuels and diesel fuels can form carbon deposits even at rela-
tively lower temperatures such as 450°C due to fuel pyrolysis [123,124]. More aromatic fuels such as
diesel fuels will have a higher tendency of carbon formation.

It is important to clarify the carbon-free conditions and to design effective reforming processes for stable
and selective synthesis gas production, which also depend on the type and nature of catalysts. Compu-
tational analysis can be carried out to predict the thermodynamically carbon-free region of reforming oper-
ations, as has been shown for natural gas reforming under various conditions in our laboratory [116,117].
This is a complicated problem, because there are regions of reaction conditions with certain catalysts where
thermodynamics predict no carbon formation but on some catalyst surface carbon is formed. The problem
of carbon formation during reforming is also being studied in our laboratory using a tapered element oscil-
lating microscope [118,125].

The high risk of carbon formation problem in steam reforming of liquid hydrocarbons (naphtha) and the
importance of using a pre-reformer for reforming of liquid hydrocarbons have been discussed by Rostrup-
Nielsen et al. [126]. There are two ways to suppress carbon formation, one is by changing process condi-
tions such as steam/carbon ratio, and the other is by using carbon-resistant catalysts. Higher steam/carbon
ratio is useful for minimizing carbon formation, but the use of more steam also increases energy cost.
Modification of Ni catalyst by using Mg is beneficial for decreasing carbon formation, and the possible
reasons are inhibition of dehydrogenation of adsorbed CHx species, and enhanced steam adsorption [126].
Another approach is to use noble metal catalyst. It has been reported that the whisker carbon, which is fre-
quently observed on Ni catalyst, does not form on noble metals because these metals do not dissolve car-
bon [126]. It is well known that essentially all hydrocarbon feeds contain sulfur at different concentrations,
and sulfur is the main force for deactivation of pre-reforming and reforming catalysts [126].

5.4. Catalytic WGS

WGS is one of the major steps for H2 production from gaseous, liquid and solid hydrocarbons or alcohols.
WGS is already commercially practiced in the gas industry for syngas and H2 production, for which the
state-of-the-art has been summarized by Gunardson [39] and Armor [41]. For PEM-based fuel cell appli-
cations, CO is a poison to the Pt-based anode catalyst and thus deep removal of CO to the ppm level is nec-
essary. On the other hand, the activity of existing commercial WGS catalysts is generally low, and as a
result, the largest fraction of the reactor volume is occupied by the WGS part of the fuel processor for H2

production. Development of more active catalysts would be necessary for a more efficient WGS step in the
fuel processing train. Examples of some recent studies are mentioned below.

Thompson and coworkers have recently found that molybdenum carbide catalysts are more active than
a commercial CuˆZnˆAl shift catalyst for the WGS reaction at 220–295°C under atmospheric pressure
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[160]. They also noted that Mo2C did not catalyze the methanation reaction, and is a promising candidate for
new WGS catalyst. Li et al. [127] reported on a low-temperature WGS reaction over Cu- and Ni-loaded
cerium oxide catalysts. Tabakova et al. [128] examined supported gold catalysts on various supports for the
WGS reaction, and they concluded that the catalytic activity of the gold/metal oxide catalysts depends
strongly not only on the dispersion of the gold particles but also on the state and the structure of the supports.
Recently, Utaka et al. [129] made an attempt on CO removal by an oxygen-assisted WGS reaction over sup-
ported Cu catalysts. Cu/Al2O3ˆZnO demonstrated an excellent activity for catalytic removal of CO by oxy-
gen-assisted WGSR, and the equilibrium concentration obtained from thermodynamic data indicates that the
reaction is desirable at lower temperatures [129]. New ways of catalyst preparation could lead to more active
or more selective catalysts, and this is applicable to but not limited to WGS reaction. Shen and Song [130]
reports a new method to prepare highly active CuˆZnOˆAl2O3 catalyst that can minimize CO formation
and is active at lower temperature. Chandler et al. [131] reported on the preparation and characterization of
supported bimetallic PtˆAu and PtˆCu catalysts from bimetallic molecular precursors.

From the reactor engineering side, Tonkovich et al. [132] reported on a different approach to WGS
using micro-channel reactors. Micro-channel reactors reduce heat and mass transport limitations for reac-
tions, and thus facilitate exploiting fast intrinsic reaction kinetics, i.e. high effectiveness factors [132].

5.5. Deep removal of CO

For PAFC, the above-mentioned WGS is usually sufficient for producing H2-rich fuel gas, because the
anode catalyst in PAFC can tolerate about �2% CO. The anode catalyst for PEMFC is usually made of
Pt/C, which is more sensitive to CO because PEMFC operates at lower temperatures at which CO can
deactivate Pt metal. Usually, CO in the fuel must be reduced to �10 ppm. Even with Ru addition to mod-
ify Pt for improved CO tolerance by using PtˆRu/C anode, CO in the H2-rich gas should be reduced
to �30 ppm. It is difficult for WGS to reach this level of CO reduction. Three processes can be used to fur-
ther reduce CO in the feed, preferential or selective oxidation, methanation, and membrane separation
[14]. In the PrOx, a small amount of air (usually about 2%) is added to the gas (fuel) stream from WGS,
which then passes over a precious metal catalyst. This catalyst preferentially adsorbs CO, rather than H2,
where CO reacts with oxygen (from air). After WGS, selective oxidation of CO may be performed, prefer-
ably inside a compact unit [133]. Rohland and Plzak [134] reported on CO oxidation using Fe2O3-Au cat-
alyst system and achieved relatively high oxidation rate at 1000 ppm CO and 5% “air bleed” at 80°C that
could enable a PEMFC-integrated CO oxidation. Dudfield et al. [135] reported on a modeling study for a
CO-selective oxidation reactor for solid polymer fuel cell automotive applications.

Methanation is the hydrogenation of CO using the H2 that is already present in the feed stream. Methanation
reaction is the opposite of steam reforming of methane. The methanation approach avoids the oxygen addition,
and thus avoids the process complication. The methane produced does not poison the electrode, and only act
as a diluent. However, the disadvantage of the method is the consumption of hydrogen [14].

Membrane approach is generally designed for separation and purification. Membrane can be used for
separating hydrogen from gas mixtures. Palladium membrane has been studied more extensively than
other types of membranes for hydrogen separation, but it is still very expensive for use in fuel cell system
[14]. If a membrane is used, then the selective removal of hydrogen in a membrane reactor enables the
hydrogen production by steam reforming at lower reaction temperatures than conventional processes.

5.6. Fuel processing for SOFC and MCFC

For the low-temperature fuel cells (PEMFC and PAFC) using hydrocarbon fuels, in addition to fuel
reforming, several steps of fuel processing are required to convert the CO because H2 is a fuel but CO is
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not a fuel and CO can deactivate the anode catalyst. These add to the cost and complexity of the fuel pro-
cessing system when compared to those needed for the high-temperature fuel cells (SOFC and MCFC).
Therefore, another focus area is fuel processing for high-temperature fuel cells including SOFC and
MCFC, which could use either internal reforming (since the internal temperature is high enough for fuel
conversion) or external reforming, or both. The fuel reforming discussed above for PEMFC is also appli-
cable to the external reformer for SOFC and MCFC, which could use steam reforming, or partial oxida-
tion, or autothermal reforming. However, WGS reaction and preferential CO oxidation will not be
necessary when SOFC and MCFC are used.

When hydrocarbon fuels are to be used, high-temperature fuel cells (SOFC and MCFC) have an effi-
ciency advantage over the PEMFC at the system level. One of the major problems of fuel reforming at
high temperatures is carbon formation, as already discussed in the previous section. Fuel reforming for
SOFC or MCFC is an active research subject. For example, recently, Peters et al. [90] reported on pre-
reforming of natural gas in SOFC systems. Finnerty et al. [136] described a SOFC system with integrated
catalytic fuel processing. The higher temperature waste heat of these systems (in the case of the SOFC and
MCFC) can be used to assist in the reforming of hydrocarbon fuels, to drive air compressors, and to pro-
duce steam for thermal electric generation or other thermal load [18].

The catalytic aspects for the internal fuel reforming have been discussed recently [42,43]. There are two
approaches in internal reforming, direct internal reforming fuel cell where both fuel reformation and elec-
trochemical reaction takes place in anode chamber, and indirect internal reforming fuel cell where the fuel
reformation and electrochemical reaction takes place on the two sides of the wall for anode gas chamber.
Fuel Cell Energy is developing an externally manifolded, internally reforming molten carbonate fuel cell
[25] called the direct fuel cell or DFC [137]. They have completed a 4000 h, 250 kW stack test in Danbury,
CT [25]. Because the fuel is reformed to hydrogen-rich gas internally in the stack, this design eliminates
the external fuel processing unit required by PAFC and PEMFC. The advantages of internal reforming
include: (1) separate equipment to process the fuel externally is eliminated; (2) equipment count is lower,
leading to simpler operation and higher reliability; and (3) efficiency of the system is increased [20,137].

One of the problems with internal reforming is anode deactivation. Coe et al. [138] reported on a kinetic
study for the removal of surface carbon formed by methane decomposition following high-temperature
reforming on a nickel/zirconia SOFC anode using methods based on temperature-programmed oxidation.
They observed that the addition of small quantities of lithium to the anode resulted in a significant lower-
ing of the activation energy for surface carbon removal by about 50 kJ/mol [138].

External fuel reforming is also being explored for high-temperature fuel cells. The advantage of exter-
nal reforming is the flexibility of fuel processor design which is not limited by fuel cell stack design [20].
In the case of using liquid fuels (gasoline, diesel, and jet fuel) and gaseous fuels (natural gas, propane gas),
a catalytic reformer can be placed adjacent to the anode gas chamber. In the design with external reformer,
the reformer can be operated at elevated pressures although the fuel cell stack may be operated under
atmospheric pressure. The reformer and the fuel cell do not have a direct physical effect on each other,
other than heat transfer. This is an advantage also because this design eliminate the problem of deactiva-
tion of electrode catalyst due to carbon formation via fuel decomposition, which may be an important con-
cern in the internal reforming fuel cells. Cavallaro and Freni [139] have discussed the feasibility and the
overall process economy of an integrated system of autothermal reformer (ATR) and MCFC. M-C Power
is developing an internally manifolded, externally reforming molten carbonate fuel cell, and they have
completed two 75 kW stack tests in California [25].

The advantage of external reforming is also important when considering the SOFC or MCFC-type fuel
cell-based electric power plants using coal gasification. Production of gaseous fuel (syngas) from coal
gasification requires solid-gas reactions and involves both ash/residue disposal and hot gas clean-up before
its use in fuel cell stack. It is better for such a process to be carried out outside the fuel cell stack. Detailed
discussions on coal gasification are available in literature [46]. For SOFC and MCFC, CO does not act as
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a poison and can be used directly as a fuel. The SOFC is also the most tolerant of any fuel cell type to sul-
fur. It can tolerate several orders of magnitude more sulfur than other fuel cells. However, the 900–1000°C
operating temperature of the SOFC requires a significant start-up time. The cell performance is very sen-
sitive to operating temperature. A 10% drop in temperature results in �12% drop in cell performance due
to the increase in internal resistance to the flow of oxygen ions [18].

For both internal and external reforming, the reaction process needs to be carried out in the thermody-
namically carbon-free region using suitable steam/carbon ratios. Even in such a region catalyst may still
suffer from deactivation due to carbon formation (and in the case of MCFC, contamination of catalyst sur-
face by other metal compounds). The development of catalysts that resist coke formation and other deactiva-
tion would be desirable. Increasing steam/carbon ratios for the reforming could reduce carbon formation,
but higher steam/carbon ratios also result in lower energy efficiency, because vaporization and heating of
water consume significant amount of energy. In industrial steam reformer, steam/carbon ratios of around
3 are used, but much lower ratios would be desirable for fuel cell processors [29].

SOFC offers inherently high efficiency up to 60–70% in individual systems and up to 80% in staged or
hybrid systems [140]. The development of SOFC has been mainly directed toward large-scale power gen-
eration with early commercial devices of 1–3 MW [61]. The high temperature of SOFC also demands that
the system include significant thermal shielding to protect personnel and to retain heat. While such
requirements are acceptable in a utility application, they are not consistent with the demands of most trans-
portation applications nor do they lend themselves to small, portable or transportable applications [18].
When the operating temperatures of SOFC can be lowered from 900–1000 to 600–800°C with improved
cell performance, SOFC would be more promising for both stationary and mobile applications. Siemens
Westinghouse is developing tubular SOFC under the support of US DOE, and they have tested multiple
tubular SOFC for 70 000 h [25]. A recent study involved thermodynamic model and parametric analysis of
a tubular SOFC module [161]. Recent advances have made SOFC seem also promising for transport appli-
cations in addition to stationary applications [140]. SOFC can handle liquid fuels by on-board reforming
relatively easily because of the high cell operating temperatures enabling reformation of hydrocarbon
fuels such as gasoline and diesel fuels [140]. There are also on-going efforts for developing hybrid fuel
cell/turbine systems, for which the fuel-to-electricity efficiency goal is 70% [25].

For MCFC, the need for CO2 in the oxidant stream requires that CO2 from the spent anode gas be col-
lected and mixed with the incoming air stream. Before this can be done, any residual hydrogen in the spent
fuel stream must be burned. Future systems may incorporate membrane separators to remove the hydro-
gen for recirculation back to the fuel stream [18].

5.7. Electrode catalysis related to fuel processing

Precious metals are used for electrode catalysts in low-temperature fuel cells such as PEMFC and PAFC.
It is important to reduce the amount of precious metal loadings such as Pt by using effective techniques
[141]. The anode catalysts for PEM-based fuel cells are generally based on Pt, which is active at the low
operating temperature of PEMFC but is sensitive to CO poisoning. Progress has been made in improving
CO tolerance of the anode catalysts [27], and one of the ways to increase CO resistance is to use Pt-Ru as
anode catalyst. Paulus et al. [142] used organometallic compounds for preparing Pt-Ru alloy colloids 
as precursors for fuel cell catalysts. Some recent studies have been reported on the characteristics of 
platinum-based electrocatalysts and more CO-tolerant Pt catalysts for mobile PEMFC applications [143].
Understanding the key factors affecting CO tolerance of the metal and alloy catalysts and the development
of more CO-tolerant anode metal or alloy catalysts can reduce the need for deep CO removal or even
reduce the need for extremely high CO conversion by the less-efficient WGS. This can lead to higher fuel cell
system efficiency. New ways of reducing the minimum loading of precious metals or the use of non-precious
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metals, if successful, will be beneficial to the cost reduction of fuel cell system. Electrocatalysis for direct
methanol oxidation (without reforming) has some problems due to conflicting demands.

The anode catalysts for high-temperature direct internal reforming fuel cells (SOFC, MCFC) need to be
active and more resistant to carbon formation involving hydrocarbon fuels. The chemical composition and
nature of anode catalysts also affect carbon formation in addition to the internal reforming reaction condi-
tions. There are recent reports on internal reforming on anode catalyst in SOFC. For example, Finnerty 
et al. [136] have conducted internal steam reforming of methane using nickel/zirconia fuel reforming
anodes in SOFC and observed that addition of small quantities of molybdenum leads to a significant
reduction in the amount of carbon deposited, whilst having little effect on the reforming activity or cell
performance. Based on temperature-programmed oxidation, Finnerty et al. [136] found that three types of
carbon are formed on the anodes of SOFC during high-temperature steam reforming of methane. They
also observed that as current is drawn from the cell, increased methane conversion occurs together with
reduced carbon deposition, through reaction via partial oxidation and oxidative coupling with the flux 
of oxygen ions through the solid electrolyte. Nakagawa et al. [144] studied the catalytic activity of
NiˆYSZˆCeO2 anode for the steam reforming of natural gas in a direct internal reforming SOFC.

5.8. Direct oxidation of methanol and methane in fuel cells

All of the above-mentioned fuel cells require some fuel reformation when the fuels are hydrocarbons or
alcohols. As indicated already, fuel processing for reformulation also reduces the efficiency of the overall
energy conversion. It should be mentioned that the concepts of direct fuel-electricity conversion without
fuel reforming are being explored, although the details are beyond the scope of this paper on fuel pro-
cessing. Two principal approaches are DMFC based on PEMFC, and direct methane fuel cell (DMeFC) or
direct hydrocarbon fuel cell based on SOFC.

Direct methanol fuel cell operate at relatively low temperatures in the range of ambient temperature to
150°C; it is promising for portable devices such as fuel cell for laptop computer and mobile telephone.
Recent studies on direct methanol fuel cells and advances in this topic area have been summarized in several
reviews [145–147]. The challenges include the development of more efficient anode and cathode catalysts,
and the more effective membranes that resist methanol cross-over and can operate at higher temperatures.

Direct methane fuel cell based on SOFC requires much higher operating temperatures compared to direct
methanol fuel cell. Direct electrochemical methane oxidation have been studied for some time. Further
development of science and technology for SOFC could make it possible to directly use hydrocarbons such
as CH4 to generate electricity. More recent studies have been reported on direct electrochemical oxidation of
hydrocarbons (beyond methane) in SOFC without fuel reforming [148–150]. These recent developments
made direct oxidation based on SOFC more promising, but there are also major problems to be solved [151].

6. CONCLUDING REMARKS

Development and utilization of more efficient energy conversion devices are necessary for sustainable and
environmentally friendly development in the 21st century.

Fuel cells are fundamentally much more energy-efficient, and can achieve as high as 70–80% system
efficiency in integrated units including heat utilization, because fuel cells are not limited by the maximum
efficiency of heat engines or IC engines dictated by the Carnot cycle.

Hydrogen would be an ideal fuel for fuel cells but due to the lack of infrastructure for distribution and
storage, processing of fuels is necessary for producing H2 on-site for stationary applications or on-board
for mobile applications.
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Hydrocarbons and alcohols can both be used as fuels for reforming on-site or on-board. Hydrocarbon
fuels have the advantages of existing infrastructure of production and distribution, while alcohol fuels can
be reformed at substantially lower temperatures.

Further research and development are necessary on fuel processing for improved energy efficiency and
size reduction, and on electrode catalysis related to fuel processing such as tolerance to CO and sulfur
components in reformate. For example, more effective ways of deep removal of sulfur before and after
reforming, energy-efficient and stable autothermal reforming catalyst and processing scheme, more active
and non-pyrophoric catalysts for WGS, more CO-tolerant anode catalysts or membrane electrode operat-
ing at higher temperature would contribute significantly to implementation of low-temperature fuel cells,
particularly PEMFC.
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Chapter 5

Review of fuel processing catalysts for hydrogen
production in PEM fuel cell systems

Anca Faur Ghenciu

Abstract

The rapid development in recent years of the proton-exchange membrane (PEM) fuel cell technol-
ogy has stimulated research in all areas of fuel processor catalysts for hydrogen generation. The
principal aim is to develop more active catalytic systems that allow for the reduction in size and
increase the efficiency of fuel processors. The overall selectivity in generating a low CO content
hydrogen stream as needed by the PEM fuel cell catalyst is dependent on the efficiency of the cata-
lysts in each segment of the fuel processor. This article reviews the advances achieved during the
past few years in the development of catalytic materials for hydrogen generation through fuel
reforming,1 water-gas shift and carbon monoxide preferential oxidation, as used or aimed to be of
use in fuel processing for PEM fuel cell systems.

Keywords: Fuel processing catalysts; Autothermal reforming (ATR); Water-gas shift (WGS); CO prefer-
ential oxidation (PROX); Platinum-group metals (PGM)
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1. INTRODUCTION

Fuel cells are a viable alternative for clean energy generation [1–3]. At present the major commercial markets
are in residential applications and public or private transportation. The variety of applications for fuel cell
technology ranges from portable/micro power and transportation through to stationary power for buildings
and distributed generation, applications that will be in large numbers worldwide [4–7]. Over the past few
years, fuel cell and automotive companies have announced new technologies or prototype vehicles adopt-
ing fuel cells in an effort to reduce atmospheric pollution. A variety of fuel cells for different applications
is under development [8–10]: solid polymer fuel cells (SPFC), also known as proton-exchange membrane
(PEM) fuel cells operating at �80°C, alkaline fuel cells (AFC), operating at �100°C, phosphoric acid fuel
cells (PAFC) for �200°C operation, molten carbonate fuel cells (MCFC) at �650°C, solid oxide fuel cells
(SOFC) for high temperature operation, 800–1100°C. PEM fuel cells possess a series of advantageous fea-
tures that make them leading candidates for mobile power applications (vehicles) or for small stationary
power units: low operating temperature, sustained operation at high current density, low weight, compactness,
potential for low cost and volume, long stack life, fast start-ups, suitability to discontinuous operation.

Except for the case of direct methanol fuel cells (DMFC), the ideal fuel for PEM fuel cells is pure hydro-
gen, with less than 50 ppm carbon monoxide, as dictated by the poisoning limit of the Pt fuel cell catalyst.
Size, weight, cost and technical limitations make it difficult to store hydrogen in necessary quantity and
density, therefore the hydrogen gas will likely be generated on site and on demand, by reforming available
fuels such as natural gas (NG), gasoline, propane (LPG), methanol. Practical efficiencies of existent
reformer/fuel cell systems-based on the lower heating value (LHV) of the fuel-are in the range of 35–50%.
While this appears to be only slightly better than the theoretical efficiency of the internal combustion
engine (ICE), the net advantage over ICE is the limited production of harmful pollutants. If operated with
pure hydrogen, the local emissions are truly zero. If hydrogen is generated from hydrocarbon fuels, the
emissions can be limited to CO2 and perhaps small amounts of hydrocarbons generated during start up. In
general, due to the relatively low temperatures in fuel processing on active catalysts, pollutants such as
NOx and particulates can be avoided. Further advantages over ICE include the load-independent effi-
ciency, and quiet energy production with no moving parts.

The method used to produce the hydrogen for the fuel cell plays a decisive role in the design of fuel
processor catalysts. For high temperature fuel cells hydrogen is produced through internal reforming [11],
with the temperature being high enough for the endothermic reforming process to occur within the cell.
Low-temperature PEM fuel cells utilize the hydrogen produced by external reforming using steam, air or
a combination of both. Depending on the reformer type, operating conditions and fuel, the outlet stream
from the reformer contains 3–10% CO, which is further converted into hydrogen and carbon dioxide via
the water-gas shift WGS reaction. These two catalytic processes in series produce a hydrogen-rich stream
containing 40–75% H2, 0.5–1% CO, 15–25% CO2, 15–30% H2O, and 0–25% N2. The CO content is fur-
ther reduced to �50 ppm in a CO clean-up system.

Some of the current technical goals and challenges for fuel processor catalysts are the development of
very active, poison-resistant materials that will result in small catalytic volumes and reduced start-up times,
durability under steady-state and transient conditions at the required temperatures, cost reductions, and ver-
satility to variations in fuel/feed composition. In the following sections, some of the latest achievements and
trends in fuel processor catalyst development for PEM fuel cell systems are reviewed and discussed.

2. REFORMER CATALYSTS

The demands placed on all fuel processing catalysts are exacting, but particularly so for the front-end
reforming catalyst. It must be active for the fuel of choice, withstand high temperatures and transients, be
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resistant to poisons and coking and have mechanical resistance to shock or large variations of temperature.
In addition, it must not introduce a high pressure drop into the system. Catalysts are usually deposited on
ceramic or metallic monoliths, foams, or other structured inert supports. Depending on the application and
fuel load, electrically heated catalysts can be used to facilitate start-up.

Several routes for reforming fuels to produce syngas have been investigated, analyzed and are employed
today in fuel processing: steam reforming, catalytic partial oxidation (CPO), and autothermal reforming
(ATR) [4–6,12]. The choice of reforming route is based on the type of fuel cell, the demands and volume
of the system, and heat management strategy. ATR combines oxidation and steam reforming in one single
unit, with the exothermic partial oxidation driving the endothermic steam reforming.

ATR is practical for small or medium size fuel processors because it reduces the size and heat transfer
limitation of the steam reformer while achieving high H2 concentrations with less coking and with faster
start-up. Heat management can be finely tuned through the steam-to-carbon (S/C) and air-to-fuel (A/F)
ratios. Eqs. (1)–(6) describe the main reactions taking place in autothermal reforming of hydrocarbons.
ATR can achieve high reforming efficiencies with no complicated subsystem for heat management for a
large variety of fuels [13] such as NG [14], LPG, gasoline [6], diesel [15] or methanol [3,16–19]:

Steam reforming: CnHm � nH2O → nCO � (n � m/2)H2, �H0
298 � 0 (1)

(2)

(3)

(4)

(5)

(6)

The choice of fuel for a given application is complex and can depend on local economic or political 
factors, as well as technical criteria.

2.1. Methane and hydrocarbon steam reforming and partial oxidation

Traditional methane steam reforming catalysts (Eq. (1)) for industrial production of hydrogen and synthe-
sis gas are based on nickel/nickel oxide or cobalt compositions on refractory alumina or supports such as
magnesium alumina spinel [20,21], often promoted with alkali or alkali-earth compounds to accelerate
carbon removal [12,20,22], precious metals (Rh, Ru, Pt, Pd, Re) on alumina [20], or on rare-earth oxides,
particularly ceria [23]. The effect of alkali in steam reforming has been the subject of investigations and
yet is not completely understood. Used for activity improvement and for their ability to reduce methana-
tion or to facilitate coke gasification, alkali promoters seem to suffer from the drawback of having
increased “volatility” in high temperature steam environments [20]. This can potentially lead to catalyst
deactivation by pore blocking [11], an effect that is likely to be dependent on the type of support and catalyst
preparation.

H
1

2
O H O kJ/mol2 2 2 298

0� � ��→ H 243 5.

Product oxidation: CO
1

2
O CO2 2 298

0� � ��→ H 283.66 kJ/mol

Methanation: CO 3H CH H O 206.2 kJ2 4 2� � � ��→ H298
0 //mol

Water-gas shift: CO H O CO H , 41.2 2 2 298
0� � � ��→ H 22 kJ/mol

Partial oxidation: /2 O CO /2 H ,2 2C H n n mn m � �→ �� �H298
0 0
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Partial oxidation (Eq. (2)) is a much faster reaction than steam reforming, offering therefore the advan-
tage of smaller reactors and higher throughputs. A comprehensive review has been written by Bharadwaj
and Smith [12]. Catalysts include: supported nickel (NiOˆMgO), nickel-modified hexa-aluminates [24],
platinum group metals (PGM) Pt, Rh, Pd/alumina [25,26], on ceria-containing supports, or on titania [27],
as well as supported metallic clusters [28]. Some of these materials present only academic interest for the
time being. PGM catalysts are in general more active, however more expensive and sensitive to sulfur;
based on the desired compactness of the reformer they tend to find more employment in the development
of very active catalysts.

Catalysts for the oxidative reforming of methane based on ceria involve group VIII metals, especially
PGM deposited on ceria-containing mixed oxides; for example, Ni/ZrO2, Ni/CeO2, Ni/CeO2ˆZrO2 [29],
Pt- or Ca-modified Pt/CeO2ˆZrO2 [30,31], Ru/CeO2ˆZrO2 [30]. The role and high activity of ceria and
solid solutions of ceria-mixed oxides have been much documented and exploited in automotive, emission
control catalysts. The improved activity obtained in hydrocarbon and CO activation on ceria-containing sup-
ports has been explained based on the oxygen storage capacity (OSC) of ceria under oxidizing–reducing con-
ditions [32]. This feature is enhanced for ceria–zirconia mixed oxides [33] by the metal–support
interaction which results in active catalytic sites for hydrocarbon activation.

2.2. Gasoline/hydrocarbon autothermal reforming

The design of ATR catalysts can be challenging, particularly for gasoline reforming due to the complex
and ill-defined nature of the fuel. ATR catalysts have to be active for both steam reforming (Eq. (1)) and
partial oxidation ( Eq. (2)), be robust at high temperature and resistant to sulfur and coke formation, espe-
cially in the catalytic zone that runs oxygen limited. Early autothermal reformers used two separate cat-
alytic units, a burner and a steam reformer located for example on either side of a heat exchanger. Newly
developed ATR technologies combine the two segments into one single compact unit using an active catalyst
that has both steam reforming and partial oxidation function [1–3]. Full conversion of all hydrocarbon com-
ponents is desired; low levels of non-methane hydrocarbons, such as aromatics and olefins can undergo
transformations, particularly hydrogenation on the downstream WGS catalyst, thus consuming hydrogen
and decreasing the overall efficiency of the fuel processor.

Catalyst formulations for ATR fuel processors depend on the fuel choice and operating temperature. For
methanol, Cu-based formulations similar to commercial methanol synthesis catalysts and low temperature
WGS catalysts can be used. For higher hydrocarbons the catalyst typically comprises of metals such as Pt,
Rh, Ru and Ni deposited or incorporated into carefully engineered oxide supports such as ceria-containing
oxides [34]. These can be further promoted or doped with other elements for improved thermal robustness
or better activity. US-DOE Argonne National Laboratory has developed sulfur-tolerant ATR catalysts for
a large variety of hydrocarbon fuels [35,36] using catalyst formulations derived from solid oxide fuel cell
technology and structure-formed into shapes (spiral microchannel configurations) to minimize diffusional
resistances [35]. With the non-noble metal formulations such as Fe, Co, Ni supported on ion-conducting
doped ceria substrates, activities similar to PGM-containing catalysts have been reported. The highest H2

selectivity in reforming iso-octane has, however, been obtained for a Pt formulation, Pt/Ce0.8Sm0.15Gd0.05O2.
Long-term tests of Pt/doped ceria supports have demonstrated improved durability for ATR of a benchmark
liquid fuel, for 1000 h time on stream and with a low total hydrocarbon breakthrough [35]. Similar bifunc-
tional catalysts, in cermet form, containing PGM as a dehydrogenation component and a selective oxidation
function provided by an oxygen-conduction support (CeO2, ZrO2, Bi2O3, BiVO4, LaGaO3, Ce0.8Gd0.2O1.9)
have been developed by the same group as partial oxidation [37,38] or steam reforming catalysts [39].

Work carried out at Johnson Matthey (JM) on fuel processing catalysts has led to the development of
improved supported PGM formulations that are able to effectively convert a range of C1–C12 straight-chained,
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branched, saturated, unsaturated, oxygenated and aromatic hydrocarbons including complex commercial
gasolines. One main focus has been to develop materials with high thermal stability and mechanical
robustness that can cope with the high temperatures seen in the oxidizing front zone while maintaining
high activities in the lower temperature steam reforming regions of the ATR catalyst. These catalysts also
include the WGS function, such that equilibrium levels of CO exit from the reformer. These formulations
are optimized for specific operating regimes, S/C and A/F ratios through the choice of the active metal,
careful tailoring of the support, promoter choice and loading. For example, textural modifiers can help
maintain high metal and support surface areas at high temperatures, while the structural promoters can be
selectively added to lower carbon formation. Specific catalyst formulations have been developed for high
sulfur tolerance, these being able to cope with impurities in excess of 100 ppm sulfur. Fig. 1 shows the per-
formance of several JM formulations differentiated based on residual hydrocarbons in reformate at several
outlet temperatures, for catalyst deposited on a monolithic support. The very active formulations, such as
JM6, yielded less than 200 ppm residual hydrocarbon (CH4 equivalent) in the reformate composition, even
at space velocities higher than 80 000 h�1.

Another desirable characteristic of ATR catalysts for fuel processor reformer is resistance to intermit-
tent operation and cycles, particularly on start-up and shut-down. Johnson Matthey has developed new for-
mulations with excellent partial oxidation performance, low light-off temperature and thermal resistance
such that the system can be started up in the absence of water; the A/F ratio can then be tuned as the S/C
ratio improves and the system can be run at optimum efficiency. The latest formulations, when washcoated
onto ceramic monoliths, demonstrate essentially complete conversions at space velocities in excess of
125 000 h�1, with no degradation over several hundred hours. At these short contact time values, presentation
of the reactants on the monolithic support has a significant influence as mass transport limitations begin to
dominate the kinetics. This can be alleviated by using high cell density monoliths (Fig. 2), but still remains
an issue for removing the last few ppm of residual non-methane hydrocarbons from the gas stream.

2.3. Methanol reforming

Typical catalysts for methanol steam reforming are based on CuˆZnOˆAl2O3. Albeit an old formula-
tion, improvement of this catalyst has continued especially during the last decade, for the achievement of
better activity, CO2 selectivity, and durability [19,40–42], or to elucidate the catalytic mechanism [43].

ATR – 10 ppm S gasoline
Monolith supported catalyst – GHSV 75k/h
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Fig. 1. Performance of Johnson Matthey formulations for ATR of sulfur-containing gasoline
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Steam reforming of methanol can theoretically achieve 75% hydrogen concentration, at 100% CO2 selec-
tivity. Practical H2 outlet concentrations on various catalysts are usually greater than 70%.

ATR reforming of methanol in the presence of air and steam provides high H2 yield at near complete
conversion, at 250–330°C. It can use similar catalysts as for methanol steam reforming, or supported Cu
formulations [17], with the concern of balancing the temperature profile in the reactor in order to maintain
the active phase of the CuˆZnOˆAl2O3 catalyst [2,3,16,19]. Some of the efforts in improving CuZnO
catalysts for methanol reforming include modification of CuˆZnˆalumina catalysts with zirconium [19,
40,41] for increased activity or improved carbon dioxide selectivity, or with titanium [42] for better 
durability and prevention of the demonstrated Cu crystallite sintering [44] compared to the unpromoted
formulations. These catalysts are extremely sensitive to oxidizing environments, which causes issues in
operating a real system.

3. WATER GAS SHIFT

The WGS reaction is a critical step in fuel processors for preliminary CO clean up and additional hydrogen
generation prior to the CO preferential oxidation or methanation step. WGS units are placed downstream
of the reformer to further lower the CO content and improve the H2 yield (Eq. (3)). Ideally, the WGS stage(s)
should reduce the CO level to less than 5000 ppm. For this equilibrium outlet CO to be obtained from
reformate, the WGS catalyst has to be active at low temperatures, 200–280°C, depending on the inlet con-
centrations in reformate. The reaction is moderately exothermic, with low CO levels resulting at low tem-
peratures, however with favorable kinetics at higher temperatures. Under adiabatic conditions, conversion
in a single bed is thermodynamically limited, but improvements in conversion are achieved by using sub-
sequent stages with inter-bed cooling [22]. As the flow contains CO, CO2, H2O, H2, additional reactions
can occur, depending on the H2O/CO ratio [45] and favored at high temperatures: methanation (Eq. (4)),
CO disproportionation or decomposition [22]. A catalyst that is active at low temperatures is sought. In
industrial applications under continuous operation, the classical catalyst formulations employed are FeˆCr
oxide for the first stage (high-temperature shift (HTS)), and CuˆZnOˆAl2O3 for subsequent stages
(low-temperature shift (LTS)) [22], for good performance under steady state conditions.

A large number of studies have been published on the classical WGS catalysts, focusing on catalyst
preparation [42,46], kinetics or reaction mechanism [22b,47,48]. Most of the debate resides in the mech-
anistic area, and, particularly for the CuZnO catalyst, on whether the mechanism is associative taking place
through intermediates such as formates and also associated with the formation of surface species such as car-
bonates, hydroxycarbonates of which participation to the mechanism is yet under question, or regenerative,
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via redox reactions involving special forms of copper. A generally accepted mechanism for WGS yet fails
to exist, and this is not surprising considering the large variety of catalytic surfaces, having different crystal
structures for the range of experimental conditions chosen in such studies. Combined mechanisms seem
probable [48], depending on the reaction conditions or induced surface reconstruction in some cases [43].
Raney CuˆZnO [49] formulations or, as in the case of methanol reforming catalysts, modification with
zirconium or titanium [19,42] appear to bring better durability and activity under steady state conditions.
Improved activity of CuˆZnO formulations has also been reported upon promotion with alkali [50,51],
however in all cases, CuˆZnO catalysts suffer from the drawback of being pyrophoric and highly 
susceptible to poisons [22,52].

The use of FeˆCr and CuˆZnO formulations in fuel processors poses a series of disadvantages: the
low activity of the HTS catalyst and its thermodynamic limitations at high temperatures, the sensitivity to
air or temperature excursions of the CuZnO catalyst, the lengthy pre-conditioning of such catalysts for
intermittent operation (pre-reduction/passivation), or the large reactor volume dictated by the slow WGS
kinetics of the CuˆZnO catalyst at low temperatures. The FeCr combined with CuZnO setting is there-
fore unsuitable for use in either residential or automotive applications, where fast start-ups dictate that low
catalyst volume (fewer stages) and non-pyrophoric catalysts be used.

While research efforts to develop alternative formulations are under way, experimental and early gen-
eration fuel processors use HTS–LTS classical formulations in adiabatic reactors with interstage cooling.
Shift reactors, loaded with current, commercial WGS formulations occupy ca. 30–50% of the catalyst vol-
ume and weight of the fuel processor. For typical reformate (8–10% inlet CO, wet basis), the first stage
(HTS) – operating at near equilibrium at 350–400°C – reduces the CO to �3–5%, while the LTS reactor(s),
at 180–240°C can achieve 0.3–1% CO, depending on the amount of catalyst/number of stages. Improvements
in operating WGS CuˆZnO systems aimed to reducing the size of the LTS reactor by injecting air in the
tail section [53] and to lowering the CO content that enters to CO clean-up system [54] exist.

The design of new WGS catalysts to be used for fuel processors must address the above mentioned defi-
ciencies. Amongst the requirements imposed on WGS catalysts for use in fuel processors are: high activ-
ity at relatively low temperature (�300°C), stability under typical reformate outlet to insure low, steady
outlet CO concentration within minimal catalyst volume, non-pyrophoric formulations in order to elimi-
nate pre-conditioning steps, durability under steady state and transient conditions, mechanical integrity
under shock or temperature excursions, stability to condensation and to poisons such H2S, chlorine, high
selectivity imposed by a range of H2O/CO ratios, with no side reactions, particularly methanation that would
consume valuable hydrogen, resistance to the adverse effects of potential hydrocarbons, particularly olefins
and aromatics from the upstream reformate.

In trying to find the best compromise between activity and cost, two trends can be distinguished in the
development of new, non-pyrophoric WGS catalysts for fuel processors: non-precious metal catalysts,
usually active at high temperatures – with some formulations, however, being reported as possessing low-
temperature activity, and precious metal formulations based on PGM or gold, possessing high activity over
a larger temperature interval.

3.1. Non-precious metal catalysts

Non-precious metal formulations for WGS are sought based on their low cost compared to PGM catalysts.
Haldor–Topsoe has recently developed a series of alkaline-promoted, sulfur-resistant basic oxide HTS

formulations based on Mg, Al (Mg aluminate spinel), La, Nd, Ce, Pr, Mn, CoˆMgAl2O4, K-ZSM5,
MgˆZrO2 [55]. These formulations are active at �400°C, at low CO conversion (�25–30%), however
the reported benefit over other high temperature formulations such as Co- or Ni-promoted Mo, V, W oxides
[56] is the absence of methanation. Cobalt–molybdenum or nickel–molybdenum sulfide [57] catalysts or
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their alkaline-promoted forms are active, sulfur-tolerant HTS formulations; in a feed containing only CO
and H2O, they have been reported to give reasonable CO conversions (�40%) at low space velocities
(�8000 h�1) [58].

The activity of the above formulations at high temperature, and their acceptable CO conversions at relatively
low space velocities (�20 000 h�1) would dictate that, for their application in fuel processors, additional
downstream WGS reactors charged with more active catalysts for operation at lower temperature be used.

In researching for alternatives for the commercial CuZnO, Argonne National Laboratory has developed
a series of cobalt–vanadium binary oxides [59]; these materials have low surface areas and therefore dis-
play specific activities (normalized to surface area) higher than CuZnO. Patt et al. [60], studying the fea-
sibility of high surface area molybdenum carbide for the WGS reaction, reported that Mo2C is an active
LTS formulation with activity comparable or higher than that of CuˆZnOˆAl2O3. These nanocrystalline
materials, known as active hydrotreating catalysts, are however, sensitive to oxygen, and their perform-
ance under real fuel processing conditions has yet to be studied. Non-pyrophoric, base metal WGS cata-
lysts with no methanation activity were also reported by Ruettinger et al. [61].

Cerium oxide-containing WGS formulations have attracted interest based on the OSC of ceria [32] and
based on the cooperative effect of ceria–metal leading to highly active sites. Although ceria or ceria-
promoted formulations are mainly reported in conjunction with precious metals, non-PGM–ceria WGS
catalysts have also been developed as potentially better alternatives to CuˆZnO. Li et al. reported that 
copper or nickel deposited on high surface area Ce(La)Ox supports prepared by urea precipitation–gelation
[62] displayed good LTS activity at high space velocities, when tested under low CO concentrations (2%).
The high activity was interpreted based on the enhanced reducibility of ceria in the presence of the metal.
Durability performance was not reported for these formulations.

3.2. Precious metal catalysts

Pt/CeO2 has raised interest for WGS reaction since the early 1980s, when in connection with the development
of the three-way catalysts (TWC), it was discovered that “ceria is the best non-noble metal oxide promoter
for a typical Pt-Pd-Rh TWC supported on alumina largely because it enhances the WGS reaction” (see ref-
erence 2 in Ref. [32]). In 1985, the methanation and WGS activity of Pt/CeO2 were reported by Mendelovich
and Steinberg [63,64]. NexTech Materials has developed a Pt/CeO2 catalyst that has already been studied
for high temperature WGS reaction for several years [59,65]. This Pt/CeO2 formulation has been reported
as active and non-pyrophoric, with activity higher than that of conventional WGS catalysts in the medium-
temperature range (300–400°C), thus a potential candidate for use in fuel processor WGS reactors.

Academic research on Pt, Pd, Rh, Ni, Fe, Co–ceria for WGS involved mechanistic studies [66,67] and
the implication of OSC on WGS activity. The regenerative (redox) mechanism and a high OSC are gener-
ally claimed to be operative and, respectively, responsible for the high activity when metal–ceria interactions
are established. At least in some cases, the WGS activity is reported to depend not only on PGM–support
interaction, but also on the degree of surface hydration [68] or CO2 coverage [67]. The preparation method
plays an important role in establishing the metal–support interaction, with effect on the low-temperature
activity [69,70]. Non-pyrophoric, precious metal–HTS catalysts further promoted to suppress methanation
were also reported by Engelhard [61]. Ruthenium deposited on �-Fe2O3 has been mentioned in the litera-
ture as giving promising WGS conversions with no methanation activity [71].

Work performed at JM on PtˆCeO2 catalysts indicated that despite the high initial activity obtained in
the medium–high temperature range (325–400°C, Fig. 3), the catalyst loses activity under synthetic and
real reformate tests. The deactivation can be explained by several mechanisms, including surface coverage
with in situ formed carbonate-like species, and partial loss of the re-oxidizing ability in the highly reducing
CO/H2 environment. An initial decrease in metal dispersion and total BET surface area has been seen after
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the first hours of operation. At extended time-on-stream in reformate, ceria crystallite size slowly increases,
leading to a further gradual decrease in the total BET surface area and to the occlusion of Pt particles in
the support. These behaviors may be indicative of multiple operating mechanisms in addition to the redox
process generally claimed, depending on the temperature and inlet concentrations. Consequently, multiple
deactivation pathways are also available. The overall deactivation using typical reformate tests leads to the
partial loss of WGS activity to levels that would require over-designing of the WGS reactors for long-term
operation, as also reported by others [72]. In addition, methanation takes place on Pt/CeO2 [64], also seen
in Fig. 3 at temperatures 375°C.

New WGS catalysts developed at JM include non-pyrophoric PGM formulations with improved dura-
bility and no methanation activity over a large range of temperatures (200–500°C). Figure 3 shows the per-
formance of one of the Pt-containing catalysts having the same metal content as the PtˆCeO2 catalyst shown
in the same graph. As it can be observed from Fig. 3, this formulation (JM8) has a much higher WGS activ-
ity while not producing methane over the entire temperature range of interest [the methanation conversion
in Fig. 3 was calculated based on the 1.4% CH4 (mol, dry) inlet concentration]. Further improved, also non-
pyrophoric PGM catalysts with no methanation activity have been developed for even lower temperature
operation. One of the novel WGS catalysts has been tested in Johnson Matthey’s fuel processor for sta-
tionary applications at 2–10 kW load (electric) with reformate generated from methane using one of the
new ATR formulations, under both steady state and transient conditions, with no decrease in activity at
250–260°C for more than 1500 h. With this performance and durability, the WGS operation of Johnson
Matthey’s fuel processor can now be conducted in one single stage, and translates into a large reduction
factor in reactor volume compared to the case when commercial CuˆZnO was used.

Gold catalysts show rapidly growing interest for WGS due to their high activity for CO oxidation at low
temperature [69,73,74]. Gold-particles supported on metal oxides: CeO2 [75,76], TiO2 [77], Fe2O3 [78]
have been reported as active for WGS, with the improved activity at low temperature being explained as
due to the synergism of gold–metal oxide. Gold catalysts, however, are sensitive to the preparation condi-
tions, the desired properties of the final material depending on dispersion, gold particle size, and the intimate
metal–support contact [69]. The gold particle size can easily change during the reaction and strongly impact
the activity. Improved stability has been recently reported [75], however it appears that more development
is needed for these catalysts to be candidates for the demanding conditions in fuel processing applications.

Pt-containing WGS formulations
67,500 ml/g cat/h, 11.4% CO (mol, DRY) in synthetic reformate
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4. CO CLEAN-UP THROUGH PREFERENTIAL OXIDATION

Trace amounts of CO in the H2-PEMFC deteriorate the efficiency of the fuel cell Pt catalyst via CO poi-
soning, accelerated at CO levels higher than 50 ppm CO. While more CO-tolerant fuel cell catalysts are
being developed [9,79,80], efforts in developing catalysts to selectively remove the 0.5–1% CO from the
H2-rich reformate prior to reaching the fuel cell are continuing. Several approaches are currently applied:
CO preferential oxidation, catalytic methanation, Pd-membrane separation. Among these, preferential
oxidation (PROX) is the lowest cost method to reduce CO to the desired level [1–3,81] without excessive
hydrogen consumption.

PROX catalysts need to be active and selective; the catalyst should oxidize 0.5–1% CO to less than
50 ppm without oxidizing a large amount of hydrogen at the selected process temperature, usually between
the outlet temperature of the WGS reactor and the inlet temperature of the fuel cell (�80°C). The reformate
containing mostly hydrogen, its oxidation leads to a decrease in the overall fuel efficiency. Depending on
the nature of the catalyst, the water produced through hydrogen oxidation may affect catalyst activity. The
lower the selectivity of the process, the higher the required ratio O2/CO has to be in order to completely
oxidize CO to CO2. As secondary reactions, reversed WGS and methanation of CO can occur, depending
on temperature, ratio O2/CO, and contact time. For an inlet CO of 1%, the overall CO conversion has to be
higher than 99.5% for a reduction of the CO level to less than 50 ppm. As the oxidation is exothermic, mul-
tistage PROX systems with interstage cooling and/or water injections between stages (Demonox™) [1,3] can
be used, with the catalyst usually being coated on monolithic supports. Series of catalyzed heat exchang-
ers [82] or catalyzed microchannel heat exchangers [83] are good approaches to assure closer to isothermal
operation, therefore better catalyst utilization.

The low-temperature CO oxidation has been reviewed and it is documented in the literature, however,
the number of publications on the selective CO oxidation in the presence of H2 has only recently increased
as a result of the interest in PEM fuel cell technology. Early patents on the subject belong to Engelhard;
catalysts were comprised of Pt deposited on supports like alumina, silica, kieselguhr, and diatomaceous
earths [84].

Based on the high activity required to remove CO while maintaining a high CO oxidation selectivity,
catalyst formulations used for PROX involve, in general, a high PGM loading on high surface area sup-
ports, and are operated at relatively low temperature, 80–200°C. Formulations comprise of Pt or promoted
Pt, Ru, Pd, alloys of PtˆSn or PtˆRu, or Rh on alumina or on molecular sieves, or, more recently, Au
catalysts. Among these, Pt catalysts appear to offer the best results over a larger temperature interval and
have been the most studied. Copper catalysts on alternative supports such as ceria, ceria–samaria, or other 
ceria-promoted supports are also being developed in an attempt to provide selective surface oxygen for CO
oxidation at low temperatures.

Korotkikh and Farrauto [85,86] investigated the CO selective oxidation at low temperature in a H2

stream in the absence of CO2, on a Fe-promoted, Pt catalyst on a monolithic support. For the same metal-
lization, the Fe-promoted catalyst performed at higher conversion than the unpromoted formulation, 5%
Pt/�-Al2O3, while maintaining the selectivity at 90–150°C [85]. The role of the Fe promoter was inter-
preted based on its ability to provide additional sites for O2 adsorption/dissociation. When in close contact
with Pt, Fe is believed to induce electron-rich Pt surfaces and provide, by means of a dual-site mechanism,
the readily available oxygen for selective CO oxidation [86].

Kahlich et al. [87] investigated the kinetics of CO oxidation on Pt/Al2O3 under integral and differential
conditions and found that on 0.5% Pt/Al2O3, the presence of hydrogen actually increases the rate of CO
oxidation. In trying to find a correlation between CO surface coverage and selectivity, the authors proposed
a mechanism similar to that of CO oxidation in the absence of H2, “low-rate branch” vs. “high-rate branch”
[87]. According to this mechanism, the decrease in CO conversion at temperatures higher than 250°C is a
consequence of the loss in selectivity due to the decrease in the “protective” CO coverage. In a later study,
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the same group confirmed that the reaction kinetics and selectivity depend on the steady-state coverage of
the metal with CO in the presence of H2, and were able to explain the differences between Pt/�-Al2O3 and
on Au/�-Fe2O3 catalysts [88]; the decrease in the selectivity of Au/�-Fe2O3 with temperature compared to
that of Pt/�-Al2O3 was interpreted based on the difference in the CO surface coverage as a function of tem-
perature on the two surfaces [88]. This behavior explains the larger range of operation for Pt catalysts in
multistage PROX reactors, whereas Au formulations remain attractive for low temperature operation.

Mechanistic studies using in situ DRIFTS (diffuse reflectance infrared Fourier transform spectroscopy)
on Pt–alumina catalysts indicated the existence of formate surface species, of which generation is enhanced
by hydroxylated surfaces [89]. The results obtained by Manasilp and Gulari [90] on sol–gel Pt/alumina,
having the 1–2% metal incorporated in the oxide lattice, indicated that for this type of catalyst morphology,
water has a beneficial effect.

Research published by a number of laboratories on Au catalysts for several applications [73,91–93] sug-
gested that gold catalysts are potential candidates for commercial applications, more so for CO selective
oxidation than for WGS, based on the lower operation temperature in the case of the former. Results
reported by several groups on the performance of Au formulations for PROX agree on the very high 
selectivities obtained at low temperature [94–96]. Bethke and Kung [96] found improved selectivity of 
Au/�-Al2O3 when Mg citrate is added to the preparation procedure, and rationalized the results based on
increased dispersion. Grisel et al. [94,95] further rationalized the effect of MgO or MnOx through the sta-
bilization of Au particles.

Improved CO conversions at low temperatures (�100°C) and stoichiometric ratio O2/CO were reported
for Ce-promoted Pt/�-alumina [97]; no improvement in conversion has been observed in the presence of 
Ce at higher temperature.

Oh and Sinkevitch [98] studied a variety of materials for the preferential oxidation, among which Pt, Pd,
Rh, and Ru at low loading on �-alumina, at 20 000 h�1 in very dilute CO and H2 feed. Improved selectiv-
ities were found for Ru and Rh only at very low H2 concentrations compared to Pt/�-alumina. Comparing
activities and selectivities of Pt/alumina and Pt/zeolites at �6% Pt loading, Igarachi et al. found improved
selectivity for zeolite-supported Pt over Pt-alumina [99]. Depending on temperature and water content in
the feed, water adsorption may, however, be an issue for these materials [99, 100].

CuOˆCeO2 mixed oxides have been reported as promising candidate systems for PROX [101]. In a
parallel study of Pt/�-Al2O3, Au/�Fe2O3, and CuOˆCeO2, the Au formulation was the most active at low
temperature, while the selectivity of CuOˆCeO2 was remarkably higher than that of both Au and Pt for-
mulations. Pt/�-Al2O3 was the most resistant toward H2O and CO2 in the feed.

Other formulations studied for PROX include Pd [102,103], Ru [104] and Pt loaded on zeolite mem-
branes [105].

Research carried out in Johnson Matthey laboratories in the development of PROX catalysts have resulted
in catalysts specifically tailored for high temperature applications (200–250°C), with minimal or no reverse
WGS and no methanation activity, as well as in selective catalysts for lower temperature applications. With
the new PGM-promoted formulations coated on monolithic supports, CO conversions of 88–90% have been
obtained at high space velocities (�2 	 106cc/g cat/h) for inlet CO concentrations of 0.75–1%. The new for-
mulations led to reducing the complexity and size of the CO clean-up system in Johnson Matthey.

5. CONCLUSIONS

Over the past several years, the challenge for small and medium scale, dynamic fuel processors to produce
H2 for PEM fuel cells has led to the development of active and selective catalysts, particularly containing
precious metals, that result in small, reliable ATR, WGS, or PROX units. Efforts in the research community –
academic, industrial or government – are continuing the development of more active and cost-efficient 
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catalytic systems. Studies are directed toward understanding such catalysts under real, steady state and
transient conditions, and improving their durability under the stringent requirements of fuel processing.
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Chapter 6

Conversion of hydrocarbons and alcohols 
for fuel cells

Finn Joensen and Jens R. Rostrup-Nielsen

Abstract

The growing demand for clean and efficient energy systems is the driving force in the development
of fuel processing technology for providing hydrogen or hydrogen-containing gaseous fuels for
power generation in fuel cells. Successful development of low cost, efficient fuel processing systems
will be critical to the commercialisation of this technology. This article reviews various reforming
technologies available for the generation of such fuels from hydrocarbons and alcohols. It also
briefly addresses the issue of carbon monoxide clean-up and the question of selecting the appropri-
ate fuel(s) for small-medium-scale fuel processors for stationary and automotive applications.

Keywords: Fuel processor; Steam reforming; Partial oxidation; Fuel cell; Hydrocarbon; Alcohol
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1. INTRODUCTION

Catalysis is likely to become a key element in the conversion of liquid or gaseous fuels into hydrogen for
fuel cells. This conversion, commonly referred to as fuel processing, most often involves either hydro-
carbons, like methane, propane/LPG, and higher liquid hydrocarbons or alcohols, e.g. methanol and ethanol,
although, in principle, any hydrogen-containing compound may be applied, such as dimethyl ether and
ammonia. It is even possible to convert other fuels than hydrogen – directly or indirectly – in the fuel cell
[1,2]. Known examples comprise methanol, methane and carbon monoxide. However, most fuel cells are
based on the electrochemical oxidation of hydrogen, although higher electrical efficiencies may be achieved
when applying other fuels, for instance, methane in the solid oxide fuel cell and indeed, in some cases, ideal
electrical efficiencies in excess of 100% may, in principle, be obtained [3].
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The generation of hydrogen, or hydrogen-rich product streams, by reforming of hydrocarbons or alco-
hols, may from a thermodynamic point of view, be categorised in two basically different types of processes.
One is – endothermic – steam reforming in which the hydrocarbon or alcohol feed is reacted with steam.
The heat required for the reaction is supplied from external sources – either by combustion of part of the
feed, by burning combustible off gases or by a combination of both. The other is – exothermic – partial oxi-
dation, where the feed reacts directly with air, enriched air or (in large plants) pure oxygen at a carefully bal-
anced oxygen to fuel ratio. In this case, the overall process becomes net heat producing. In either of the
processes heat management and, as part thereof, thermal integration of the fuel processor and the fuel cell
becomes key to achieve high overall plant efficiencies.

2. STEAM REFORMING

The most important route to hydrogen is steam reforming of either natural gas (Eq. (1)) or liquid hydro-
carbons as exemplified in (2) by pure component n-heptane. For small scale hydrogen plants and for auto-
motive applications, steam reforming of methanol (3) may be an attractive alternative.

(1)

(2)

(3)

In all of reactions (1)–(3), the water-gas shift (WGS) reaction participates independently:

(4)

All reactions are reversible. Under the preferred reforming conditions, however, the position of the ther-
modynamic equilibrium makes reactions (2) and (3) essentially irreversible, but due to the WGS reaction,
the equilibrated product inevitably contains steam and carbon oxides along with the desired hydrogen
product. Steam reforming of hydrocarbons is catalysed by group VIII metals, with Ni being the most 
cost-effective.

Steam reforming of methane is strongly endothermic – more so per carbon atom than any of the higher
hydrocarbon homologues. Methane steam reforming is, also in practice, a reversible reaction. In order to
ensure a high methane conversion, therefore, it is necessary to operate at high temperature, low pressure
and relatively high steam to carbon ratios (Fig. 1).

In conventional tubular steam reforming, the heat is transferred to the process by placing the reformer
tubes in a fired furnace. One constraint imposed by this layout is that only about 50% of the furnace heat
is transferred to the reforming process. The remainder is recovered in a waste heat section typically serv-
ing to produce steam and to preheat feed streams. This figure may, however, be significantly increased
when applying heat exchange reforming in which both the flue gas and the high-temperature product gas
is cooled by heat exchange with the process gas within the reformer itself [4–6].

Light distillate naphtha is an attractive feedstock in areas where natural gas is not readily available. The con-
version of higher hydrocarbons takes place by irreversible adsorption to the nickel surface, subsequent break-
age of terminal CˆC bonds one by one until, eventually, the hydrocarbon is converted into C1 components.
However, reaction rates of individual hydrocarbons over a given catalyst are often quite different from one par-
ticular component to the other. And, even though most higher hydrocarbons react faster than methane, they are
at the same time also susceptible to non-catalytic thermal cracking [7]. At temperatures above 600–650°C, i.e.

CO H O CO H ° 41kJ mol2 2 2 298
1� � � �� � �, H

CH OH H O CO 3H ° 49 kJ mol3 2 2 2 298
1� � � �� �� �, H

C H 7H O 7CO 15H ° 1175 kJ mol7 16 2 2 298
1� � � �� �� �, H

CH H O CO 3H ° 198 kJ mol4 2 2 298
1� � �  �� �� �, H
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at the temperatures characteristic to steam reforming, the thermal reactions begin to compete with the catalytic
processes and increasingly so as the catalyst activity decreases, e.g. due to sulphur poisoning. The thermal
cracking – or pyrolysis – of the higher hydrocarbons produces olefins which are precursors for coke formation.
In particular, ethylene leads to rapid carbon formation (Fig. 2).

In general, the heavier the hydrocarbon feedstock, the slower the reaction rate [8] and the higher the 
risk of pyrolysis. This problem of carbon formation may be solved effectively by the insertion of a low
temperature, fixed bed adiabatic prereformer [7] prior to the primary steam reformer. In the adiabatic 
prereformer, the higher hydrocarbons are completely converted into C1 fragments (CH4, CO and CO2).
This is quite similar to the process taking place in conventional reforming, but the relatively low temper-
atures (350–550°C) in the prereformer eliminate the potential for carbon formation. Moreover, the pre-
reformer allows for higher inlet temperatures in the primary reformer, thereby reducing its size.
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The steam reforming of methanol is much less endothermic (Eq. (3)) than that of hydrocarbons. Thus, more
than 99% conversion is readily achieved at low temperatures, 200–300°C, using copper-based catalysts. No
methanation occurs and conversion and product distribution is not very pressure-sensitive. Although highly
active Pd catalysts have been reported [9], those based on copper are preferred for economical reasons.

As a result of the relatively low temperatures the equilibrated product gas is rich in hydrogen and, conse-
quently, low in CO even at moderate steam to methanol ratios (Fig. 3). The optimum steam to carbon ratio is
typically between 1.2 and 1.5. The methanol steam reforming process is relatively well-understood [10–13].
The main application is in small hydrogen plants, i.e. less than about 1000 N m3h�1. The technology is also
considered by several groups to be an attractive solution for on-board hydrogen generation for automotive pur-
poses, because the methanol fuel processor is considerably simple than its hydrocarbon-based counterpart.

As part of a recent study [14], the performance of a 50 kW (LHV H2) methanol reformer was evaluated.
Stationary performance tests showed a specific hydrogen production of 6.7 N m3/(kgcat h) at a methanol
conversion of 95%. Figure 4 correlates methanol conversion with specific hydrogen productivity in terms
of N m3/(kgcat h) at two different pressures and temperatures, 3.8/21 bar and 260–280°C, respectively, and
a molar steam to methanol ratio of 1.5.

As can be seen, the higher pressure leads to a modest decrease in equilibrium conversion, this decrease
becoming more pronounced the lower the temperature. The endothermicity of the steam reforming reac-
tion is reflected by the large increase in productivity upon a mere 20°C increase in operating temperature.
This effect of temperature emphasises the desirability of developing more temperature tolerant copper-
based reforming catalysts.

Ethanol and higher alcohols may also be converted. However, as this involves breaking of one or more
CˆC bonds, the process is far from as facile as it is for methanol and higher temperatures are generally
required. Ethanol easily becomes dehydrated, forming ethylene which leads to carbon formation. At modest
temperatures, below approximately 450°C, efficient bond cleavage is obtained over a Ni/Al2O3 catalyst to
yield a mixture of essentially methane and carbon dioxide [15]. However, nickel is a very effective 
catalyst for carbon formation from ethylene, if formed (cf. Fig. 2). Cu/Ni-based catalysts active below
300°C have been reported [16]. Other catalyst systems studied include those based on Co, Cu/Zn, Cu/Zn/Cr
and noble metals supported on different carriers [17–19]. These studies indicate that steam reforming of
ethanol proceeds via an acetaldehyde intermediate [18–21]. Acetic acid is also commonly observed and a
reaction mechanism involving two parallel pathways from common intermediate acetaldehyde has been
proposed [20]: one involves the direct decarbonylation of acetaldehyde forming CO and CH4; the other
goes from acetaldehyde via acetic acid to CO, CO2 and H2.
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3. PARTIAL OXIDATION

Partial oxidation reactions may be carried out either by catalytic partial oxidation (CPO), by non-catalytic
partial oxidation or by autothermal reforming (ATR), the latter being a combination of non-catalytic 
oxidation and steam reforming.

The autothermal reformer [22] consists of a thermal and a catalytic zone. The feed is introduced to a
burner and mixed intensively with steam and a substoichiometric amount of oxygen or air. In the combus-
tion (thermal) zone, part of the feed reacts essentially according to

(5)

By proper adjustment of oxygen to carbon and steam to carbon ratios, the partial combustion in the ther-
mal zone (Eq. (5)) supplies the heat for the subsequent endothermic steam reforming ( Eq. (1)) and shift 
(Eq. (4)) reactions taking place in the catalytic zone in which soot precursors are effectively broken down.
Thus, the product gas composition is fixed thermodynamically through the pressure, exit temperature,
steam to carbon and oxygen to carbon ratios [23].

The non-catalytic partial oxidation [24] needs high temperature to ensure complete conversion of
methane and to reduce soot formation. Some soot is normally formed and is removed in a separate scrub-
ber system downstream of the partial oxidation reactor. The thermal processes typically result in a prod-
uct gas with H2/CO � 1.7–1.8.

Catalytic partial oxidation has been subject to intensified research efforts in recent years. In CPO, the
reaction is initiated catalytically (flameless) as opposed to ATR and POX. It has been shown [25–29] that
under extremely short residence times, in the order of milliseconds, methane may be partially oxidised
forming H2 and CO as the main products:

(6)CH O CO 2H ° 38 kJ mol4
1

2 2 298
1� � � �� � �

2
, H

CH O CO 2H O ° 519 kJ mol4
3

2 2 298
1� � � �� � �

2
, H
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For natural gas conversion preferred catalysts are based on Ni and, in particular, Rh [27,30,31] and selec-
tivities higher than 90% may be achieved at conversions beyond 90%. The main side reactions are competi-
tive, further oxidation of the hydrogen/carbon monoxide product. Most studies have been made near
atmospheric pressure. Experiments carried out at elevated pressure [32,33] do not indicate dramatic changes
in product distribution.

Among the virtues of CPO is that the reaction, according to Eq. (6), is virtually thermoneutral and has
a low net energy demand. However, these advantages may easily be offset by the competing total oxida-
tion reactions which significantly enhance process exothermicity. Another characteristic is that, ideally,
the reaction is kinetically controlled. This is due to the short contact times and to the oxidation reactions
being much faster than the equilibrating steam reforming and shift reactions. Thus, by selecting a proper
interval in the region of millisecond residence times [34], it is possible to avoid the slower steam reform-
ing reactions interfering to any significant extent. However, despite the high selectivities to carbon monox-
ide and hydrogen, the competing total oxidation reactions remain a major problem and, in practice, gas
compositions are close to equilibrium with respect to Eqs (1) and (4). Today, similar product selectivities
as for CPO may be obtained by ATR [23,35,36]. Many papers fail to report data on the approach to equi-
librium. Often, this renders the discussion on selectivities confusing.

The CPO reaction is complicated and a comprehensive understanding is presently lacking. The complexity
of the technology is compounded by the fact that, although the process is essentially adiabatic, it is charac-
terised by high catalyst surface temperatures [28,34] which leads to thermal non-equilibrium between the solid
and gaseous phases. Given the process being conducted at high temperatures and extremely short contact
times, i.e. within the domain of kinetic control, it is evident that heat and mass transfer play a decisive role in
determining process characteristics, temperature and concentration profiles [34,37], which eventually may
change the entire product spectrum. As addressed in several papers [29,34,38] careful examination of factors
such as gas mixing and flow patterns, radiation, reactor and catalyst geometry, etc. are of utmost importance
to further uncover the fundamentals of CPO.

For gasoline fuel processing for automotive applications, small air blown reformers are the preferred
choice and CPO reformer prototypes have been developed [39].

Also, methanol can be converted as proposed by the so-called HotSpot™ fuel processor concept [40–42].
The first step in this process is believed to be total oxidation of part of the methanol, supplying the heat for
subsequent steam reforming. Thus, in the current terminology, we are dealing here with flameless ATR
rather than methanol-based CPO fuel processing. The catalyst is a combined noble metal/base metal cata-
lyst with the noble metal acting as a process initiator by catalysing the total oxidation reaction. The fuel
processor features a modular design to enable different maximum power output at similar response times.
Ethanol has also been proposed as a feed for partial oxidation [43].

4. CARBON MONOXIDE CLEAN-UP

Whereas high temperature fuel cells (MCFC and SOFC) are capable of converting methane, CO and alco-
hols, etc. in the anode chamber by internal reforming, the PAFC and the PEM cells do not tolerate exces-
sive amounts of CO as indicated in Table 1.
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Table 1. Fuel cell characteristics

Cell temperature (°C) Maximum CO content (ppm) Primary fuel

PEMFC 70–80 50 H2, MeOH
PAFC 200 500 H2

MCFC 600–650 No limit H2, CH4, CO, MeOH
SOFC 700–1000 No limit H2, CH4, CO, MeOH
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For the PAFC, it is possible to reach the level of �500 ppm (0.05 vol.%) CO by means of high- and low-
temperature WGS reactors as shown in Fig. 5. The fuel processor system (FPS) consists of a hydrodesul-
phurisation unit, a heat exchange reformer (to minimise waste heat production) and two WGS reactors
bringing the CO content down to �0.05%. The anode off-gas is used as fuel for the reformer and the flue
gas is used to preheat the feed and the cathode air.

The PEMFC does not tolerate more than in the order of 50 ppm CO; the lower the CO concentration, the
higher the efficiency of the cell. Therefore, further purification is required, which makes hydrocarbon-powered
fuel processors for PEMFC’s so complicated relative to the methanol-based ones which do not require shift 
of the reformate gas prior to the final CO clean-up. Currently, among the processes for CO removal, selective
oxidation appears to be the preferred solution [44–47]. Alternatives include CO-selective methanation [40,48]
or the use of hydrogen-selective Pd-alloy membranes [49–51]. Figure 6 shows a principal flow diagram of fuel
processing system for automotive use based on methanol steam reforming.

One inherent problem to the PEMFC’s is that they require low operating temperatures in order to avoid
deterioration of the Nafion®-type polymer membranes. Enabling a higher working temperature of the fuel cell
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would alleviate the constraints with respect to CO content and might even completely eliminate the need for
the final purification step. This would lead to great simplifications in the design and operation of the fuel
processor. Another aspect relating to the polymer membrane is the potential of applying the PEMFC as a direct
methanol fuel cell [2]. However, current polymers are permeable to methanol. Higher resistance towards
methanol crossover might pave the way for direct methanol fuel cells. Therefore, very interesting perspectives
arise if alternative ion conducting polymers could be developed, capable of operating at higher temperatures
and/or providing an effective methanol barrier. Acid-doped polybenzimidazole membranes appear to possess
the potential of accomplishing either or both of these objectives [53,54]. Another option might involve the use
of dimethyl ether instead of methanol.

5. THE FUEL CHOICE

The PEMFC is the preferred solution for automotive application. However, while there is little doubt about
hydrocarbons – natural gas, LPG or liquids – being the preferred fuels for stationary plants, there is con-
siderable more ambiguity as to what is currently being the fuel of choice for automotive on-board hydro-
gen manufacture. The conversion of methanol is less complex than gasoline reforming and, moreover,
more efficient on-board the vehicle. However, as methanol manufacture, e.g. from natural gas is more
energy consuming the two technologies come out fairly equal [55] when looked at on a well-to-wheel
basis (Fig. 7).

With respect to carbon dioxide emissions, the situation is, by nature, very similar. The primary advantages
of vehicles based on PEMFCs, whether being powered by methanol or gasoline, consist in the extremely low
local NOx, CO, organics and particulate emissions. Table 2 compares data obtained in a study [14] of a com-
pact methanol reformer with future emission standards. Even when emissions associated with the well-to-
station step are included, these are still below SULEV standards.

Obviously, such “near-zero” local emissions will become “true-zero” if direct hydrogen vehicles become
available on a commercial scale. On-board storage of hydrogen would make drive trains far less complicated.
However, direct hydrogen is not viable at present. Apart from special applications, it will require a break-
through in materials development [56] as well as establishment of a hydrogen infrastructure.
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6. CONCLUSIONS

Catalysis offers a variety of options for the conversion of hydrocarbons and alcohols into hydrogen for 
fuel cells.

Natural gas, whenever available, is the obvious choice for large scale hydrogen manufacture. This will
also be true for smaller scale stationary units, e.g. for future on-site hydrogen manufacture at gas stations
and for an emerging market for decentralised combined heat and power generation in residential areas,
companies and institutions. In remote areas or in other locations where a natural gas infrastructure is not
established, alternative fuels such as propane/LPG and higher, liquid hydrocarbons represent competitive
alternatives, thus emphasising the aspect of fuel flexibility.

For automotive purposes, pure hydrogen is the preferred fuel due to simplicity in design, low cost and high
efficiency. However, on a medium term time horizon, it is difficult to envisage hydrogen penetrating the mar-
ket beyond centrally fuelled fleets. In the meantime, fuel processor development, integration with the fuel cell
stack and auxiliaries remains a difficult technical challenge. Furthermore, as to fuel choice and specifications,
there still appears to be a profound lack of consensus among world class organisations for what may be a
transitional solution bridging the gap to direct hydrogen. This is as other, in defining the basis for a rational
fuel and system selection. These uncertainties must be resolved in order for fuel cell power trains to constitute
a serious alternative to conventional – and currently improving – engine technology.

The call for clean energy is the main driver in the development of fuel processing technology for both
stationary and mobile applications. Several fuel processor designs are likely to emerge, for different appli-
cations and fuel cell types and for different fuels. The technology is available, but further progress in cata-
lyst and component development, system design and integration, cost reduction and not least successful
field test programmes is required for fuel processors to eventually gain general customer acceptance.
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Chapter 7

An assessment of alkaline fuel cell technology

G.F. McLean, T. Niet, S. Prince-Richard and N. Djilali

Abstract

This paper provides a review of the state of the art of alkaline fuel cell (AFC) technology based on
publications during the past 25 years. Although popular in the 1970s and 1980s, the AFC has fallen
out of favor with the technical community in the light of the rapid development of Proton Exchange
Membrane Fuel Cells (PEMFCs). AFCs have been shown to provide high-power densities and
achieve long lifetimes in certain applications, and appear to compete favorably with ambient air
PEMFCs. In this report we examine the overall technology of AFCs, and review published claims
about power density and lifetime performance. Issues surrounding the sensitivity of the AFC to CO2

in the oxidant stream are reviewed and potential solutions discussed. A rough cost comparison
between ambient air AFCs and PEMFCs is presented. Overall, it appears the AFCs continues to
have potential to succeed in certain market niche applications, but tends to lack the R&D support
required to refine the technology into successful market offerings.
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1. INTRODUCTION

The alkaline fuel cell (AFC) was the first fuel cell technology to be put into practical service and make the
generation of electricity from hydrogen feasible. Starting with applications in space the alkaline cell pro-
vided high-energy conversion efficiency with no moving parts and high reliability. AFCs were used as the
basis for the first experiments with vehicular applications of fuel cells, starting with a farm tractor in the late
1950s equipped with an Allis Chalmers AFC (Kordesch and Simader, 1996). This was followed by the
now famous Austin A40 operated by Karl Kordesch in the early 1970s [1] and continuing today with the
commercialization activities of the ZEVCO company [2,3]. However, despite its early success and leader-
ship role in fuel cell technology, AFCs have fallen out of favor with the research community and have been
eclipsed by the rapid development of the Proton Exchange Membrane fuel cell (PEMFC) as the technol-
ogy of choice for vehicular applications.
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This paper provides a critical overview of the state of the art of AFC technology and attempts to syn-
thesize the published information on AFCs to provide a unified view of the technology. A re-examination
of the economics of AFC technology is also presented. The issues generally assumed to have caused 
the demise of interest in AFCs, namely low-power density and electrolyte poisoning are addressed in
detail to provide as complete a picture as possible, based primarily on published and publicly available
information.

The PEMFC has recently emerged as the technology of choice for low temperature, moderate power
applications and has largely displaced the AFC in this application. Because of this, we have provided a
comparison between alkaline and PEM technology wherever possible. In particular, a detailed cost com-
parison between PEM and AFCs is included.

The public domain literature has been reviewed including the most recently published results on alka-
line electrode materials and manufacture as well as older publications describing the state of the art around
1980. Earlier publications, which largely describe the now defunct space applications of AFC technology,
have not been reviewed. The overall purpose of this review has been to establish a technical opinion about
the viability of AFCs and to identify key areas for research.

The report is structured as follows. In Section 2 we provide a general orientation to AFC technology and
review the nature of the published research and recent corporate activities. In Section 3 we discuss the major
technical issues confronting AFCs, including the reported power densities, poisoning issues, lifetime, duty
cycles and systems considerations. This section also provides a hint at some new AFC technologies that
may be of interest. Section 4 provides a detailed cost analysis and includes a comparison to published PEM
cost projections. In Section 5 we provide conclusions and state our general technical position.

2. ALKALINE FUEL CELL BACKGROUND AND DEVELOPMENT STATUS

2.1. Principle of operation

AFCs use an aqueous solution of potassium hydroxide as the electrolyte, with typical concentrations of
about 30%. The overall chemical reactions are given by

Anode reaction 2H2 � 4OH� → 4H2O � 4e�

Cathode reaction O2 � 2H2O � 4e� → 4OH�

Overall cell reaction 2H2 � O2 → 2H2O
� electric energy � heat

By-product water and heat have to be removed. This is usually achieved by recirculating the electrolyte
and using it as the coolant liquid, while water is removed by evaporation. A schematic of the recirculating
electrolyte AFC is shown in Fig. 1 (after De Geeter [4]).

The electrodes consist of a double-layer structure: an active electrocatalyst layer, and a hydrophobic
layer. According to the dry manufacturing method described by Kivisaari et al. [5] and De Geeter [4], the
active layer consists of an organic mixture (carbon black, catalyst and PTFE) which is ground, and then
rolled at room temperature to cross-link the powder to form a self-supporting sheet. The hydrophobic
layer, which prevents the electrolyte from leaking into the reactant gas flow channels and ensures diffusion
of the gases to the reaction site, is made by rolling a porous organic layer, again to cross-link the layer and
form a self-supporting sheet. The two layers are then pressed onto a conducting metal mesh. The process
is eventually completed by sintering. The total electrode thickness is of the order of 0.2–0.5 mm. A major
operating constraint is the requirement for low carbon dioxide concentrations in the feed oxidant stream.
In the presence of CO2, carbonates form and precipitate.
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The carbonates can lead to potential blockage of the electrolyte pathways and/or electrode pores. This
issue is discussed in detail in Section 3.2.1.

The inherently faster kinetics of the oxygen reduction reaction in an alkaline cell allows the use of non-
noble metal electrocatalysts. It is useful to compare the eletrochemical performance of AFCs and
PEMFCs in terms of the relationship between cell potential, E, and current density, i. When mass trans-
port limitations are negligible (low to intermediate current density), E and i are approximately related by
Blomen and Mugerwa [6]:

(1)

with

(2)

where Er is the reversible thermodynamic potential, � and i0 are the Tafel slope and the exchange current
density for the oxygen reaction, and R is the differential resistance of the cell.

Differentiating Eq. (1) provides further insight into the relative importance of losses associated with
electrode kinetics and electric resistance:

(3)
∂
∂
E

i i
R�� �

b
.

E E ir0 0� �b log ,

E E i Ri� � �0 b log

CO2 � 2OH� → (CO3)
2� � H2O.
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At low current densities, the first term on the RHS is dominant and corresponds to the typical steep fall of
the cell potential with increasing current. At higher current densities, � �� R and the second term
becomes dominant, resulting in a quasi-linear drop of cell potential with current, until mass transport lim-
itations become important. Optimal performance is obtained for low Tafel slopes (�) and cell resistance
(R), and high exchange current density (i0). The better electrode kinetics of AFCs results in Tafel slopes
lower by about 30% than for PEMFC, when Pt is used as a catalyst in both [7].

The main contribution to cell resistance is due to the ionic/protonic resistivity of the electrolyte. Again,
AFCs appear to have lower electrolyte resistivities (0.05 vs. 0.08 �/cm2 for PEMFC). It should be pointed
out that new generation ultra-thin acidic polymer membranes [8] achieve low resistance. Nonetheless
AFCs have an intrinsic advantage over PEMFC on both cathode kinetics and ohmic polarization. A puz-
zling aspect of all published AFC data is that polarization curves are invariably presented for maximum
current densities of about 400 mA/cm2, with no indication that mass transport limitations have been
reached. A possible explanation is that, for cost reasons, the catalysts of choice are nickel alloys. Nickel
is, however, susceptible to oxidation, leading to high-performance degradation over time. This problem
would presumably be exacerbated at higher current densities.

2.2. Research activity level

The strongest and most consistent advocate for AFC research has been Professor Kordesch, who has been
researching, developing and promoting this technology for over 30 years and who continues to be involved
in its commercialization. Kordesch gained notoriety for his development of a fuel cell powered Austin
A40 car in the early 1970s [1] and his accounts of the experience gained with that test platform and fuel
cell stack have formed the core of his publications ever since [1,9–13].

The work of Kordesch links directly into the commercially driven research of the Elenco/Zevco compa-
nies. The vast majority of the publications presenting system design or performance information is pro-
duced either directly by ZEVCO researchers, or is based on ZEVCO AFC modules [3,4,14–17]. This makes
it difficult to separate potential AFC system performance from Zevco system performance.

During the early 1990s Olle Lindstrom published several excellent reviews of fuel cell technology in
general, and AFC in particular [18–20]. However, his recent death prevents the possibility of using him as
an arms length expert for the purpose of qualifying the ZEVCO claims.

The remainder of the published research on AFC technology consists largely of detailed studies of com-
ponent parts of AFCs, conducted by individual researchers. The work is dominated by detailed character-
ization, analyses and evaluations of components, mostly electrodes. Information on AFC systems is
scarce. Research publications of this type continue to be published at a roughly constant rate. Lindstrom’s
1993 review of the state of the art of fuel cell technology revealed that 10% of publications over the 10-year
period from 1983 to 1993 were associated with AFCs.

2.3. Corporate activities

Corporate development activities have been shifting away from AFCs and more toward PEM for low-
temperature and mobile fuel cell applications since the mid 1980s. Major European projects conducted by
Siemens, Hoechts and DLR were all cancelled prior to 1996 [21]. North American development of AFCs
for space applications is continued by United Technologies/International fuel Cells. However, this work
appears to be limited to providing fuel cells to the space shuttle program and appears to have no aspira-
tions for entering other markets [22].

The remaining developers of AFC technology are almost exclusively related to Zetek Corporation.
Zetek is the parent organization of three companies involved in developing products for transportation
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(Zevco plc), marine (ZeMar Ltd) and stationary power (ZeGen Ltd) applications. Recent developments
from Zetek include the announcement of a new 5 MW automated production line in Germany that will see
Zetek manufacture more fuel cells than the combined production capacity of the rest of the world [23].

Astris Energi [24] recently announced a 4-kW prototype systems and offer the only off the shelf com-
mercial source of low power AFCs. The Electric Auto Corporation is working with the Technical
University of Graz (with Kordesch) to develop a lead-cobalt battery/AFC hybrid vehicle [25]. These two
initiatives are small compared to the magnitude of Zetek’s activities.

3. TECHNICAL REVIEW

3.1. Power density

Fuel cell systems have typically been evaluated on the basis of their volumetric and gravimetric power
density, probably due to the historical challenge posed by developing a fuel cell system of adequate power
within the volume and weight constraints imposed by equivalent power internal combustion engines. Such
measures of evaluation must be based on overall system volume or weight, thus making it difficult to
assess power density on the basis of the narrowly defined performance of the fuel cell electrochemical
reaction. In the absence of absolute volumetric or gravimetric system power densities, polarization infor-
mation is often used to assess the merits of particular fuel cell designs. This approach is reasonable in pro-
viding a figure of relative merit as a cell with higher current density, at an equivalent voltage, will provide
higher overall power density so long as the stack geometry and ancillary systems remain constant, which
is a reasonable assumption for the majority of PEM and AFCs. Therefore, in either case it is possible to
judge the relative merits of fuel cells.

In half-cell testing particular components of the fuel cell are evaluated with potentials measured against
some reference electrode. Direct comparison between different experimental results becomes difficult to
assess in these situations because the full details of the experiments are not provided, different reference
electrodes are used, or different test conditions employed.

The foregoing discussion serves to point out the difficulty encountered in trying to assess the power den-
sities reported by AFC researchers. Results are often incomplete, and very few reported results discuss
system performance. Nonetheless, we can review the partial results that have been reported and infer from
them a reasonable picture of the power density achieved by AFCs.

3.1.1. Space applications

The AFC was initially used in space applications to produce electrical power for mission critical services.
As such, these fuel cells were designed to provide reliable power, with low volume and weight, at virtu-
ally unconstrained cost.

A matrix type alkaline H2–O2 fuel cell is discussed by Matryonin et al. [26]. The cell is indicated as 
operating at 100°C and pressures of 4–4.5 �105Pa. The presentation discusses the effects of varying these
operating parameters on system performance. The performance is impressive, showing 3.2 A/cm2 at
600 mV. The reported results show very good current density at high voltages with pressures between 30
and 60 psig.

Martin and Manzo [27] present performance data from the Orbiter fuel cell which is even more impres-
sive. Operating with gas pressures of 200 psi and temperatures of 300 F and a 50% weight KOH electrolyte
solution they report current densities up to 9 A/cm2 at just over 0.7 V. Further information on the Orbiter
fuel cell and the Siemens BZA4 is provided by Jo and Yi [28]. Their Orbiter data reports 1000 mA/cm2 at
900 mV. The performance of the Siemens fuel cell indicates 1 A/cm2 at 0.74 V. The orbiter cell is reported
at an operating pressure of 60 psig compared to 30 psig for the Siemens cell.
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Although these reported results for space-based AFCs do not typically provide complete polarization
curves, they nonetheless indicate very high current densities. It is important to remember that most of
these results were obtained in the early 1970s or with 1970s technologies, well before today’s highly opti-
mized PEM systems had even been thought of. The available performance information from these space-
based approaches is shown in Table 1.

3.1.2. Atmospheric pressure cells

The second distinct class of AFCs is based on operation at atmospheric pressure. This is the type of cell
being developed commercially today, so these data are perhaps most relevant in validating any claims
made by contemporary fuel cell manufacturers.

The oldest published results can be found in Binder et al. [29] which provides a summary of the state of
the art of the AFC at that time. Current densities of 100 mA/cm2 are reported there.

The most recently published ZEVCO performance [4] indicates normal operation at 100 mA/cm2 range
at 0.67 V/cell. Operation at current densities between 200 and 400 mA/cm2 is discussed briefly, but no
voltage information is provided. Kordesch et al. [12] discuss system performance, but like De Geeter do
not provide a complete description of the operating parameters used in the system. Even so, current den-
sities of 250 mA/cm2 are reported. Similar performance is apparently achieved with Ag or a low cost
Spinel catalyst. Weight and volume information is provided for the original Kordesch Austin fuel cell
vehicle [10], but these data are now over 30 years old. Zevco’s more recent designs easily supersede the
original Kordesch system. Summary results with an Elenco stack are reported in Vegas et al. [14]. The
reported data indicate very low current densities of only 50 mA/cm2.

The systems discussed in the preceding paragraph are based on unipolar cell construction. Performance
of a bipolar plate AFC are reported in Tomantschger et al. [30] where current density similar to De Geeter
is presented, i.e. 100 mA/cm2 at 0.85 V running on air. The cell voltage increased to 0.9 V when pure oxy-
gen was used.

Performance of an AFC using a solid ionomer alkaline membrane is reported in Swette et al. [31]. The
system was operated at 44 psi gas pressures at 40°C, which is a unique operating point. Using a
Platinum–Irridium catalyst produced the best results, but still only 100 mA/cm2 was produced at 800 mV.
The solid ionomer alkaline membrane is intriguing because it suggests one possible path for developing
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Table 1. Summary of space application AFC performance

Operating point
Power Pressure Temperature

mV mA/cm2 (W/cm2) (psig) (°C) Source

950 140 0.133 29 98 [26]
950 220 0.209 58 98 [26]
950 310 0.2945 116 98 [26]
950 150 0.1425 58 65 [26]
950 280 0.266 58 96 [26]
950 440 0.418 58 130 [26]
600 3200 1.92 58 98 [26]
600 4200 2.52 58 121 [26]
800 6730 5.384 299 149 [27]
740 1000 0.74 29 80 [28]
900 320 0.288 29 80 [28]
900 1000 0.9 60 80 [28]
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AFC systems combining the desirable properties of a solid electrolyte with the fast anode reaction kinet-
ics of an alkaline cell. Unfortunately, no further developments achieved with this technology have been
published, leading us to conclude that the work has been discontinued.

An AFC stack developed specifically for operation with Biomass produced hydrogen is reported by
Kiros et al. [32]. Both H2–air and H2–O2 performance were reported, but the operating data were incom-
plete with no gas pressure information being provided. Performance of two generations of the design indi-
cates 88/125 and 157/186 mA/cm2 for air and O2, respectively. Given the range of these performance values,
we assume that atmospheric pressures are used.

Taken together, the atmospheric AFC performance results reported in the literature suggest that power
densities between 100 and 200 mA/cm2 have been achieved for several decades. The performance results
are summarized in Table 2.

3.1.3. Performance of components

There have been numerous publications describing the performance of specific components of AFC sys-
tems, notably electrodes, where the object of the research has been to develop some incremental improve-
ment over the state of the art. The results reported for such investigations tend to consist of half-cell
reactions reporting current densities at different cell overpotentials with respect to a mercury or silver ref-
erence electrode. Generally these investigations do not provide useful performance data, but rather indi-
cate the extent of work being undertaken to refine and optimize the performance of AFC systems.

3.1.3.1. Three-dimensional electrodes
Several reports have presented the idea of using a fluidized bed electrode structure in which a bed of elec-
trode particles mixed with liquid electrolyte is subject to reactant gas flow through the bed. The fluidized
bed is thus formed from the electrode particle, electrolyte, gas mix. A coarse membrane separates the
anode and cathode reactions and electrodes are inserted into the fluidized beds to gather current.

A co-axial cylindrical single cell described in Nakagawa et al. [33] produced �1 A at 0.8 V. The volume
of this single cell was not reported. In Matsuno et al. [34,35] the design and performance of an 

124 Fuel Cells Compendium 

Table 2. Summary of terrestrial application AFC performance

Current Point 2 Power at 
density 0.7 V Power at Point 2 Pressure (psig) Temperature
(mA/cm2) 0.7 V (W/cm2) mV MA/cm2 (W/cm2) and gases (°C) Source

290 0.203 800 260 0.208 atm H2–air 75 [12]
450 0.315 800 280 0.224 atm H2–air 75 [12]
N/A N/A 670 100 0.067 atm [4]
90 0.063 800 35 0.028 44 H2–air 40 [31]
108 0.076 800 102 0.082 44 H2–air 40 [31]
115 0.081 570 225 0.128 atm H2–air 40 [32]
125 0.088 700 125 0.88 atm H2–O2 40 [32]
88 0.062 700 88 0.062 atm H2–air 40 [32]
N/A N/A 750 106 0.140 atm H2–O2 40 [32]
157 0.110 700 157 0.110 atm H2–air 40 [32]
N/A N/A 850 100 0.085 atm H2–air 65 [30]
N/A N/A 900 100 0.090 atm H2–O2 65 [30]
87 0.061 670 100 0.067 atm H2–air 70 [2]
40 0.028 N/A N/A N/A atm H2–air 60 [14]
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alternative structure for fluidized-bed electrodes is described. Operation of an AFC using a flooded gas
diffusion electrode is reported in Holeschovsky et al. [36]. Only half-cell results were reported here, with
the promise of a forthcoming article describing the performance of a practical system based on this idea.
No such paper has been found.

Most conventional AFC designs devise methods to contain the liquid electrolyte, creating a system with
operational features resembling those of solid membrane cells. By contrast, this approach uses the fluid
properties of the electrolyte to eliminate the need for construction of gas diffusion electrodes completely.
Although performance is still correlated to the surface area of the triple interface, this area is now con-
tained within the volume of the fluidized bed. There is thus potential for very high power densities in a
very low cost package. We are also tempted to speculate that issues surrounding electrode poisoning due
to formation of carbonates may be far less serious in this design due to the elimination of the porous gas
diffusion electrode.

The fluidized bed approach to AFC design represents a completely new direction for fuel cell technol-
ogy development that is a direct consequence of the liquid electrolyte utilized in AFCs. Although the pre-
liminary results we have seen with fluidized-bed AFCs are not impressive, this technology is worth
watching.

3.1.3.2. Electrode materials
Research continues in the development of electrode materials to improve alkaline cell performance.
Baseline performance of Ni electrodes is described in Al-Saleh et al. [37,38] which is then improved upon
through the impregnation of copper into the Ni electrode [39] with the improvement being attributed to
reduced contact resistance due to the copper. Introduction of Sn into a Ni cathode is shown to reduce H
overpotential [40]. Performance of Ag catalyst is compared to Pl in Lee et al. [41] with the conclusion that
the two perform equivalently producing up to 200 mA/cm2 at 0.8 V. Electrodes based on Raney Silver are
reported in Gultekin et al. [42] but with no useful power or current density information reported.
Commercial electrodes are reported to provide similar current densities [43]. These reports show the
steady performance improvement in electrode performance but do not introduce any radically new insights
or technologies.

3.1.3.3. Electrode fabrication methods
The manner of production of electrodes for AFCs has significant impact on the performance of the over-
all cell. In general, the electrodes are manufactured by a method of wet fabrication followed by sintering
or by a method of dry fabrication through rolling and pressing components into the electrode structure. In
all cases the resulting electrode consists of a hydrophobic catalyzed layer on top of a gas porous conduc-
tive layer which is in turn bonded to a porous backing material that is usually metallic. The best results
appear to be achieved when the electrode structure is built up from several layers and most of the current
literature describes two-layer fabrication techniques.

A good overall description of the alternative methods of electrode fabrication is provided in Kivisaari 
et al. [5]. In seeking an optimal air electrode structure some 30 or so different electrodes were developed
and tested. The best results showed half-cell results with current densities of 500 mA/cm2 and no tendency
to reaching current limits.

The effect of platinum loading on a multi-layer rolled electrode is reported in Han et al. [44]. 125 mA/cm2

is reported with 0.3 mg/cm2 of platinum catalyst. The current density increases to 225 mA/cm2 when the
platinum loading was increased to 2.0 mg/cm2.

Alternatives to the basic fabrication techniques have been reported, but the results do not seem to sug-
gest any great improvements in performance. Composite electrodes with carbon fibers pressed into a metal
backing are reported in Ahn [45]. Use of an oxygen plasma treatment to increase the surface area of car-
bon black on a metallic substrate is reported in Li and Horita [46]. No clear performance improvement 
is reported in either case. A filtration method combining the best features of wet and dry fabrication is 
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presented in Sleem et al. [47] with performance roughly equivalent to other AFCs (current densities
approximately 180 mA/cm2).

The volumetric and gravimetric power density of the ZEVCO module is reported to be on the order of
0.09 kW/kg and 0.06 kW/l, respectively [3]. It is conceivable that these densities could be doubled if cur-
rent densities can be increased. However, there do not appear to be any huge breakthroughs on the horizon
(either at ZEVCO or elsewhere) that would vastly improve the power density of the systems. The most
promising area, perhaps, is in the fluidized-bed electrode structures. This research, however, is a long way
from producing commercial products.

3.1.4. Comparison to PEM

Typical PEM fuel cell performance describes a system in which current densities are greater than 1 A/cm2

at 0.6 V or higher, volumetric densities exceed 1 kW/l and gravimetric densities exceed 1 kW/kg. However,
caution must be used when applying these rough numbers as a measure of fuel cell system performance.

There is no doubt that PEMFC technology is now producing power densities well in excess of the per-
formance reported for ambient AFC technology. However, the PEM systems are typically pressurized to
at least 30 psig. In pressurized AFC systems similar or even higher power densities were reported many
years ago. Rather than optimizing these high power technologies and driving price down through volume
manufacturing the AFC community has evolved toward lower power ambient air systems. Therefore PEM
and AFC systems are fundamentally different.

Published results for ambient air operated PEM systems suggest performance that is on the same order
of magnitude as ambient air alkaline systems. Kordesch and Simader [48] provide comparative informa-
tion between ambient air and pressurized operation of an undisclosed PEM FC using a Dow membrane.
Sugawara et al. [49] provide polarization information for a 40 cell ambient air PEM system and Koschany
[50] presents polarization information for a small air-breathing cell designed to power cellular phones.
The current density achieved at 0.7 and 0.6 V for each case is presented in Table 3. Note that these data are
gathered from available literature and do not necessarily reflect state of the art performance of ambient air
PEM systems.

Comparing the results presented in Table 2 and Table 3, it is apparent that available alkaline and PEM
technologies achieve roughly equivalent current densities when operated on ambient air oxidant streams.
This means that in applications where ambient air alkaline technology is proposed (as in Zevco’s planned
hybrid vehicle system) there is no reason to think that the alkaline technology will be easily displaced by
a better, more efficient PEM system.

3.2. Poisoning and contamination issues

AFCs, like all fuel cells, have limits to the amount of impurities they can tolerate in their feed gas streams.
The “poisoning” of the fuel cell by impurities can be caused by any number of different gases. In 
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Table 3. Summary of ambient air PEMFC performance

Current density Power at Current density Power at 
0.7 V (mA/cm2) 0.7 V (W/cm2) 0.6 V (mA/cm2) 0.6 V (W/cm2) Source

200 0.140 425 0.255 [50]
250 0.175 500 0.300 [48]
125 0.088 450 0.270 [49]
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published reports, carbon dioxide contained in the oxidant stream has received the most attention, since it
is perceived as the only major issue preventing the commercialization of terrestrial AFCs running with air.
No information on other impurities in the oxidant stream has been mentioned. The effect of carbon diox-
ide, as well as carbon monoxide and oxygen, on the anode side of an AFC has also been studied.

3.2.1. Effect of carbon dioxide on the cathode

The common perception of the AFC is that they cannot operate if there is any carbon dioxide in the cath-
ode feed gas streams. Since terrestrial application AFCs will in all likelihood operate on ambient air, this
is a significant issue.

It is suspected [37,38,48] that the poisoning reaction involves the alkaline electrolyte directly by the fol-
lowing reaction(s):

CO2 � 2OH� → CO3
2� � H2O

and/or

CO2 � 2KOH → K2CO3 � H2O.

This has the effect of reducing the number of hydroxyl ions available and therefore reducing the ionic con-
ductivity of the electrolyte solution. It may also have the effect of blocking the pores in the electrodes. The
carbonate “may precipitate and block the micro pores of the Raney catalyst or may stay as a liquid and
reduce the ionic conductivity of the electrolyte” [37 and 38]. Kordesch states that the carbon dioxide
reduces electrode “breathing” [9]. As well as these bulk effects, the effect on water management due to a
change in vapor pressure and/or a change in electrolyte volume can be detrimental [51].

A number of papers present a point blank dismissal of this problem, as illustrated by the following
quote: “it is often reported that the AFC … must be fed with pure oxygen because it is poisoned by CO2

in the atmosphere … None of these myths can be substantiated” [4,15]. However, these papers present no
data to substantiate their claim.

Al-Saleh et al. [37] showed that concentrations of up to 1% CO2 in the oxidant stream of Ag/PTFE elec-
trode at 72°C did not significantly affect the cell performance over a period of 200 h. However, at 25°C the
CO2 did adversely affect the performance. It is thought that the solubility of K2CO3 is lower at 25°C and
therefore precipitates out and blocks the electrode pores. Al-Saleh et al. verified the presence of precipi-
tated K2CO3 in the electrodes for the 25°C run using X-ray diffraction, thereby proving that the electrodes
were directly affected in this experiment.

The presence of K2CO3 in the electrolyte by itself does not appear to produce any degradation in per-
formance over the course of a 48 h period. Al-Saleh et al. showed this by mixing K2CO3 into the elec-
trolyte and observing the current supplied at a specific over potential for 48 hours. In this test, the K2CO3

did not penetrate the pores of the electrodes or degrade the performance.
Appleby and Foulkes [51] discuss the fact that improved electrode formulations and structures can give

dramatically varied results. Gulzow [21], in investigations with DLR, developed this concept and found
that the effect of CO2 on the electrodes was minimal if the electrodes were properly constructed. Gulzow
used silver electrodes, which do not show the same fine pore structure as the standard Raney-nickel elec-
trodes used in most AFC systems. This ensured that the carbonates did not block the pore structure and
allowed the cells to work much more effectively. Gulzow found a 17 �V/h degradation for all cases, with
and without carbon dioxide in the feed gas streams.

Gulzow [21] also discussed the changing of the electrolyte every 800 h. This ensured that the carbon-
ates did not precipitate out of the electrolyte solution and damage the electrodes while also maintaining
the electrolyte concentrations. In another paper, Gulzow [66] discusses the addition of water to the elec-
trolyte to maintain the hydroxyl ion concentration.
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Van den Broek et al. [16] states that “feeding a module over 6000 operating hours with CO2-free air and
with air containing 50 ppm CO2, respectively, did not show any difference in performance or endurance”.
This may imply that the poisoning mechanism is not entirely CO2 based and that other effects may be tak-
ing place. This is supported by Kinoshita [52] who discusses other effects including the oxidation of the
carbon electrode to produce carbon dioxide and, consequently, carbonates. Kinoshita suggests that a
highly active catalyst, although allowing for higher potentials, will cause a more rapid oxidation of the car-
bon electrodes.

Michael [2] reported that at 670 mV with 50 ppm CO2 in the air stream over 6000 h the power output
was reduced from 70 to 50 mW/cm2 (approximately a 30% reduction) for a 500 W stack. The paper stated
that this was a non-continuous test but did not provide information on electrolyte replenishment or
replacement.

A test with intermittent operation was also performed by Zevco [3]. They found that the decrease in per-
formance over time was greater with intermittent operation than with continuous operation. However, the
draining of the electrolyte when the cells were shutdown seemed to prevent a large part of this deteriora-
tion. This seems to imply corrosion of the electrode materials by the electrolyte and not necessarily a CO2

poisoning effect. Kordesch [9] has also discussed this effect and discusses that the cells do not seem to
degrade at all if draining and purging are employed.

3.2.2. Carbon dioxide strategies for the cathode

From the above discussion, it is evident that there is a carbon dioxide poisoning issue. A number of papers
mention methods for dealing with this problem.

Kordesch and Simader [48] mention that the “Removal of the 0.03% carbon dioxide from the air can be
accomplished by chemical absorption in a tower filled with, e.g., soda lime”. One kilogram of soda lime
has the ability to clean 1000 m3 of air from 0.03 to 0.001% CO2 [51]. Zevco, who use soda lime, typically
use 1 kg of limestone per 8 kWh of operation in present testing [3]. However, this corresponds to only 7%
of the limestone being reacted and Zevco believes that efficiencies up to 80% may be achievable by proper
selection of column conditions and grain size [2]. If this efficiency is achieved, over 90 kWh of cleaned air
could be produced from 1 kg of limestone. The numbers given by Appleby and Foulkes [51] indicate
135–250 kWh/kg of limestone at 20–30% oxygen utilization.

Regenerable absorbers using molecular sieves can easily achieve the reduction of atmospheric carbon
dioxide to acceptable levels [51]. The requirement for dry air for these processes, since water is preferen-
tially absorbed, and the cost of regeneration of these systems increases both their capital and operating
costs. However, they can be used for both reformed gases on the anode side and for air on the cathode side.

The concept of electrochemical removal of the carbonates from the electrolyte is very interesting. By
drawing a large current out of an AFC, the concentration of hydroxyl ions is reduced at the anode. At the
same time, the carbonate ions migrate toward the anode. An acidic solution at the anode is produced with
hydrogen carbonate being the major component. When the current density is increased further, a number
of cascading effects occur with the end result being the electrolyzing of the carbonates out of the solution
at the anode by the following reaction [51]:

H2CO3 → H2O � CO2.

With a regeneration period where the cells are run at a higher current density performed at 7000 and
15 000 h, the lifetime of a cell was doubled to 20 000 h [51]. No reference is given to substantiate this
claim. Pratt and Whitney developed a system, which incorporated special regeneration cells into a regular
fuel cell stack, regenerating the electrolyte continuously for the stack running on air. They found that the
loss of efficiency was less than 1% from the incorporation of these cells and that the cells could run with
3000–4000 ppm carbon dioxide without a serious effect [51].
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One alternate strategy for CO2 management involves the synergistic possibility of using liquid hydro-
gen to condense the carbon dioxide out of the air. Ahuja and Green [53 and 54] discuss this at length and
develop a model for the heat exchanger required for this. Liquid hydrogen is a strong fuel candidate for
fuel cells, especially in Germany, where there is a large amount of research being performed, and in situ-
ations where there are captive fleets of vehicles. This system would enable the recovery of the energy of
cold, which is around 30% of the total energy available from liquid hydrogen.

There are two technologies that alleviate carbon dioxide poisoning. Fyke [55] discusses the possibility
of a solid ionomer alkaline membrane that would enable a cell to run without the possibility of carbon
dioxide poisoning, as there would be no free potassium cations to which the carbonate anions could attach.
This is an intriguing concept but no progress in solid ionomer alkaline membranes has been reported since
Swette et al. [31] discussed this possibility for regenerative fuel cells.

There are a number of possibilities involving the modification of the fuel cell operating parameters.
Operating the electrodes at higher temperatures would increase the solubility of the K2CO3 in the elec-
trolyte and prevent it from precipitating out [52]. The circulating of the electrolyte improves the AFC toler-
ance to carbon dioxide significantly [12]. In general, modification of the operating conditions can prolong
electrode life, but it is clear that the life expectancy of air cathodes is lower when CO2 is present in the fuel
cell [52].

3.2.3. Effect of impurities on the anode

Published information discusses the effect of carbon dioxide, carbon monoxide (CO) and oxygen on the
anode. Al-Saleh et al. [37] tested the effect of CO2 in the anode gas stream. They found that, although the
presence of the CO2 adversely affected the performance, the effect was entirely reversible under all exper-
imental conditions. No details were given regarding the process used to determine the reversibility, but it
seems that the cell was tested with and without CO2 a number of times in a cyclic manner. At 40 mA/cm2

they found a 75 mV polarization effect between 0 and 4% CO2 in the hydrogen stream.
The effect of CO in the anode gases of an AFC is, intriguingly enough, often reversible. At temperatures

above 72°C, this effect was completely reversible and below this temperature it was at least partially
reversible [56]. This effect was also found to be a specific polarization loss and did not seem to cause a
continual loss over time.

Kiros [57] found that both CO and O in the anode gases significantly affected the polarization of an
AFC at 55°C in 6 M KOH due to a change in the surface properties of the electrode. No information on the
reversibility of the effect was given in the conference abstract.

3.2.4. Strategies for the anode

The use of reformed fuels as the anode gases for AFCs has mostly been discounted. Kordesch suggests
that the removal of the CO2 from the feed gases would be very expensive and impractical, particularly for
small systems [10,11]. It is therefore usually assumed that high-purity hydrogen, either liquefied or com-
pressed, will be used with AFC systems. Michael [2] also mentions this and states that the successful
development of economic palladium membranes or molecular sieves might allow the AFC to use reformed
hydrocarbon fuels.

3.2.5. Summary of contamination effects

CO2 in the oxidant stream has a distinct effect on the performance of AFC systems even though questions
remain about the exact cause. There is strong evidence that a large amount of this poisoning is reversible
and that effective electrolyte management will mitigate a large part of the problem. This could be done in
a similar manner as an oil change is performed on vehicles today.
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The only method currently employed to alleviate the oxidant side carbon dioxide poisoning is CO2

scrubbing using soda lime. Technically, this system works, but is not a strong option for commercial sys-
tems. This suggests that significant benefits could be obtained from the use of other scrubbing techniques.

3.3. System issues

The majority of published descriptions of AFC systems are based on the early work of Kordesch, followed
by descriptions of Elenco [16 and 58] and then ZEVCO [4,12–14,30] systems. Complete lab scale systems
are described in Khalidi et al. [59] and Ergul [60]. These do not provide descriptions of practical fuel cell
stacks, but do provide alternative descriptions of means of electrolyte circulation, heat and water management.
Some discussion of stationary systems is provided in Kiros et al. [32] and Lindstrom [61], however, no spe-
cific information concerning system configuration or operating conditions is provided. Consideration of
systems issues must therefore be considered on the basis of the published ZEVCO experience alone.

The alkaline system requires the control of three fluid loops including the reactant fuel and oxidant and
the recirculating electrolyte. The fuel and oxidant loops are operated at marginally higher than ambient
pressures and are thus very simple. The fuel loop contains a simple water knockout and re-injection into
the input stream via a venturi pump. The air loop contains no recirculation. No details of the connection
of the air loop to air scrubbing apparatus are provided in any of the published reports. This connection is,
however, quite important for successful system operation.

Although no specific systems descriptions of entrapped electrolyte AFCs are provided, they have been
discussed by Kordesch and Simader [48]. Entrapment of the electrolyte by suspension in an asbestos
matrix forces the system design to rely on fuel or oxidant flow to pick up product water and heat. This sig-
nificantly complicates the design of these gas flow loops, forcing similar considerations as are applied in
the design of PEM systems. Cell cooling via the air loop would result in the flow of large amounts of
scrubbed air through the cell, a practice that would be wasteful of the soda lime scrubbing in conventional
alkaline cell operation. Availability of low cost or more effective means of purifying the air stream in an
alkaline cell may therefore improve the feasibility of this different mode of operation.

There is no discussion of sealing in any of the published reports. This is not unusual as the problem of
sealing is seldom discussed in open literature for any type of fuel cell (but is nonetheless a critical com-
ponent for successful operation). The dominant design continues to be based on edge-collected cells
assembled in “modules” that have a stacked arrangement (cathode–anode–cathode). This is strange, as we
would have expected a bipolar stacking arrangement to replace this edge-collected structure by now. A
bipolar stacking arrangement is called for by Kordesch and Simader [48] and was developed by
Tomantschger et al. [30]. Gas manifolding, electrolyte recirculation and current collection all require dif-
ferent approaches in the bipolar stack arrangement and effective sealing technology is key to the success.
Since Tomantschger et al. published their paper; there has been no other reported progress on bipolar AFC
technology. We remain curious about the demise of the bipolar alkaline stack.

3.3.1. Electrolyte circulation

The liquid electrolyte is circulated, allowing the possibility of removing product water and heat from the
cell and also allowing the possibility of removing carbonates from the electrolyte to maintain cell per-
formance. The circulation of the electrolyte within the alkaline cell is analogous to the circulation of cool-
ing within PEM cells with roughly equivalent complexity for both. The major difference between the two
is that the alkaline cell must deal with a highly caustic electrolyte, requiring more care than the simple
deionized water used in PEM technology.

Given the opportunity to develop alkaline cell electrodes that will not clog with precipitated carbonates,
the circulation may provide an opportunity to clean or replace the electrolyte much as engine oil is
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replaced in conventional internal combustion engines. None of the reports discusses this as a normal oper-
ating strategy, however.

Kordesch and Simader [48] point out that the circulation of the electrolyte can introduce parasitic cur-
rent loops within the stack but they do not indicate any serious negative effects, which may result from
these. Tomantschger et al. [30] include an explicit electrolyte heating loop in his designs, suggesting the
use of the electrolyte to bring the cell up to operating temperature for low temperature startup.

3.3.2. Salvage

There are no published reports comparing the lifecycle environmental impact of AFCs with PEMFCs or
internal combustion engines. We would expect the alkaline cell to fare well in such a comparison due to the
material composition of the cell. The alkaline cell can be manufactured without the use of a noble metal cat-
alyst that while contributing directly to lower short-term costs also has environmental benefits [62].

The simplicity of the electrolyte used in the alkaline cells provides a distinct advantage compared to
PEM. There are no major supply security issues associated with AFCs, and while familiar proton
exchange membrane manufacturers presently make their products widely available it is possible that large
market players or government regulations could limit the distribution of these materials in future. Further,
the disposal of current PEM membranes presents an environmental hazard due to the reliance on fluoropoly-
mers, which are not recyclable [63]. These considerations are important for the environmentally sensitive
European market or for global markets in developing countries where material supply security is a major
concern.

3.4. Lifetime and duty cycle information

A number of long-term tests have been performed with AFC systems and cells. Most of these long-term
tests were performed in an attempt to gain an understanding of carbon dioxide poisoning with few test
reporting the result of operation to ultimate failure. Nonetheless it is possible to obtain a good sense of
AFC life from the published reports. As with other technical aspects of AFC systems, the literature divides
naturally into two groups consisting of reported performance for the Kordesch/Elenco/ZEVCO technol-
ogy, which tends to provide the most complete system performance information, and reports from other
research groups which tends to be more oriented toward single cell and component testing. Results
reported from these two groups will be discussed separately.

3.4.1. Zevco long-term tests

The earliest mention found for a long-term test with a Zevco (or Elenco, as it was then called) stack stated
that the degradation of the stacks over the course of 5000 operating hours was 12–14 mV/1000 h [16]. 
De Geeter et al. [4] re-iterate this 5000 h figure as the minimum operational life of a standard Zevco mod-
ule. Operational parameters are missing from these reports, except the statement that some of the modules
tested were operated at full power.

Vegas et al. [14] tested an Elenco module over the course of 1000 operational hours with a varied and
largely unstructured operating duty cycle over the duration of the test. Highlights of this test include over
100 startup and shutdown procedures, repeated continuous operation for more than 100 h at a time and at
least one 6 month period where the system was not operated at all. The results they obtained show that per-
formance of the module degraded significantly throughout the duration of the test. Even so, the system
remained operational and reasonably functional after 1000 h of operation.

The information presented above is supported by Michael [2] who states that a 50–70 mW/cm2 power
reduction (nearly 30%) is found for the 6000 h test of a 500 W stack. This paper stated that the test was
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non-continuous but did not give any information on electrolyte replenishment or replacement. The tests
were performed at the standard operating conditions for the Zevco modules of 100 mA/cm2.

Zevco’s standard for determining if their cells are operating appropriately consists of measuring the
degradation after 3000 h of operation. The cells are considered to be working effectively if the drop over
these 3000 h of operation is less than 10% [3].

3.4.2. Other long-term tests

A number of other long-term tests on half cells and space system fuel cells have been reported as well as
some data on the performance of other fuel cell systems.

Tomantschger et al. [30] performed electrode tests under continuous operation for over 3500 h. These
tests, which were performed at 100 mA/cm2, 65°C with 12 N KOH, showed a significant decrease in the
hydrogen electrode voltage of 50–100 mV over the course of 3000 h. The oxidant electrode, which was
operated on air, showed a slightly lowered potential from 1500–3000 h but this drop was reversed after
3000 h. No further discussion is given regarding this effect.

Tomantschger et al. [64] also reported on 1000 h tests at 100 mA/cm2 with varied temperature. From
these results, they determined that the internal resistance of the cell increased with time and a change to
silver electrodes from the nickel that was originally used gave significantly improved performance. The
magnitude of the improvement was not quantified.

Strasser [58] tested four Siemens BZA4 modules and found that each module showed a similar per-
formance drop over the course of the test. A drop of approximately 50 mV was observed over the course
of this 700 h test performed at 80°C with pure hydrogen and oxygen at 2.3 and 2.1 bar, respectively. Tests
of several thousand hours are briefly mentioned but no details are provided.

Lamminen et al. [65] developed electrodes that were constructed with different catalysts. At 100 mA/cm2

they ran one sample intermittently for 424 h while another sample was tested for over 600 h. They found
that the performance degradation was as great or greater when no power was drawn from the cell.

Kordesch, who learned from his early Austin A40 experiment that draining the electrolyte from the 
cells when the system was not operational greatly enhanced the lifetime, has made this observation 
repeatedly.

Gulzow et al. [66] found that they could run a cell for 1000 h at 100 mA/cm2 with a 17 �V/h degrada-
tion of cell voltage with or without CO2 in the air stream. Al-Saleh et al. [37,38] performed an excellent
200 h test of an AFC system in relation to carbon dioxide performance, which was discussed in Section
3.2.1.

Kordesch and Simader [48] and Khalidi et al. [59] both refer to a 15 000 �h lifetime for AFCs. Kordesch
gives no information regarding the source of this figure while Khalidi et al. mention that this is for small
installations of the Orbiter fuel cell with no other information. Kordesch et al. [13] quote a figure of 4000 h
from JPL with no other data given.

Kiros et al. [32] showed the performance of an anode electrode over the course of 110 000 h. At
100 mA/cm2 they found a decay rate of 3–4 �V/h. They do mention changing their electrolyte at regular
intervals to avoid carbonate buildup, which could change the performance characteristics of the test.

3.4.3. Summary of AFC lifetimes

The lifetime of an AFC can, in general, be well over 5000 h for inexpensive terrestrial AFCs and has been
shown to be significantly over 10 000 h for space application AFCs. It would not be unreasonable to
assume, given a significant development effort that the lifetime of AFC cells could be well over 15 000 h.
Table 4 summarizes the different operational lifetime figures discussed above.

The only discussion of operating duty cycles and procedures for alkaline cells is provided by Kordesch
[9] in the context of the Austin A40 fuel-cell-powered car. The electrolyte was drained nightly and a 
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nitrogen purge was used to neutralize the cells during the shutdown and into inactive operation. Despite
these operational issues, Kordesch claims that the system could be returned to operational condition
within a few minutes.

4. COST ANALYSIS

AFC technology, evaluated from a purely technical perspective, has the potential to compete with other
low temperature fuel cell technologies. Although the alkaline technology has been largely neglected in the
last 10 years, mostly due to the apparent CO2 poisoning issue, the foregoing section has shown that there
are no obvious technical reasons to discount its potential for useful applications. This general conclusion
raises the questions of relative costs between AFC technology and its competitors in order to better under-
stand the potential economic competitiveness of the AFC technology.

In this section, we present a review of the cost information available for AFC technology and where
possible compare these cost estimates to equivalent PEM costs. The reader is cautioned that while the cost
comparisons included in this section are based on the best available information at the time of writing, we
have been faced with extrapolating costs in some cases, estimating costs in others and comparing cost
information provided for different purposes. For example, most of the AFC cost information presented is
based on ZEVCO provided data from recent conference publications. Such data, though likely optimistic,
is nonetheless rooted in a hard estimate of short-term costs and must be believable by investors with a 3–5
year time horizon for return on investment. Similar cost estimates for PEM systems are not available due
to their proprietary nature. The PEM cost estimates we show are derived from sources, which apply stan-
dard industrial forecasting methods assuming full-scale automotive production, is achieved [67] as a
means of forecasting long-term trends in technology development. As a result we tend to be more confi-
dant in the accuracy of the alkaline cost data than in the potentially over-optimistic PEM cost projections.

Beyond costs of components and stacks, overall fuel cell power plant costs must be considered. The
overall cost of a 50 kW FC power plant is estimated at US$ 2103 [67]. This is the ultimate cost against
which any engine replacement system will have to compete. The ZEVCO strategy is to develop a hybrid
fuel cell/battery system for vehicle applications. This goal may be achieved using an AFC, an ambient air
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Table 4. Summary of reported AFC lifetimes

Date Hours Current density (mA/cm2) System information Source

1986 3500 100 Electrodes [30]
1987 5000 100 Elenco module [16]
1990 �2000 Unknown Siemens BZA4 [58]
1991 424 & 600 100 Electrode tests [65]
1994 3500 100 Electrode tests [66]
1995 200 160 mV Overpotential Electrode tests [37,38]
1996 15 000 Unknown Not stated [48]
1996 15 000 Unknown Orbiter fuel cell [59]
1998 1000 Varied Elenco module [14]
1999 �5000 100 Zevco module [4]
1999 4000 Unknown From JPL [13]
1999 11 000 100 Anode electrode [32]
2000 6000 100 Zevco module [2]
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PEMFC or a compressed air PEMFC. In the following analysis, we will derive production volume cost
estimates for these three options and compare them to the overall fuel cell engine costs.

4.1. Gross costs and commercial estimates

There is general agreement in the literature that AFC costs are lower or at least equivalent to other fuel cell
technologies, both in terms of material and production costs. Citing calculations of the costs of fuel cell
systems by DLR (Germany), ZSW (Germany), Hoechst (Germany) and the Royal Institute of Technology
(Sweden), Gulzow [21] states: “All calculations show that the stack costs are similar to all other low tem-
perature systems [and] the production cost for the AFC systems seem to be the lowest”. Their estimates
give a conservative price of US$ 400–500/kW using 1996 technologies and knowledge in large-scale pro-
duction. They also mention a 5–10 times higher production cost for small-scale production.

Other projected general estimates for AFC material or stack costs range from US$ 80/kW to US$
265/kW (figures adjusted to US$ 2000 [18,30,13].

Although lacking any hard numerical figures, a recent report from ETSU (UK) makes some interesting
remarks regarding the cost of AFCs [2]. One underlines the fact that “current AFC stack designs have a
modest performance compared with [PEMFC], but the AFC stack is relatively cheap even at low manu-
facturing volumes”. The author then emphasizes a key difference at this point between PEMFC and AFC
system: “Whilst high manufacturing volumes will be essential for [PEMFCs] to beat the target costs for
cars, the AFC could become competitive as a battery charger for electric vehicles”. Regarding the battery-
charger approach taken by Zevco to commercialize its AFC systems, he states: “There seems to be no evi-
dence to suggest that the AFC could not be manufactured in small volumes at prices necessary to be
competitive as a battery range extender…”.

The cost of commercially available low-power AFCs and PEMFCs is shown in Table 5. Although not
representative of higher power fuel cell costs and based on a very small sample, these figures seem to sup-
port the cost advantage of AFCs over PEMFCs (2–4 times cheaper in this case).

4.2. Materials and manufacturing

Stack cost has a large influence upon the system cost of any fuel cell system. As such, a detailed break-
down of the stack materials and manufacturing costs is needed to determine the competitive position of
alkaline and PEMFC technologies. This section first presents an overview of the different material com-
ponents of both AFC and PEM stacks and then compiles the available cost estimates to provide the basis
for the remainder of the analysis.

4.2.1. AFC stack materials

Table 6 lists the materials currently used in the various AFC cells and systems discussed in the literature.
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Table 5. Summary of low power ambient air fuel cell prices [71–73]

Company (fuel cell product) Nominal power Type of fuel cell Price (US$)

Astris (LC200-16) 240 W AFC 2400
H-Power (PowerPEM-PS250) 250 W PEMFC 5700
DAIS-Analytic (DAC-200) 200 W PEMFC 8500
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Potential improvements in the AFC stack materials include the reduction of the catalyst loadings, as
well as development of cobalt oxide-based catalysts and replacement of the nickel mesh current collectors
with a cheaper metal mesh [3].

4.2.2. PEMFC stack materials

Table 7 gives a summary of PEMFC stack materials and manufacturing processes.
A number of potential improvements are foreseen for both manufacturing and materials in PEMFC

stacks. These include the reduction of the catalyst loading down to 0.04 mg/cm2 through improved depo-
sition techniques, different nanostructure catalyst supports, the use of carbon composite materials and
stamped metal sheets for the flow field plates and the reduction of the MEA thickness [68].
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Table 6. Materials and manufacturing processes for AFC stacks [4,5,21]

Component Materials Manufacturing processes

Electrodes 
Anode PTFE powder graphite powder Mechanical process involving grinding, 

catalyst: (Pt or Pd 0.12– dispersion, filtering, rolling and drying
0.5 mg/cm2) Ni–Al, Ag

Cathode PTFE powder graphite powder Mechanical process involving grinding, 
catalyst: Pt dispersion, filtering, rolling and drying

White layer (for both anode PTFE powder Pre-forming and rolling
and cathode)

Module current collectors Nickel mesh Pressed to black and white layers (as above)

Plastic frames ABS plastic Injection molding and manual assembly with 
electrodes

Spacers Unknown
Stack assembly Plastic frames are friction-welded to module 

casing for sealing

Table 7. Materials and manufacturing processes for PEMFC stacks [6,51]

Component Materials Manufacturing processes

MEA Membrane Polymer matrix with attached Complex chemical process
sulfonic acid groups e.g., 
Nafion, BAM 3G, etc.

Electrode Substate Carbon Paper, PTFE Attached to membrane through hot pressing

Catalyst Pt (0.4–4 mg/cm2) Deposited between the electrode substrate 
and the membrane

Other stack components
Flow field plates (including Graphite, Stainless steel, Machined out of bulk material, stamped, 
cooling plates) carbon polymers, etc. injection molded

Non-repeating components Off the shelf components Simple machining
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4.2.3. AFC system costs

Table 8 lists the projected costs of a Zevco stack module. This table is based on the data provided by Zevco
in recent conferences and public presentations but has not been published in a citable reference.

No information on the assembly or manufacturing costs has been specifically stated for AFCs.
However, it is reasonable to assume that the manufacturing costs are included in the component costs. The
cost of final assembly, especially for larger volume manufacturing, is assumed to be minimal.

4.2.4. PEMFC stack costs

PEMFC stack costs have been reported in a number of papers and reports, with current stack cost estimates
ranging from $500/kW [69] to $5000/kW [70]. Optimistic cost projections for a 70 kW stack, for a 
typical automotive production volume of 50 000 units per year, produce a lower bound cost estimate of
$20/kW [67].

Table 9 summarizes the two extreme cost estimates available in the literature. The data of Ekdunge and
Raberg [70] are summarized in the second column and covers material costs only for small-scale labora-
tory production of a 75 kW unit using “conventional” materials. The data of James et al. [67], summarized
in column 3, are on the other hand an estimate that includes material, manufacturing and assembly costs
for large-scale production of 30–90 kW stacks using “advanced materials”.

Ekdunge assumed a catalyst loading of 16 g/kW, which corresponds to around 8 mg/cm2. With today’s
catalyst loadings, this could be decreased by nearly an order of magnitude, reducing the cost estimate by
around $200. Also, the cost of the flow field plates as stated by Ekdunge and Raberg [70] may currently
be significantly lower with the use of different materials.

4.3. Impact of production volume

Fuel cell technology presently has no established market and will thus inevitably go through several phases
of niche market penetration before widespread deployment of the technology occurs. This means that while
ultimate high volume production costs may favor a particular technological option there may be short-term
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Table 8. Costs of AFC stack components [8]a

Component Current (US$/kW) Projected (US$/kW)

Total stack costs 1750 205

aNote: Converted from ECU/kW to US$/kW on a 1:0.925 basis.

Table 9. Costs of PEMFC components [67,70]

1998 PEMFC 500 000 unit per year % (500 000 units 
Component materials (US$/kW) production (US$/kW) per year)

Membrane 120 0.40 2
Catalyst 243 8.20 41
Gas diffusion electrode 31 3.00 15
Flow field plates 825 6.00 30
(including cooling plates)
Non-repeating components 1 1.00 5
Assembly 1.40 7
Total 1220 20 100
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cost advantages for other technologies. In particular, we are interested to determine if AFCs possess any
inherent cost advantage in small volume production that is more indicative of early fuel cell markets.

No study presenting cost estimates of AFC stacks at very high volumes has been found. To estimate low
volume production costs we have used the lowest power density ZEVCO Mark II costs described in the
previous section. Conversely, our high volume cost estimate is derived on the highest performance pro-
jections provided by ZEVCO.

There are many sources providing high-volume mass production cost estimates of PEMFC systems. All
these results are within the US$ 20–50/kW range. Directed Technologies completed one particularly thor-
ough report for the Ford Motor Company [67]. Most cost estimates for PEMFC system components at high
volumes, used in the present analysis, are taken from this report. The Directed Technologies report provided
cost estimates for PEMFC systems in the 30–90 kW range. These cost estimates have been extrapolated to
estimate the costs in the 7 kW range, details of this extrapolation are included in Appendix A.

The estimated stack costs for both alkaline and PEMFC technology are compared to each other at dif-
ferent production volumes in Table 10. The high volume cost estimate for AFC was deduced by extra-
polating the data of DeGeeter [4] and Michael [2]. At low volumes anticipated in early markets the PEM
technology is between 3 and 9 times more costly than the alkaline technology. However, this trend reverses
at very high volume production rates. The lower costs are attributable to lower material costs and simple
manufacturing technologies. The PEM cost reductions are achieved through the anticipated gains that will
be made by exploiting economies of scale in manufacturing materials and stack components.

4.4. Extrapolation to ambient air PEM

The possibility of an ambient air PEMFC being used as a “battery range extender” constitutes a major
threat to low power density applications of AFC system technology. Therefore, we are interested in esti-
mating the cost of such a system. To produce this estimate, the Directed Technologies calculations for
PEMFC stack costs [67] have been extrapolated to an ambient air PEMFC.

Current ambient air PEMFC systems, as mentioned in Section 2.1.5, operate at roughly 200 mA/cm2

compared to compressed air PEMFCs that produce over 1 A/cm2. Therefore, for the same power output an
air breathing PEM stack will require at least 5 times the active area of a compressed air stack. While ambi-
ent air operation may imply a simpler stack design overall, the amount of membrane material and catalyst
required will be several times higher than for the compressed air counterpart.

Upper and lower bound cost estimates for ambient air PEM stacks can be constructed from this infor-
mation as shown in Table 11. The high cost estimate is formed by multiplying the high compressed stack
cost estimate by 5 to estimate a “worst case” scenario. The low cost, best-case estimate is formed by mul-
tiplying the low compressed stack costs for a 7 kW stack by 3.
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Table 10. Effect of production volumes on fuel cell costs

AFC stack (US$/kW) PEMFC stack (US$/kW) $ PEMFC ($ AFC)

Small batch fabrication 1750 2000–5000 1.2–2.9
[70,74]

Small-scale manufacturing 205 500–1500* 2.5–7
(100s, 1000s?) [69,75]

Improved AFC performance

High volume production (Unknown 155 20 [67] (50-kW unit) 0.13–0.4
volume for AFC) (500 000 units/yr 60 extrapolated from 
for PEMFC) [67] (7-kW unit)

* $1500/kW includes ancillaries.
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4.5. Balance of plant

Balance of plant components that need to be considered for AFCs include the air blower, CO2 scrubber,
electrolyte circulation and nitrogen purging. PEM balance of plant requirements differ because of the need
for air compression at significantly higher pressures than alkaline, humidification of reactant gases and
cooling systems. Cost estimates for PEM balance of plant have been previously published [67].

Although the overall control system required for operation an alkaline hybrid system should be signifi-
cantly less complex than for a PEMFC engine, this saving may be more than offset by cost of power elec-
tronics involved in managing the battery system. Furthermore, if an ambient air PEM system were used to
replace the alkaline system in vehicle applications the controller costs would be equivalent.

4.5.1. AFC peripherals

Most of the components used in the balance of plant of the AFC system are relatively standard equipment,
with the notable exception of the CO2-scrubber. Their aggregate cost does not seem to be a major obstacle
to AFC system commercialization.

4.5.1.1. Air blower
For a 5-kW system, Zevco uses a 350-W pump in the air circuit, but no optimization appears to have gone
into the selection of this component. De Geeter [4] suggests that reduction of blower power by a factor of
five is anticipated through easily achievable redesign of the airflow path.

4.5.1.2. CO2-scrubber
No cost data has been found for the soda lime scrubber proposed, but some numbers are available for the
required quantity and cost of soda lime. We anticipate that the cost of the soda lime will become the sig-
nificant component of CO2 scrubbing because the reactor vessel containing the soda lime is composed of
a passive container operating without any high pressures or temperatures. The cost of soda lime used over
the lifetime of the cell is provided in Section 4.6.1.

4.5.1.3. Electrolyte recirculation loop
The main components of the alkaline electrolyte loop are the heater, a 50-W electrolyte pump, a small heat
exchanger and a ventilator. The cost of this subsystem are assumed to be roughly equivalent to the cost of
the coolant loop in conventional PEM technology, which we estimate to be US$ 100 in mass production
[67]. Unlike PEM fuel cells, the electrolyte in AFCs requires maintenance and incurs an operational cost
over the lifetime of the cell. This is discussed in Section 3.3.1.

4.5.1.4. Water management
Water management is relatively straightforward in the Zevco AFC system and incurs a minimal cost. The
associated components are mainly a small water tank and a water condenser.
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Table 11. Ambient air PEMFC cost estimate table

High cost estimate Low cost estimate

Compressed PEMFC cost (US$/kW) 1220 60
Multiplication factor for running at ambient 5 3
Ambient PEMFC cost (US$/kW) 6100 180
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4.5.1.5. Nitrogen purge
The use of a nitrogen purge to remove reactant gases from AFCs is shown on most system diagrams from
the ZEVCO system [4,15]. However, no details of the nitrogen purge system are available, and some
designs claim not to require this component.

4.5.2. Alkaline peripheral costs

Based on the foregoing we are able to construct an estimate of the cost for balance of plant components
required in AFC systems, as shown in Table 12. Most estimates are adapted from those of a PEMFC com-
ponent with equivalent function.

4.5.3. Compressed PEMFC peripherals

In a PEMFC system the oxidant compression system, (EECs), radiator system and humidifier system con-
tribute 89% of the cost of peripheral components. An extrapolation to a 7 kW system of the peripheral
costs given in the study by Directed Technologies/Ford (for systems in the range 30–90 kW) [67] is pre-
sented in Table 13.

4.5.4. Ambient air PEM peripherals

For an ambient air PEMFC system, the peripheral costs are somewhat different than the compressed
PEMFC system. The air compressor is replaced with a simpler blower unit and the EEC is vastly reduced
in complexity due to the simpler operation of the fuel cell as a battery charger (Table 14).
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Table 12. AFC peripheral costs

Cost (US$) %

Air blower 14 5.5
CO2 scrubber 14 5.5
H2 recirculation ejector 22 8.6
Electrolyte recirculation 100 39.2
Nitrogen purge 15 5.9
Electronic engine control(EEC) 50 19.6
Piping, valving, misc. 40 15.7

Total peripheral cost (inclusive mark-up contingency) 255 100

Table 13. PEMFC peripheral costs

Cost (US$) %

Air compression subsystem (Compr./Expander/Motor Unit-CMEU) 330 41.4
Air humidifier subsystem 65 8.1
H2 recirculation ejector 22 2.8
Radiator subsystem 92 11.5
DI filter 14 1.8
Electronic engine control (EEC) 220 27.5
Piping, valving, misc. 55 6.9

Total peripheral system cost (incl mark-up and cost contingency) 798 100
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4.6. Cost of consumables

AFCs consume electrolyte and soda lime. In this section we estimate these costs.

4.6.1. Soda lime

Soda lime is consumed in significant quantities in AFCs. In fact it appears that the mass of soda lime used
is approximately equal to the mass of hydrogen used in normal cell operation. Therefore, regardless of the
simple costs associated with maintaining the soda lime scrubbing unit there is a potentially large intangi-
ble cost associated with the regular maintenance required.

Presently, scrubbing technology is able to make use of only 7% of the limestone contained in the scrubber
unit, but utilization up to 80% is achievable [2]. Using the rate of 8 kWh/kg for the present technology, we
produce the cost estimates for CO2 scrubbing over the 5000 h, lifetime of the system as shown in Table 15.

4.6.2. KOH

A 7 kW AFC system requires 13 kg of 6–9 N KOH solution for the electrolyte, representing a mass of
roughly 3 kg of KOH. Although KOH is considered to be a cheap bulk material its cost must be factored
into the overall system cost for an AFC.

In small lab scale quantities KOH is available at US$ 9.00/kg, leading to an estimated cost of 
US$ 3.00/kg in bulk. Based on this information and the frequency of electrolyte replenishment over the
lifetime of the cell the total electrolyte costs are estimated as shown in Table 16.

4.7. System cost estimates

By combining the information presented in the previous sections upper and lower bounds for the cost of
three competing 7 kW fuel cell systems are produced, as shown in Table 17. Apart from being deduced
from commercial data, the alkaline estimates have a total cost range that is a factor of 6, compared to a
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Table 14. Estimated peripheral component costs for ambient air PEM systems

Cost (US$) %

Air blower 14 5.5
Air humidifier subsystem 65 25.8
H2 recirculation ejector 22 8.6
Radiator subsystem 50 19.5
DI filter 14 5.5
Electronic engine control (EEC) 50 19.5
Piping, valving, misc. 40 15.6

Total peripheral system cost (inclusive mark-up 255 100
and cost contingency)

Table 15. Soda lime cost estimate based on bulk cost of $0.2/kg 5000 h cell lifetime at 7 kW

% utilisation Consumption rate (kWh/kg) Lifetime mass (kg) Cost ($)

7 8 4500 900
80 92 394 80
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range of 28 for the ambient air PEM estimate, reflecting our uncertainty here. Gulzow [21] quotes a figure
of $400–$500/kW for an AFC system using the technology of the time for high volume production. This
number falls in between the two figures obtained for an AFC system.

This analysis indicates AFC systems are cost competitive with comparably sized PEMFC systems, at
least for low power. This advantage remains for all production volumes, but is most significant at low and
medium production volumes.

However, it should be noted that the 7 kW alkaline system would be competing with a 50 kW PEMFC
system. Directed Technologies has estimated that the total system cost for a 50 kW PEMFC system would
be about $2100 for production volumes of 500 000 [67]. This means that extra components required to com-
plete the alkaline hybrid power system (namely batteries) must cost no more than about $670.

Of interest with this report is the opportunity available for CO2 scrubbing with novel technologies. The
total cost of CO2 scrubbing in the above system is $94 ($14 for the Canister and $80 for the Soda Lime).
Therefore, if we consider the cost of the system without batteries or CO2 scrubbing we have a cost of
$1334. This implies that, to be competitive with a 50 kW PEMFC system, the cost of batteries and CO2

scrubbing must be less than about $750.

5. CONCLUSIONS

In this report we have presented a review of AFC technology to assess its potential from both technical and
economic perspectives. Research and development in AFC technology has become largely stagnant dur-
ing the past decade although we can find no obvious technical or economic reasons for the relative neglect
it has received.

AFCs can theoretically outperform PEMFCs and some of the earliest pressurized AFC systems showed
current densities much higher than those achieved today with current PEM technology. Concerns about the
low power density achieved by current AFC technology are misplaced, as the current AFC designs are
directed at low power applications. Ambient air operated AFCs produce current densities comparable to
ambient air operated PEMFCs.
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Table 16. Cost of KOH electrolyte

Electrolyte life (h) Lifetime # changes Lifetime cost ($US)

300 17 153
500 10 90
1000 5 45
5000 1 9

Table 17. Total system costs comparison

Compressed PEMFC Ambient air PEMFC Ambient air alkaline

Component Upper bound Lower bound Upper bound Lower bound Upper bound Lower bound

Stack cost($/kW) 1220 60 6100 180 643 155
Stack cost 8540 420 42 700 1260 10 942 1084
Balance of plant 798 798 256 256 255 255
Consumables N/A N/A N/A N/A N/A N/A

Total 9338 1218 42 956 1516 12 250 1428

Total per kW 1334 174 6136 217 1750 204
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Only a single design paradigm has been explored in commercial AFC systems. There is considerable
scope for improvement of AFC technology through further research, in particular for the development of
new architectures for AFC operation. There is no strong IP position to prohibit the further development of
AFCs, nor are there any material supply issues to potentially impede AFC development. AFC technology
has the potential to yield major improvements for modest R&D investments.

Contamination of AFCs due to the presence of CO2 is an issue for sustained system operation. CO2

in the Cathode air stream definitely poisons the electrolyte and in turn can cause some designs of 
electrodes to become clogged with carbonate. The use of high current draw from a cell to “electrolyze” the
carbonates should be investigated further. The only practical solution to the CO2 problem currently
employed is the use of soda lime for scrubbing CO2 from the air-stream. This is cumbersome, compara-
tively costly (estimated as US$ 94 per system) and has not been optimized as yet. Development of new
means of CO2 removal from the oxidant stream for an AFC system would address many operational issues
associated with AFC stacks. Contamination due to impure hydrogen is another problem that may prohibit
the use of AFCs with reformed hydrogen streams, though this contamination seems to be totally reversible.

Current AFC systems have been demonstrated to easily meet the 5000 h lifetime required for traction
applications. However, electrolyte management issues in AFCs imply a degree of ongoing maintenance
not necessary with PEMFC technology. Periodic maintenance is also required for the existing soda lime
CO2 scrubbing. Minimizing maintenance in AFCs is an important topic for development.

Our analysis of costs shows that AFC systems for low power applications including hybrid vehicles are
at least competitive with the cost of any equivalent system constructed using PEMFC technology. The
AFC system has a low cost stack and low cost peripheral components. An ambient air operated PEM sys-
tem, while having low cost peripheral components has prohibitively high stack costs. A high pressure
PEM system, while enjoying low stack costs, requires expensive peripheral components. Further improve-
ments in AFC technology will only strengthen this competitive position.

APPENDIX A. 7 KW PEMFC STACK COST DEVELOPMENT

James et al. [67] develop stack and system costs for 30–90 kW PEMFC systems. The data given by James
allows for the extrapolation of these costs down to 7 kW. Figure 2 illustrates this extrapolation.

It can be seen that the cost of the stack is much more sensitive to scale than the cost of peripherals. The
cost figures developed using this linear extrapolation for a 7 kW stack are given in Table 18.
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Chapter 8

Molten carbonate fuel cells

Andrew L. Dicks

Abstract

Lithium-sodium carbonate is emerging as the preferred electrolyte for molten carbonate fuel cells
and has been tested at the 10 kW scale. Nickel oxide cathodes can be made more resistant to disso-
lution by coating with nanomaterial. Conventional NiO anodes continue to develop, but recent tests
using ceramic oxide anodes suggest that future cells could be run on dry methane.
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1. INTRODUCTION

In 1960, G.H.J. Broers and J.A.A. Ketelaar reported a high-temperature fuel cell, that had run for 
6 months, employing an electrolyte comprising a mixture of alkali metal carbonates constrained within a
disc of magnesium oxide. The cell operated well above the melting point of the carbonates, and the car-
bonate ion (CO3

2�) was found to be the means of charge transport within the molten electrolyte. Over the
past 40 years many changes have been made in the materials of construction of the molten carbonate fuel
cell (MCFC) but the operating principle remains the same. This is illustrated schematically in Fig. 1 [1],
which also shows one of the characteristics that distinguish this type of fuel cell from all others, i.e. there
is a net transfer of CO2 from the cathode side of the cell to the anode through the electrolyte.

Following the early work in the Netherlands, development of the MCFC was taken up by several uni-
versity groups and organizations such as the Gas Technology Institute in the USA, and ECN in the
Netherlands. By the 1990s, the materials of construction had become well established and their limitations
understood. Although the materials costs were relatively low compared with other fuel cell types, there
were major problems associated with degradation of materials and the poor lifetime of cells. At this stage,
research was focused in three main areas: selection of materials to increase the operating life of the cell
(mainly through improvement of electrolyte and its support, and reduction of electrolyte losses), scale up
of stacks and system design to maximize the benefit of internal reforming. R&D in all these areas contin-
ues, with commercialization of the technology being pursued in the USA, Japan and Europe. This review
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focuses on R&D carried out over the past 12 months associated with materials for the electrolyte and elec-
trodes of the MCFC.

2. CELL CONSTRUCTION

In the early days of the MCFC, the electrodes more often than not employed precious metals. As the tech-
nology developed, nickel was found to be adequate both as a metal for the anode and as oxide (NiO) for the
cathode. For the electrolyte, most developers have adopted a eutectic mixture of lithium and potassium car-
bonates (62 wt.% Li and 38 wt.% K), which has a melting point around 550°C. This mixture is usually
impregnated into a porous solid support matrix made of lithium aluminate (LiAlO2). However, since both
anode and cathode also need to be porous to allow the reacting gases to reach the electrode/electrolyte inter-
faces, the pore structure of the cell components needs to be carefully controlled so that electrolyte loss is
minimized. Unlike all other fuel cell types, the MCFC relies on a balance in capillary pressures within the
pores of the anode and cathode to establish the interfacial electrode/electrolyte boundaries.

The MCFC is invariably of planar construction and each of the porous components is normally made by
tape-casting. This has enabled significant scale-up to be achieved and cells of 1 m2 are now routinely man-
ufactured. The normal operating temperature of between 600 and 700°C means that the cells can be held
together in a housing made of stainless steel. A particular issue is that of ensuring gas tight seals around
each cell. This is achieved by using the liquid molten carbonate to form a wet seal against the metal cell
housing. Where the carbonate is in contact with the metal, corrosion is likely unless the metal is protected,
and to achieve this a coating of alumina is normally employed.

3. ELECTROLYTE

In the early 1990s it was found that, using a eutectic mixture of Li2CO3/K2CO3, electrolyte segregation
(i.e. separation of the Li and K carbonates) can occur within both the cell and the stack. In the cell, the seg-
regation increases the potassium concentration near the cathode and this leads to increased cathode solu-
bility and a decline in performance. In the stack, it was found that electrolyte segregation can lead to a
severe decline in performance of the end cells within the stack. These observations, particularly the issue
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of cathode dissolution in the electrolyte, caused several developers in the late 1990s to investigate alterna-
tive electrolyte materials. An early study by Ang and Sammells [2] had suggested that a Li/Na should
exhibit a high ionic conductivity compared with Li/Na/K, Li/K and Li/Na carbonates at the same temper-
atures. This has been verified by several workers, for example by Morita et al. [3]. Tanimoto et al. [4] also
carried out a series of laboratory-scale cell tests with different Li, Na and K carbonate electrolytes, and
investigated the effect of adding Ca, Sr and Ba to the materials.

NiO is less soluble in Na2CO3 than K2CO3 and therefore Li/Na carbonate should be better as an elec-
trolyte than Li/K in terms of cathode dissolution. This has been tested recently by workers at Mitsubishi
[5], who examined the cathode, cathode current collector and electrolyte of cells that had run for extended
periods with Li/Na electrolytes. They found that the amount of Ni deposited within the electrolyte (com-
monly occurring via reduction of dissolved Ni2� ions originating from the cathode by H2 originating from
the anode side) was reduced, and that particle growth of NiO in the cathodes was suppressed by the use of
Li/Na. They also found little effect on degradation of the LiAlO2 electrolyte matrix.

To understand the mechanism of Ni dissolution within Li/Na electrolytes, Belhomme et al. [6] have car-
ried out cyclic voltammetry of Ni in molten Li/Na carbonates at 650°C. By performing measurements on
different electrodes (gold, nickel and aged nickel), they have been able to identify the main reactions
occurring at the MCFC cathode. In addition to a reduction peak corresponding to the Ni/Ni2 � transition,
other reduction peaks, occurring at lower potentials, were observed and their presence attributed to phase
transitions. Evidence was given for the existence of a Ni/Ni2 system and the formation of Ni(III), most
probably NaNiO2, by the oxidation of NiO at relatively high potentials.

Recent refinement of the Li/Na electrolyte composition by Tanimoto et al. [7] showed that the addition
of 9 mol% CaCO3 or 9 mol% BaCO3 to an electrolyte comprising 52 mol% Li2CO3/Na2CO3 significantly
reduced the solubility of NiO in the electrolyte and resulted in a 15–20% longer lifetime compared with
the undoped material. The test basis was a single 81 cm2 fuel cell operating at 0.85 MPa with a cathode
feed comprising 85% CO2/O2. SrCO3 addition has also been shown to have a beneficial effect on the elec-
trolyte performance [8], and the latest results of a 10 kW scale MCFC stack [9] verify that Li/Na elec-
trolyte performs well for prolonged periods.

The advantage of using Li/Na in terms of reduced cathode dissolution is offset slightly by the increased
solubility of oxygen in Li/Na compared with Li/K, which results in a higher polarization of the cathode.
The effect of this is reduced somewhat if the cell operating pressure is increased. It is also worth remark-
ing that at low temperatures (�600°C) Li/Na gives an inferior performance to Li/K, which may be due to
differences in wetting behavior of the electrodes [10].

It has been known for some time that the matrix of lithium aluminate used to support the molten elec-
trolyte degrades over time. In Li/Na carbonates, the particle size of �-LiAlO2 has been shown to increase
along with a phase change from �- to �-LiAlO2. The phase transition appears to be dependent on factors
such as the particle size of the starting material, the operating temperature and gas atmosphere, particularly
CO2 partial pressure and the composition of the molten electrolyte [11]. Under MCFC conditions with Li/K
carbonates, the �-LiAlO2 undergoes a phase change to the � form; this is the reason why �-LiAlO2 has been
preferred as the matrix material in the past. Danek et al. [12] suggest that the �- to �-LiAlO2 transition may
occur via a chemical step such as the decomposition of the double lithium-aluminium oxide at the surface
of �-LiAlO2 particles via a surface nucleation mechanism. With Li/Na electrolyte however, � appears to be
less stable than �-LiAlO2 [13]. Vidya et al [14] have recently shown that �-LiAlO2 can be fabricated as thin
layer by tape-casting from the raw powder using a binder of polyvinyl butyral and a plasticizer of polyeth-
ylene glycol in a non-aqueous solvent (butanol and iso-propanol). The resulting matrix had pores in the
range 0.2–0.9 �m, and a porosity of 70 vol.%. While a test cell with this material gave a good performance
on hydrogen over 10 h, it is too early to say whether this material will fare better in the long-term with 
�-Li/Na electrolyte than the conventionally prepared �-LiAlO2 material.
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4. CATHODE MATERIALS

Significant advances in MCFC cathode materials have been made in recent months, brought about through
the need to reduce NiO dissolution, which is exacerbated if the MCFC is operated at elevated pressures.
While other metallic or ceramic oxides are available, which do not dissolve in the electrolyte (e.g. LiCoO2),
most have an inferior electronic and/or ionic conductivity. NiO therefore continues to be the basic cathode
material of choice. The various NiO composite materials reported over the past 18 months are summarized
in Table 1. While many of these are prepared by conventional coating methods such as dip-coating, increas-
ingly more sophisticated techniques such as the sol-gel Pechini method [21,27] and electrophoretic deposi-
tion [31] are being employed. It is to be expected that these will produce far more ordered structures at the
nanoscale, and thereby improve long-term stability of the cathode material. Already cathode dissolution rates
of an order of magnitude or more lower than normal are being reported for some preparations [24,29].

5. ANODE MATERIALS

The main challenge with existing MCFC anode material is the susceptibility to creepage. Traditionally, 
Cr or Cu is added prior to tape-casting the nickel as oxide or metal powder to help stabilize the nickel.
There have been some improvements reported for creep resistance in which Cr-doped Ni is subjected to
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Table 1. New MCFC cathode materials

Composition Preparation method Comments Reference

CoO/NiO Mechanical coating on Ni filaments 25% of the solubility of NiO [15–17]

Co3O4 Electrochemical deposition Cubic Co3O4 structure 40% less soluble [18,19]
than NiO

Co3O4 coated on Ni powder from Stable LiCo1-yNiyO2 formed on NiO [20,21]
polymer precursor – Pechini method surface

MgFe2O4/NiO Mechanical coating on Ni filaments 50% less soluble than NiO [15,28]

LiCoO2/NiO Solgel 1.5 �m thick 40% less soluble than NiO [22,23]
Acetate-ascorbate sols dip-coated No measureable solubility [24]
1 �m thick
Electrophoretic deposition [31]

ZnO/NiO Impregnation of NiO With 2 mol% 10% ZnO, dissolution in [25,26]
Li/K carbonate was 10% that of 
undoped NiO

LiO/NiO 10% of the solubility of NiO [30]

LiFeO2-LiCoO2/NiO Pechini method Electronic conductivity of 50:50 wt. [27]
LiFeO2:NiO increases significantly 
with increasing LiCoO2 content 
up to ca. 25%

LiMgO0.05Co0.95O2 Acetate-ascorbate sols dip-coated [24]
�1 �m thick

La0.8Sr0.2CoO3/NiO Sol gel, then sintered 3 cm pot tests showed good [29]
short-term stability
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oxidation or partial oxidation, followed by reduction. These processes affect the dispersion of the metal
and it is found that partial oxidation followed by reduction produces a more creep-resistant material than
full oxidation and reduction [32,33]. Alumina can also be added to Ni to improve creep resistance, and
improved understanding of the use of alumina has been discussed recently by Lee et al. [34].

By far, the most significant development in anode materials recently, however, is the use of ceramic oxides.
As with solid oxide fuel cells, these offer the prospects of being able to be fuelled by dry methane. Tagawa
et al. [35] fed dry methane to an MCFC employing a composite anode made of La2O3/Sm2O3 (incorporating
titanium powder to provide electronic conductivity). The cell performed well over a period of 144 h follow-
ing an initial decrease of open-circuit voltage. Long-term testing of such materials is now required.

6. CORROSION PROTECTION

Stainless-steel bipolar plates are usually coated with a layer of alumina to provide protection against cor-
rosion from the electrolyte in the areas providing the gas seals. Alternative corrosion protection materials
investigated recently include borosilicate glass [36], a Ti/Al/N/O composite material [37] and co-deposited
chromium and aluminium [38]. The latter deposited onto austenitic stainless steel (310S) demonstrated
complete corrosion protection for the cathode side of the cell for 480 h.

7. CONCLUSION

Li/Na carbonate is emerging as a preferred electrolyte for MCFCs, although further optimization is likely.
There are several means of improving the NiO cathode and future application of nanotechnology in this
area could prove beneficial. While stabilized nickel anodes will continue to be used for some time, the
ability to run on dry methane makes the use of ceramic materials particularly attractive. Although little has
been reported in the past 12 months on improvement of corrosion protection, this is an area that could also
yield benefits in terms of extending cell lifetime.
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Chapter 9

Phosphoric acid fuel cells: fundamentals and applications

Nigel Sammes, Roberto Bove and Knut Stahl

Abstract

Phosphoric acid fuel cells (PAFC) currently represent one of the fuel cell technologies that have
been demonstrated in many countries around the world and for many applications. PAFCs can be
purchased, complete with a warranty, maintenance and spare parts service. The first PAFC power
plants were installed in the 1970s, and now more than 500 units have been installed all around the
world. In the present paper, the principles of PAFC are presented, together with a state of the art.
Finally, operational experiences are presented.
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1. INTRODUCTION

The phosphoric acid fuel cell (PAFC) is the most widely used and best-documented type of fuel cell. Since
the 1970s, more than 500 PAFC power plants have been installed and tested around the world. With every
new product release, the number of units sold became larger as well as the power rating per unit. The largest
fuel cell ever built to date is an 11 MW PAFC power plant for the Tokyo Electric Power Co. (TEPCO) in
Japan, which was operated for more than 23 000 h between 1991 and 1997 [1]. The most important PAFC
developers are UTC Fuel Cells (formerly ONSI/International Fuel Cells), Toshiba and Fuji Electric. All the
installations have been used for stationary applications, with the exception of the Georgetown University
Fuel Cell Transit Program, in which a 100 kW UTC fuel cell was deployed [2]. PAFCs have shown a
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remarkable reliability. UTC PAFC systems are characterized by a mean time before failure (MTBF) that
ranges between 2500 h for the PC25 and 6750 h for the 400 kW advanced PAFC [3]. Owing to the high reli-
ability, that is well above those of traditional systems, PAFC represents, for some applications, the answer
to electricity quality and availability needs. For some applications, in fact, the interruption of the electricity
availability, even for a short period of time, represents a relevant economical loss. Some examples of these
applications and the relative costs of 1 h of electricity interruption are reported in Table 1. [4].

The efficiency of PAFC is also relatively high, the UTC PC25, for example, has a proven net electrical
efficiency of 37%, and a total efficiency of 87% in combined heat and power (CHP) applications [5], when
running on natural gas. The consequence is a low fuel consumption, and a reduction of pollution emissions,
compared to traditional power systems.

Despite the excellent technical characteristics, the large diffusion of PAFC in the market has slowed down
because of economical issues. A recent study survey shows that the number of power plant installations grew
from 1990 to 2000, while, from 2000 to 2003, more attention has been given to other fuel cell technologies,
such as molten carbonate fuel cells (MCFC), solid oxide fuel cells (SOFC) and proton-exchange membrane
(PEM) fuel cells [6]. In particular, in 2003, the number of MCFC units installed exceeded that of PAFC. For
this reason, some authors have referred to a drop in the interest toward PAFC [7]. However, in 2004, the num-
ber of commissioned PAFC units for large stationary applications represented about 40% of the total fuel cell
units manufactured, despite the 23% of MCFC and less than 20% of PEM.

2. FUNDAMENTALS OF THE PAFC

A schematic representation of the PAFC operating configuration is depicted in Fig. 1. Hydrogen, or a
hydrogen-rich gas mixture, is provided to the anode side, where the following reaction takes place:

(1)

The electrolyte, primarily composed of phosphoric acid (H3PO4), is a proton conductor, thus the protons
migrate from the anode to the cathode, while the electrons migrate through an external circuit. At the 
cathode side, air is provided, where oxygen reacts with the protons and the electrons, coming from the
electrolyte and the external load, respectively,

(2)

The overall reaction is

(3)H O H O1
22 2 2� →

1
2

O H e H O2 22 2� �� � →

H H e2 2 2→ � ��
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Table 1. Example of hourly cost of electricity outage in US [4]

Premium power user Typical cost for 1 h interruption (US$)

Cellular communication 41 000
Telephone ticket sale 72 000
Air reservation system 90 000
Semiconductor manufacturer 2 000 000
Credit card operation 2 580 000
Brokerage firm 6 480 000

I044696-Ch09.qxd  11/21/05  10:57 AM  Page 156



The operating temperature of the PAFC is typically between 150 and 200°C [8]. The operating tempera-
ture is found to be a compromise between the electrolyte conductivity (that increases with temperature)
and cell life (that decreases when the temperature is increased).

Although most of the installed systems operate at atmospheric pressure, experience with operating pres-
sure exceeding 8 atm has been reported [9].

The ideal voltage of a PAFC is given by the Nernst equation

(4)

where E is the ideal voltage, E0 the ideal voltage at standard pressure, F the Faraday constant, Pref the ref-
erence pressure, and Pi and Xi the partial pressure and the molar fraction of the ith species, respectively.

When the total pressure is varied from P1 to P2, the related increased Nernst voltage is

(5)

Experimental data confirm the improved performance under pressurized conditions, and the following
expression is reported, when the cell operates at 190°C and 323 mA/cm2 [10]:

(6)

The improved performance under pressurized conditions is not only due to an increase in the reversible
potential, but also due to the reduced diffusion polarization of the cathode, and the reduction of the ohmic
losses.

However, a pressurized system presents a more complex balance of plant (BoP), thus, the fuel 
consumption reduction is counterbalanced by a capital cost increase. For this reason, most of the PAFC
systems operate at atmospheric pressure, while keeping the BoP complexity as low as possible.

As is found for all the other low-temperature fuel cells, the presence of carbon monoxide in the anodic
gas affects the performance of the cell itself. The main reason for this reduction is the poisoning effect of
CO on the Pt electrode catalyst. Benjamin et al. [10] derived the following equation for evaluating the volt-
age reduction:
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Fig. 1. Schematic representation of a PAFC
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where k(T ) is a function of temperature, and [CO]1 and [CO]2 represent the initial and final CO concen-
tration. In the later work of Song and Shin [11], the voltage reduction was shown to depend upon the cur-
rent density, thus showing that k is also a function of the current density.

Sulfur is another compound that can be present in the anodic gas, however, since the fuel, before enter-
ing the anode, is usually processed in dedicated reactors (typically a reformer and two shift reactors), 
sulfur must be removed before entering the fuel processor. The level of tolerance of the fuel cell is usually
higher than that of the fuel processor, thus the sulfur content is usually safe for the cell operation.
Nevertheless, it is prudent to know the maximum allowable concentration of sulfur in the anodic gas. Chin
and Haward [12] report that the effect of H2S is the reduction of the activation sites of Pt. The following
reactions are presumed:

(8)

(9)

(10)

In [9], the effect of NH3 in the cathodic or anodic gas is also assessed. The following reaction is postulated
as taking place:

(11)

The reduction in H3PO4 content reduces the O2 reduction; thus the molecular nitrogen concentration must
be maintained below 4%.

3. PAFC COMPONENTS: STATE OF THE ART

3.1. Electrolyte and matrix

The choice of phosphoric acid is dictated by good thermal, chemical and electrochemical stability that this
inorganic acid represents. At the same time, H3PO4 is tolerant to CO2, which is always present in a refor-
mate gas mixture. In the first PAFC systems, H3PO4 was diluted to avoid material corrosion, while 100%
H3PO4 is currently used [13]. Due to possible liquid loss, it is necessary to refill the electrolyte or to pro-
vide the cell with an excess, before it is operated. The current solution is to create an electrolyte reservoir
plate (ERP) that provides enough electrolyte to allow the cell to operate for more than 40000 h [9].

H3PO4 is retained in a 0.1–0.2 mm thick SiC matrix. The ohmic resistance of the matrix is very low, due
to the small thickness, while the mechanical properties are somewhat limited. The maximum pressure 
difference between anode and cathode, in fact, cannot exceed 200 mbar [13].

3.2. Electrodes

As for the other fuel cell technologies, the anode and cathode have the function of allowing the gas to diffuse
from the gas channel to the electrolyte. Every electrode faces the gas channel on one side and the electrolyte
on the other. On the electrolyte side, an electrocatalyst, whose function is primarily to favor the gas reaction,
is placed. Since the electrolyte is in a liquid form, and to expel the produced water, electrodes need to be
hydrophobic. This is generally achieved, by immersing the backing layer into a polytetrafluoroethylene
(PTFE) solution. PTFE is also used as a binder, in order to prevent pore flooding. Chan and Wan [14] 

H PO NH (NH )H PO3 4 3 4 2 4� →

Pt HS Pt S H eads ads� � � �� �→

Pt H S Pt HS H eads ads� � � �� �
2 →

Pt HS Pt HS eads� � �� �→

158 Fuel Cells Compendium 

I044696-Ch09.qxd  11/21/05  10:57 AM  Page 158



monitored the dispersion of PTFE in the catalysts by means of an X-ray diffraction technique, and pointed
out that the dispersion efficiency increases when the bank temperature and the PTFE content are increased.
In addition, electrodes need a good electrical conductivity to enable electrons to flow through it, without 
significant resistance, from the catalyst layer to the current collector (anode) or vice versa (cathode).

The evolution of PAFC electrode materials is summarized in Table 2 [9]. In the mid-1960s, both the
anode and the cathode were made of PTFE-bound Pt black and the Pt load was 9 mg/cm2. A major break-
through occurred at the end of the 1960s, with the deployment of Pt supported on carbon and graphite [15],
that allowed a significant reduction in Pt loading. Yang et al. [16] reported a Pt loading of 0.6 mg/cm2 for
the anode, whereas for the alloy cathodic catalyst they considered Pt, Fe and Co. The use of carbon and
graphite, however, imposes some limitations on the FC operation. In particular, the FC should be run at
potentials of less than 0.8 V, otherwise there is a possibility of corrosion occurring. Passalacqua et al. [17]
investigated the influence of Pt content on the corrosion phenomena. Their results indicate that at high
potentials, anodic dissolution of Pt takes place, thus no metal is available to catalyze the corrosion of car-
bon. Another limitation related to the use of carbon is the tendency of Pt to migrate to the surface of the
carbon to agglomerate in large areas, thus reducing the active surface [13].

Although experimental tests are the only way to choose among different options for material selection
as well as geometry configurations, mathematical models allow the developer to predict the performance
related to specific solutions. Mathematical models have the advantage of being inexpensive and relatively
quick, compared to experimental tests. Mathematical models, however, need to be validated by experi-
ments. Examples of PAFC simulations are given in [18–21].

3.3. Bipolar plates

As for the other fuel cell technologies, the open-circuit voltage of a single cell is slightly over 1 V, thus,
more single cells are connected in series for achieving a reasonable operating voltage. The interconnection
is made via bipolar plates (BP) that connect the anode of one cell with the cathode of the next one, form-
ing a stack. Together with the electrical connection, the BPs are usually machined so that they can act as
gas channels. A full description of the BP for PAFC is given in [13].

A new design for PAFC is based on manufacturing the BP in several layers. Two external layers made
of porous materials are interposed on a conductive, impermeable material, such as carbon. Through this
configuration the separation of the anodic and cathodic gases is ensured by the carbon layer, while, at 
the same time, porous layers hold phosphoric acid, i.e. a refill for the electrolyte losses, which is the ERP
solution, previously mentioned.

Phosphoric acid fuel cells: fundamentals and applications 159

Table 2. Evolution of electrodes materials [9]

Component ca. 1965 ca. 1975 Current statusa

Anode PTFE-bonded Pt black PTFE-bonded Pt/C PTFE-bonded Pt/C
Vulcan XC-72a

9 mg Pt/cm2 0.25 mg Pt/cm2 0.25 mg Pt/cm2

Cathode PTFE-bonded Pt black PTFE-bonded Pt/C
Vulcan XC-72a

9 mg Pt/cm2 0.5 mg Pt/cm2 0.5 mg Pt/cm2

Electrode support Ta mesh screen Graphite structure Graphite structure

a Over 40000 h component life demonstrated in commercial power plant.
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4. PAFC IN OPERATION: THE GERMAN CASE

In Germany, PAFC power plants were first tested in the early 1990s, when several large German power and
gas companies purchased four PC25A fuel cells from UTC Fuel Cells, for field-testing purposes. In 1995,
the PC25A was replaced by the PC25C, and in the following years 12 power plants of this type were
installed in Germany. Today, some of these power plants have been in operation in excess of 40000 h, ver-
ifying the expected lifetime of the fuel cell stack.

4.1. First PC25C fuel cell installations in Germany

The first PC25C fuel cell power plant in Germany was installed and commissioned during the turn of the
year 1996/1997 by the Erdgas-Energie-Systeme GmbH (today ABB New Ventures GmbH). This fuel cell
power plant is combined with a new condensing boiler and it serves as a local district heating system in a
residential area in Saarbrücken-Nachtweide. Although the fuel cell power plant has surpassed 40000 load
hours in 2004, it is still capable of running at rated power and remains in service.

Only a few months later, the Energieversorgung Halle installed the first PC25C fuel cell in the new fed-
eral states that were formed after the reunification with Eastern Germany (Fig. 2). The PC25C power plant
provides power and heat for a public bath in Halle (Saale). As expected, public baths have a continuous
demand for power and heat almost throughout the entire year, and therefore this power plant has been in
operation for more than 46500 h, most likely a European record.

4.2. Hydrogen operation

Although PAFC systems usually present a steam reformer, in the eventuality of a “hydrogen economy”, it
is useful to test fuel cells running on pure hydrogen. The Hamburg-based utility companies HEW and
HGW demonstrated the utilization of hydrogen in a fuel cell to generate power and heat for the residential
area Lyser Straße in Hamburg between 1997 and 2000. After this successful demonstration, in 2001 
the PC25C power plant was relocated into the industrial area of Höchst in Frankfurt. At this chemical
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Fig. 2. Fuel cell installed at the public bath of Halle
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industry site, hydrogen is available as a by-product of chlor-alkali-electrolysis, which now serves as 
fuel for the PC25C power plant. In September 2002, the small power plant again was relocated within 
the Höchst industrial area, and now it provides power and heat for the new Celanese Ventures factory, 
a manufacturer of fuel cell components (Fig. 3). The power plant has been in operation without major 
disruption.

4.3. Utilization of anaerobic digester gas

The use of biogas as an energy source for the PAFC has already been demonstrated in previous applica-
tions in the USA. In particular, operation and design of a UTC PC 25, operating on landfill gas is exten-
sively reported in the literature [22–25], while in [26] the application for an anaerobic digester is
described. However, the composition of biogas depends on various factors, such as the application, loca-
tion, climate, etc.; thus the American experience is not directly exportable to European needs, although
this represents a useful source of information. In 2000, the GEW RheinEnergie AG together with the city
of Cologne has installed the first fuel cell power plant in Europe that operates on anaerobic digester gas
(ADG) in the wastewater treatment plant in Köln-Rodenkirchen [27]. The fuel cell installed was a PC25C
(Fig. 4). Operating a PC25C fuel cell on ADG has several challenges. A methane-enrichment system was
considered first to upgrade the ADG to natural gas quality, but it was quickly rejected due to high cost and
increased system complexity. Instead, the PC25C fuel cell was modified to operate on low-BTU ADG by
installation of a second fuel gas train with increased pipe diameters and larger control valves to accept
higher gas flows. The fuel cell has dual-fuel capability and can run either on natural gas or on ADG,
although the natural gas option was never used on this site.

Of particular interest was the design of a gas-processing unit (GPU) that removes contaminants from the
ADG before it enters the fuel cell. The GPU design includes a gas dryer stage, a gas chiller stage and an
adsorption stage. The gas dryer stage removes condensate, and is cooled by the cold gas coming from the
chiller stage. The chiller stage further cools the gas to below �25°C, which is lower than the dew point of
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many higher organic compounds, particularly siloxanes. The adsorption stage removes organic sulfur and
halides, if present. The gas-processing unit design was verified using a continuous run in excess of 5000 h.
Unfortunately, the gas-processing unit was too maintenance-intensive and was, thus, redesigned after 2
years to simplify it. The fuel cell power plant has been in operation for more than 4 years and has proven
its durability on ADG. The fuel cell covers approximately 50% of the power demand of the wastewater
treatment plant. More than 1.3 million m3 of ADG were converted into clean power, and when compared
to the German power plant average, more than 1700 tons of carbon dioxide were abated.

4.4. Energy supply for hospitals

Since early 2001, a PC25C fuel cell provides power and heat for the St.AgnesHospital in Bocholt,
Germany. The fuel cell operates in combination with two existing gas engine cogeneration units, and the
total power of all three cogeneration units is above 600 kW. The fuel cell provides the electrical base load
of the hospital. In summer, the high-grade heat from the fuel cell is used to drive an absorption chiller, to
provide some base load for the hospital’s air-conditioning system. The fuel cell has been in continuous
operation in excess of 8000 h per year, and has surpassed 30000 load hours, generating more than 6 mil-
lion kWh of electrical power. The PC25C at the St. Agnes Hospital in Bocholt is the most recent phos-
phoric acid fuel cell installation in Germany. The project was funded by the Thyssengas GmbH and the
Bocholter Energie- und Wasser GmbH, and was granted an amount of US$200000 US through the US
DOE’s Climate Change Fuel Cell Program.

Due to its high efficiency, and its excellent operational results, the fuel cell at the St. Agnes Hospital in
Bocholt received a German Gas Industry Award in 2002. Figure 5 depicts the installation at the St. Agnes
Hospital. Beside the St. Agnes Hospital in Bocholt, a second PC25C fuel cell power plant is installed at
the Malteser-Krankenhaus in Kamenz, Germany.
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Fig. 4. Fuel cell-anaerobic digester integrated system in Cologne
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4.5. Fuel cell power plant overhaul

In 2003, the Fernwärmeversorgung Niederrhein GmbH in Dinslaken, a large provider of district heating,
took an old PC25C power plant from the Studiengesellschaft Brennstoff-zelle in Nuremberg, for testing.
This unit had been in operation in Nuremberg since 1997, but had experienced some damage to its cell
stack, and its previous owner had planned to terminate the fuel cell project.

The relocation of the power plant from Nuremberg to Dinslaken and the recommissioning procedure
were performed without major problems. However, due to the damage in the cell stack, a continuous oper-
ation was questionable. Since the balance of plant had been tested and verified, and since the overall 
condition of the power plant was satisfactory, it was decided to perform an overhaul of this PC25C unit.

The damaged cell stack was conditioned for transportation and was shipped back to the manufacturer,
UTC Fuel Cells. In return, UTC Fuel Cells supplied an overhauled cell stack, for replacement (Fig. 6).
During the downtime of the fuel cell power plant, the internal coolant loop was cleaned, repaired, and
hydro-tested by a pressure vessel inspector. The internal water treatment system was rebuilt, and several
components were replaced or repaired. Finally, the thermal insulation was renewed, and the unit was
painted. The fuel cell was successfully restarted and shown to the public in September 2003. Since then,
the fuel cell power plant is back in operation, with only minor problems.

4.6. Service and maintenance

Fuel cells are often said to be maintenance-free, since they differ from gas engines and gas turbines in that
they have no mechanical wear and no thermal stresses. The PC25C power plant requires less maintenance
than competing conventional power generators of similar size. However, all PC25C power plant owners
agree that this product is still too maintenance-intensive, and needs to be redesigned to further reduce this
effort. The PC25C power plant contains consumables such as filters, water-treatment resins and activated
charcoal. The units are typically installed outdoors and are exposed to rain water, dust and dirt, making it nec-
essary to clean the interior and to inspect the unit for water leakages. Further, the manufacturer, UTC Fuel
Cells, recommends that certain components are periodically replaced, for preventive maintenance reasons.
Over the years, the list of such components has grown significantly. Although service and maintenance can
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be carried out by power plant operators, after some training, in case of troubleshooting issues and major
repairs, engineering support is required. A design flaw in early PC25C models has led to reformer thermo-
couple malfunctions, requiring a replacement of the entire reformer. Although UTC Fuel Cells offers a new
reformer free of charge, such a reformer replacement requires heavy machinery and several man-days of
work, and in some cases the power plant owners decided to terminate operation, especially on older units.

The PC25C fuel cell power plants in Germany are approaching the expected cell stack life of 40000 h. To
continue operation, an overhaul of the cell stack is required. Besides new cell stacks, UTC Fuel Cells also
offers repaired or refurbished components. The initial operational results using these components are good,
but there are still very few power plants that have been operated with a refurbished stack in excess of 10000 h.
New procedures are currently under investigation to replenish evaporated electrolyte inside the cells.

5. CONCLUSIONS

The efforts in phosphoric acid fuel cell development of the last three decades enabled PAFC to be avail-
able on the market. Although UTC Fuel Cells is the most important PAFC manufacturer, other companies,
such as Toshiba and Fuji Electric have also shown excellent results for PAFC operations.

A large number of installations all around the world demonstrated that phosphoric acid fuel cells have
high reliability, high efficiency and flexibility for a variety of applications. In particular, PAFC demon-
strated excellent performance for most of the distributed power generation applications, in terms of power,
efficiency and low emissions. However, the challenge that this technology needs to overcome for becom-
ing a mass product is the cost. Without the help of incentives, in fact, the economical revenue is guaran-
teed only for niche markets, that is in most of the cases a premium power application.
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Fig. 6. PC25C fuel cell in Dinslaken, after overhaul

I044696-Ch09.qxd  11/21/05  10:57 AM  Page 164



3. F. Preli. Trends in research – What are we aiming for? Fuel Cell Science & Technology Conference, October 6–7,
Munich, Germany, 2004.

4. M. Pehnt and S. Ramesohl. Fuel cells for distributed power: benefits, barriers and prospective. Final Report.
IFEU, Wuppertal Institut (2003).

5. UTC Power Corporation, PC25 data sheet.
6. A. Baker and D. Jollie. Fuel call market survey: large stationary applications. Fuel Cell Today Bank Knowledge

(2004). www.fuelcelltoday.com
7. M. Cropper. Why is interest in phosphoric acid fuel cells falling? Fuel Cell Today Bank Knowledge (2003).

www.fuelcelltoday.com
8. L. Carrette, K.A. Friederich and U. Stimming. Fuel cells – fundamentals and applications. Fuel Cells Fundam. Syst.

1(1) (2001) 5–39.
9. EG&GT Technical Services Inc. Fuel Cell Handbook, 6th edn, US Department of Energy publication (2002).

10. T.G. Benjamin, E.H. Camara and L.G. Marianowski. Handbook of Fuel Cell Performance. Prepared by the Institute
of Gas Technology for the US Department of Energy, under the contract number EC-77-C-03-1545 (1980).

11. R. Song and D.R. Shin. Influence of CO concentration and reactant gas pressure on cell performance in PAFC.
Int. J. Hydrogen Energ. 26 (2001) 1259–1262.

12. D.T. Chin and P.D. Haward. Hydrogen sulfide poisoning of platinum anode in phosphoric acid fuel cell electrolyte.
J. Electrochem. Soc. 133 (1986) 2447–2450.

13. J. Larmine and A. Dicks. Fuel Cell Systems Explained. Wiley, UK, 2000.
14. D.S. Chan and C.C. Wan. Influence of PTFE dispersion in the catalyst layer of porous gas-diffusion electrodes

for phosphoric acid fuel cells. J. Power Sources 50(1–2) (1994) 163176.
15. P. Appleby. In: S. Sarangapani, J.R. Akridge and B. Shumm. Proceedings of the Workshop of the Electrochemistry

of Carbon, The Electrochemical Society, Inc., Pennington, NJ, 1984, p. 251.
16. J.C. Yang, Y.S. Park, S.H. Seo, H.J. Lee and J.S. Noh. Development of a 50 kW PAFC power generation system

J. Power Sources 106 (2002) 68–75.
17. E. Passalacqua, P.L. Antonucci, M. Vivaldi, A. Patti, V. Antonucci, N. Giordano and K. Kinoshita. The influence

of Pt on the electrooxidation behavior of carbon in phosphoric acid. Electrochim. Acta 37(15) (1992) 2725–2730.
18. L. Qingfeng, X. Gang, H.A. Hjuler, R.W. Berg and N.J. Bjerrum. Limiting current of oxygen reduction on gas-

diffusion electrodes for phosphoric acid fuel cells. J. Electrochem. Soc. 141(11) (1994) 3114–3118.
19. L. Qingfeng, X. Gang, H.A. Hjuler, R.W. Berg and N.J. Bjerrum. Oxygen reduction on gas-diffusion electrodes

for phosphoric acid fuel cells by a potential decay method. J. Electrochem. Soc. 142(10) (1994) 3250–3255.
20. S.C. Yang, M.B. Cutlip and P. Stonehart. Simulation and optimization of porous gas-diffusion electrodes used in

hydrogen/oxygen phosphoric acid fuel cells. I. Application of cathode model simulation and optimization to
PAFC cathode development. Electrochim. Acta 35(5) (1990) 869–878.

21. M.B. Cutlip, S.C. Yang and Stonehart. Simulation and optimization of porous gas-diffusion electrodes used in
hydrogen oxygen phosphoric acid fuel cells. II. Development of a detailed anode model. Electrochim. Acta
36(3–4) (1991) 547–553.

22. R.J. Spiegel, J.C. Trocciola and J.L. Preston. Test results for fuel cell operation on landfill gas. Energy 22(8) (1997)
777–786.

23. R.J. Spiegel, J.L. Preston and J.C. Trocciola. Fuel cell operation on landfill gas at Penrose power station. Energy
24 (1999) 723–742.

24. R.J. Spiegel and J.L. Preston. Technical assessment of fuel cell operation on landfill gas at Groton, CT, landfill.
Energy 28 (1999) 397–409.

25. SCS Engineering. Comparative analysis of landfill gas utilization technologies. Final report prepared for
Northeast Regional Biomass Program CONEG Policy Research Center, Inc., 1997.

26. R.J. Speigel, S.A. Thorneloe, J.C. Trocciola and J.L. Preston. Fuel cell operation on anaerobic digester gas: con-
ceptual design and assessment. Waste Manage. 19 (1999) 389–399.

27. U. Langnickel. First European fuel cell application using digester gas. Fuel Cells Bull. 3(22) (2000) 10–12.

Phosphoric acid fuel cells: fundamentals and applications 165

I044696-Ch09.qxd  11/21/05  10:57 AM  Page 165



I044696-Ch09.qxd  11/21/05  10:57 AM  Page 166

This page intentionally left blank 



Chapter 10

International activities in DMFC R&D: status of
technologies and potential applications

R. Dillon, S. Srinivasan, A.S. Aricò and V. Antonucci

Abstract

Technological improvements in direct methanol fuel cells (DMFCs) are fuelled by their exciting
possibilities in portable, transportation and stationary applications. In this paper, a synopsis of the
worldwide efforts resulting in inventions of a plethora of DMFC prototypes with low, medium and
high power capacities by a number of Companies, Research Institutions and Universities is presented.
The most promising short-term application of DMFC appears to involve the field of portable power
sources. Recent advances in the miniaturization technology of DMFCs devices make these systems
attractive to replace the current Li-ion batteries. In the field of electrotraction recent demonstration
of DMFC stacks with specific power densities and efficiencies approaching those of the combined
system methanol reformer-polymer electrolyte fuel cell (PEMFC) have stimulated further investiga-
tion on the development of materials with higher performance and lower cost. The most appropriate
range of operation temperatures for applications in transportation appears to lie between 100 and
150°C. These operating conditions may be sustained by using new high temperature electrolyte
membranes or composite perfluorosulfonic membranes containing inorganic materials with water
retention properties at high temperature. The most challenging problem for the development of DMFCs
is the enhancement of methanol oxidation kinetics. At present, there are no practical alternatives to
Pt-based catalysts. High noble metal loading on the electrodes and the use of perfluorosulfonic mem-
branes significantly contribute to the cost of these devices. Critical areas include the design of appro-
priate membrane electrode assemblies for specific DMFC applications and the reduction of methanol
crossover. This latter aspect is strictly related to the use of membrane alternatives to Nafion, but it may
also be conveniently addressed by the development of methanol-tolerant oxygen reduction catalysts.

Keywords: Direct methanol fuel cells; Polymer electrolyte membrane; Electrocatalysis; Electro-traction;
Portable power sources
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1. INTRODUCTION

Most of the world energy requirements are presently addressed by burning fossil fuels in low-efficiency
thermal processes. Related consequences in terms of atmospheric pollution, global warming, green house
effect, etc. are the objects of many debates between developed countries that are searching for a common
legislation to properly restrict the polluting emissions and protect the environment. Transportation repre-
sents a significant portion of world energy consumption and contributes considerably to the atmospheric
pollution. Although modern cars emit a lower amount of toxic gases and particulate than their older pre-
decessors, their increasing number result in growing levels of pollution from transportation sources.

Reduced levels of transportation-related pollution may be achieved by replacing a significant number of
internal combustion engine vehicles with electric cars in the near future. In this regard, polymer electrolyte
fuel cells (PEMFCs) and direct methanol fuel cells (DMFCs) have been envisaged as suitable power sources
for electric cars. DMFCs which directly employ methanol as fuel have good potentialities since they elim-
inate the need for a complex reformer unit in the system [1]. Furthermore, since methanol is fed with large
amount of water to the anode it also avoids complex humidification and thermal management problems
associated to PEMFCs. DMFCs provide the advantage of smaller system sizes and weight in relation to
other fuel systems and the concept of the DMFC device may be extended to alternative fuels obtained from
natural gas (e.g., dimethylether) or from biomasses as well as fermentation of agricultural products such
as ethanol reducing the dependence on insecure energy resources. DMFC devices presently suffer from
methanol crossover across polymer electrolyte membranes (crossover affects the performance of the cath-
ode as well as fuel efficiency) and poor methanol electrooxidation kinetics [1]. Other relevant aspects are
the cost of materials (noble metal catalysts, perfluorosulfonic membranes) and the cost of production of
the various components of the device which are presently higher than conventional energy conversion sys-
tems. Automation and large-scale production, however, may significantly reduce the latter. Although DMFC
systems have been primarily investigated for their potential use in portable power and electro-traction
applications, fundamental research into distributed power sources for residential applications have shown
exciting progress. Different applications imply different system design characteristics, operation parame-
ters as well as materials employed in the device. The aim of the present DMFC review is to provide an
overview on the international state of the art, recent progress, R&D focal areas and current problems to be
solved for the different applications.

2. CURRENT STATUS OF TECHNOLOGY AND POTENTIAL APPLICATIONS

2.1. Portable power

Several organizations are actively engaged in the development of low-power DMFCs for cellular phone,
laptop computer, portable camera and electronic game applications [2–6]. The initial goal of this research
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is to develop proof of concept DMFCs capable of replacing high-performance rechargeable batteries in 
the US$ 6-billion portable electronic devices market. Theoretically, methanol has a superior specific
energy density (6000 Wh/kg) in comparison with the best rechargeable battery, lithium polymer and
lithium ion polymer (theoretical, 600 Wh/kg) systems. This performance advantage translates into longer
conversation times using cell phones, longer times for use of laptop computers between replacement of fuel
cartridges and more power available on these devices to support consumer demand. In relation to consumer
convenience, another significant advantage of the DMFC over the rechargeable battery is its potential for
instantaneous refueling. Unlike rechargeable batteries that require hours for charging a depleted power pack,
a DMFC can have its fuel replaced in minutes. These significant advantages make DMFCs an exciting
development in the portable electronic devices market. Noteworthy accomplishments in these areas are
reported below and in Table 1.

Motorola Labs – Solid State Research Center (US), in collaboration with Los Alamos National Laboratory
((LANL), US), is actively engaged in the development of low-power DMFCs (greater than 300 mW) for
cellular phone applications [7]. Motorola has recently demonstrated a prototype of a miniature DMFC
(Fig. 1) based on a membrane electrode assembly (MEA) set between ceramic fuel delivery substrates.
Motorola utilized their proprietary low-temperature co-fired ceramic (LTCC) technology to create a
ceramic structure with embedded microchannels for methanol/water mixing and delivery to the MEA and,
exhausting by-product CO2. In addition, processing of the ceramic material into a grid screen design facil-
itated the delivery of ambient air to the MEA. Substrates are processed in multiple layers after aligning,
tacking and laminating at approximately 3.45 � 106 Pa. The final monolithic integrated ceramic substrate
is formed after sintering at 850°C.

In the current design as represented in Fig. 1, the MEA is mounted between two porous ceramic plates.
Thin films of electrocatalysts were applied in a proprietary process using carbon cloth gas diffusion lay-
ers. For the anode, an unsupported Pt/Ru (1:1) alloy at a high loading of 6–10 mg/cm2, and for the cathode
Pt black were used as electrocatalysts. Nafion 117 membranes were used as the electrolyte and were
hydrated by running deionized (DI) water through the cell for 18 h. The active electrode area for a single
cell is approximately 3.5–3.6 cm2. In the stack assembly, four cells are connected in series in a planar con-
figuration with an MEA area of 13–14 cm2, the cells exhibited average power densities between 15 and
22 mW/cm2. Four cells (each cell operating at 0.3 V) are required for portable power applications because
DC–DC converters typically require 1 V to efficiently step up to the operating voltage for electronic
devices. The fuel cell consumed oxygen from ambient air (21°C and 30% RH) and the fuel from 1.0 M
methanol pumped at a rate of 0.45 ml/min using a peristaltic pump. Variations in time of operation, tem-
perature, fuel mixing, flow rate and humidity gradually led to improved performance characteristics of the
system. In addition, improved assembly and fabrication methods have led to peak power densities greater
than 27 mW/cm2. Motorola is currently improving their ceramic substrate design to include micro-pumps,
methanol concentration sensors and supporting circuitry for second generation systems.

Energy Related Devices Inc. (ERD, USA) is working in alliance with Manhattan Scientific Inc., (USA)
to develop miniature fuel cells for portable electronic applications [2,8]. A relatively low-cost sputtering
method, similar to the one used by the semiconductor industry for production of microchips, is being used
for deposition of electrodes (anode and cathode) on either side of a microporous plastic substrate; the
micropores (15 nm–20 �m) are etched into the substrate using nuclear particle bombardment. Micro-fuel
arrays, with external connections in series, are precisely fabricated and have a thickness of about a milli-
meter. The principal advantages of the cell include the high utilization of catalyst, controlled pore geometry,
low-cost materials and minimum cell thickness and weight. A MicroFuel Cell™ was reported to have
achieved a specific energy density of 300 Wh/kg using methanol and water and air as the anodic and cathodic
fuels, respectively.

Figure 2 describes the schematic cross section of the fuel cell. The anode design is a critical new
advance in the development of a cost-effective pore-free electrode that is only permeable to hydrogen ions.
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Table 1. Portable power

Methanol 
Single cell/ concentration Membrane Cathode Number of cells/
stack developer Power density Temperature Oxidant (M) Anode catalyst electrolyte catalyst surface area

Motorola Labs 12–27 mW/cm2 21 Ambient air 1 (0.45 ml/min) Pt/Ru alloy, Nafion 117 6–10 mg/cm2 4/13–15 cm2

6–10 mg/cm2 planar stack

Energy Related 3–5 mW/cm2 25 Ambient air 1 (pure) Pt/Ru alloy Nafion Pt Planar stack
Devices

Jet Propulsion 6–10 mW/cm2 20–25 Ambient air 1 Pt/Ru alloy, Nafion 117 Pt, 4–6 mg/cm2 6/6–8 cm2

Labs 4–6 mg/cm2 flat-pack

Los Alamos 300 W/l 60 Air flowed 0.5 Pt/Ru, Nafion Pt, 5/45 cm2

National Labs at 3–5 times 0.8–16.6 mg/cm2 0.8–16.6 mg/cm2

stoichiometry

Forschungszentrum 45–55 mW/cm2 50–70 3 atm O2 1 Pt/Ru, 2 mg/cm2 Nafion 115 Pt, 2 mg/cm2 40/100 cm2

Julich GmbH bipolar plate

Samsung 10–50 mW/cm2 25 Ambient air 2–5 Pt/Ru Hybrid Pt 12/24 cm2

Advanced (single cell) membrane monopolar
Institute of 
Technology

Korea 121–207 mW/cm2 25–50 Ambient 2.5 Pt/Ru/C Nafion 115 Pt-black 6/52 cm2 bipolar
Institute of pressure, O2 metal powder & 117
Energy Research (300 cc/min)

Korea Institute 3–9 mW/cm2 25 Ambient air Pt/Ru, 8 mg/ Nafion 117 Pt, 8 mg/cm2 15/90 cm2

of Science and cm2 monopolar
Technology

More Energy Ltd 60–100 mW/ 25 Ambient air 30–5% Pt/Ru Liquid Pt /20 cm2

cm2 methanol Electrolyte
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This increases the efficiency of a methanol fuel cell because it blocks the deleterious effect of methanol
crossover across the membrane. The first layer of the anode electrode forms a plug in the pore of the
porous membrane; an example is a 20 nm-thick palladium metal film on a Nuclepore filter membrane with
15 nm diameter pores. The second layer (platinum) is deposited to mitigate the hydration-induced crack-
ing that occurs in many of these films. The third layer is deposited over the structural metal film and is the
most significant layer because it needs to be catalytically active to methanol and capable of accepting
hydrogen ions. An alternate method of forming the electrode is to include on the surface of the metal films

Top current
collector

Electrical contact

Bottom current
collector

MEA

Fuel outletFuel & water inlets

Mixing chamber

Fig. 1. Schematic of Motorola’s miniature DMFC prototype [7]
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Fig. 2. MicroFuel Cell™ schematic cross-sectional view [2,8]
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powder catalyst particles (Pt/Ru on activated carbon) to enhance the catalytic properties of the electrode.
Between the anode electrode and the cathode electrode is the electrolyte-filled pore, the cell interconnect
and the cell break. In the pores of the membrane the electrolyte (Nafion) is immobilized and ERD claims
this collimated structure results in improved protonic conductivity. Each of the cells is electrically sepa-
rated from the adjacent cells by cell breaks, useless space occupying the central thickness of the etched
nuclear particle track plastic membrane.

The cathode is formed by first sputter depositing a conductive gold film onto the porous substrate followed
by a platinum catalyst film. The electrode is subsequently coated with a Nafion film. Alternatively, plat-
inum powder catalyst particles were added to the surface of the electrode via an ink slurry of 5% Nafion
solution. A hydrophobic coating was then deposited onto this Nafion layer in order to prevent liquid prod-
uct water from condensing on the surface of the air electrodes. ERD developed a novel configuration to
utilize their fuel cell as a simple charger in powering a cellular phone. The fuel cell is configured into a
plastic case that is in close proximity to a rechargeable battery. Methanol is delivered to the fuel cell via fuel
needle and fuel ports, which allow methanol to wick or evaporate out into the fuel manifold, and is delivered
to the fuel electrodes.

The Jet Propulsion Laboratory (JPL, USA) has been actively engaged in the development of “miniature”
DMFCs for cellular phone applications over the last 2 years [4,9]. According to their analysis, the power
requirement of cellular phones during the standby mode is small and steady at 100–150 mW. However, under
operating conditions the power requirements fluctuates between 800–1800 mW. In the JPL DMFC the
anode is formed from Pt–Ru alloy particles, either as fine metal powders (unsupported) or dispersed on
high surface area carbon. Alternatively, a bimetallic powder made up of submicron platinum and ruthenium
particles was reported to give better results than the Pt–Ru alloy. Another method describes the sputter-
deposition of Pt–Ru catalyst onto the carbon substrate. The preferred electrolyte is Nafion 117; however,
other materials may be used to form proton-conducting membranes. Air is delivered to the cathode by nat-
ural convection and the cathode is prepared by applying a platinum ink to a carbon substrate. Another com-
ponent of the cathode is the hydrophobic Teflon polymer utilized to create a three-phase boundary and to
achieve efficient removal of water produced by electro-reduction of oxygen. Sputtering techniques can
also be used to apply the platinum catalyst to the carbon support. The noble metal loading in both electrodes
was 4–6 mg/cm2. The MEA may be prepared by pressing the anode, electrolyte and cathode at
8.62 � 106 Pa and 146°C.

JPL opted for a “flat-pack” instead of the conventional bipolar plate design, but this resulted in higher ohmic
resistances and non-uniform current distribution. In this design the cells are externally connected in series
on the same membrane, with through membrane interconnect and air electrodes on the stack exterior. Two
“flat packs” can be deployed in a back-to-back configuration with a common methanol feed to form a “twin
pack” (Fig. 3). Three “twin-packs” in series will be needed to power a cellular phone. In the stack assem-
bly, six cells are connected in series in a planar configuration, which exhibits average power densities
between 6 and 10 mW/cm2. The fuel cell was typically run at ambient air, 20–25°C with 1 M methanol.
Improvements of configuration and interconnect design have resulted in improved performance character-
istics of the six-cell “flat-pack” DMFC. Based on the results of the current technology, the JPL researchers
predict that a 1 W DMFC power source, with the desired specifications for weight and volume and having
an efficiency of 20% for fuel consumption, can be developed for a 10-h operating time, prior to replacement
of methanol cartridges.

As stated earlier LANL has been in collaboration with Motorola Labs – Solid State Research Center to
produce a ceramic-based DMFC, which provides better than 10 mW/cm2 power density. LANL researchers
have also been engaged in a project to develop a portable DMFC power source, capable of replacing 
the “BA 5590” primary lithium battery, used by the US Army in communication systems [10]. A 30-cell
DMFC stack, with electrodes having an active area of 45 cm2, was constructed, an important feature of this
stack being a narrow width (i.e., 2 mm) of each cell. MEAs are made by the decal method; that is, thin film
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catalysts bonded to the membrane resulting in superior catalyst utilization and overall cell performance.
Anode catalyst loading of Pt between 0.8 and 16.6 mg/cm2 in unsupported PtRu and carbon-supported
PtRu are used. A highly effective flow field for air made it possible to use a dry air blower for operation 
of the cathode at three to five times stoichiometry. The stack temperature was limited to 60°C and the air
pressure was 0.76 atm, which is the atmospheric pressure at Los Alamos (altitude of 2500 m). To reduce
the crossover rate, methanol was fed into the anode chamber at a concentration of 0.5 M. Since water man-
agement becomes more difficult at such low methanol concentrations, a proposed solution was to return
water from the cathode exhaust to the anode inlet, while using a pure methanol source and a methanol con-
centration sensor to maintain the low methanol concentration feed to the anode. The peak power attained
in the stack near ambient conditions was 80 W at a stack potential of 14 V and approximately 200 W near
90°C. From this result, it was predicted that this tight-packed stack could have a power density of 300 W/l.
An estimate of an energy density of 200 Wh/kg was made for a 10 h operation, assuming that the weight
of the auxiliaries is twice the weight of the stack.

Forschungszentrum Julich GmbH (FJG, Germany) has developed and successfully tested a 40-cell 50 W
DMFC stack [11]. The FJG system consists of the cell stack, a water/methanol tank, a pump and ventilators
as auxiliaries. The stack is designed in the traditional bipolar plate configuration, which results in lower
ohmic resistances but heavier material requirements. To circumvent the weight limitations current collectors
are manufactured from stainless steel (MEAs are mounted between current collectors) and are inserted into
plastic frames to reduce stack weight. The 6 mm distance between MEAs (cell pitch) reveals very tight
packaging of the stack design. Each frame carries two DMFC single cells that are connected in series by
external wiring (Fig. 4). MEAs are fabricated in-house with anode loading of 2 mg/cm2 PtRu black, catalyst
loading of 2 mg/cm2 Pt black and cell area of 100 cm2 for each of the 40 cells. At the anode a novel con-
struction allows the removal of CO2 by convection forces at individual cell anodes. The conditions for running
the stack were 1 M methanol, 60°C and 3 bar O2 which led to peak energy densities of 45–55 mW/cm2.
The cathode uses air at ambient or elevated pressures, when the stack operates at temperatures above 60°C
the air is fed into the cathode by convection forces. Further evaluation of the system revealed that current
collectors made of stainless steel showed an inhomogeneous distribution of contact resistance and as a
result single cells displayed fluctuating power densities. It was postulated that the pressure of the current
collectors on the MEAs is not high enough to prevent delamination of the electrocatalyst layer. Recent
developments include a three-cell short stack design which has reduced the cell pitch to only 2 mm. The
individual cell area of this design is larger, 145 cm2, than the previous prototype and although it is not air-
breathing it works with low air stoichiometric rates (more efficient cathodic flow distribution structure).
The short stack was tested under ambient pressure (a low-power-consuming compressor provided air to the
cathode) and operated at 45°C.

Samsung Advanced Institute of Technology (SAIT, South Korea) has developed a small monopolar
DMFC cell pack (2 cm2, 12 cells, CO2 removal path, 5–10 M methanol, air-breathing and room temperature)
of 600 mW for mobile phone applications [12]. Single cell are constructed with a PtRu black anode 

Air electrode
Top View

Interconnect

Methanol electrode

Methanol feed

Fig. 3. Schematic of JPL’s interconnected cells in a flat-pack DMFC design [4,9]
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electrode (a methanol flow field and a capillary wicking structure are part of the anode structure), a hybrid
membrane material (ionomer/ZrO(HPO4)2, ionomer/BaTiO3 or ionomer-laminated material) and a Pt
black cathode electrode with an air flow field (breathing structure). The catalyst layers have been fabricated
by magnetron sputtering methods on Nafion membrane surfaces. Single cell experiments at room temper-
ature utilizing 2–5 M methanol and ambient air result in power densities on the order of 10–50 mW/cm2

(air-breathing and air blowing). The cellular phone used to test the DMFC prototype is reported to be func-
tional for up to 40 days on standby and 20 h of talk time.

The Korea Institute of Energy Research (KIER, South Korea) has developed a 10 W DMFC stack (bipolar
plate, graphite construction) fabricated with six single cells of 52 cm2 total electrode area [13]. The stack was
tested at 25–50°C using 2.5 M methanol supplied without a pumping system and at ambient pressure O2 at
a flow rate of 300 cc/min. The maximum power densities obtained in this system were 6.3 W (121 mW/ cm2)
at 87 mA/cm2 at 25°C and 10.8 W (207 mW/cm2) at 99 mA/cm2 at 50°C. MEAs using Nafion 115 and 117
were formed by hot pressing and the electrodes were produced from carbon-supported Pt–Ru/C metal
powders and Pt-black for anode and cathode electrodes, respectively.

Korea Institute of Science and Technology (KIST, South Korea) has developed a 15-cell monopolar stack
of 90 cm2 total electrode area and a maximum power density of 3.2 mW/cm2 [14]. The MEAs were fabri-
cated by hot pressing catalyst layered carbon paper and Nafion 117 membrane, catalyst layers were formed
by spray-coating catalyst ink. Anode electrocatalyst loading of 8 mg PtRu/cm2 and cathode electrocatalyst
loading of 8 mg Pt/cm2 are utilized in this system. The performance tests were conducted at room temper-
ature under static feed conditions: air was fed only through natural convection and the methanol solution
was stored in the engraved plate that contacted the MEA on the anode side. Single cell tests at various
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methanol concentrations resulted in maximum power density of 9 mW/cm2. The poor performance of the
stack power density was attributed to the poor air diffusion into the cathode with a resulting mass transfer
limitation at that electrode.

More Energy Ltd (MEL, ISRAEL), a subsidiary of Medis Technologies Ltd (MDTL, US), is developing
a direct liquid methanol (DLM) fuel cells (a hybrid PEM/DMFC system) for portable electronic devices
[15]. The key features of the DLM fuel cell are as follows: (i) the anode catalyst extracts hydrogen from
methanol directly, (ii) the DLM fuel cell uses a proprietary liquid electrolyte that acts as the membrane in
place of a solid polymer electrolyte (Nafion) and (iii) novel polymer and electrocatalyst enable the fabri-
cation of more effective electrodes. The company’s fuel cell module delivers approximately 0.9 V and 0.24 W
at 60% of its nominal capacity for 8 h. This translates into energy densities of approximately 60 mW/cm2

with efforts underway to improve that result to 100 mW/cm2. The high power capacity of the cell is attrib-
uted to the proprietary electrode ability to efficiently oxidize methanol. In addition, Medis claims the use
of high concentrations of methanol (30%) in its fuel stream with plans for increasing that concentration to
45% methanol. The increased concentration of methanol in the feed stock results in concentration gradi-
ents that should lead to higher methanol crossover rates. However, this technical concern is not mentioned
in the company’s literature.

2.2. Transportation

DMFC technology offers a solution for transportation applications in the transition toward a zero emission
future. Using methanol as a fuel circumvents one of the major hurdles plaguing PEMFC technology, that
is, the development of an inexpensive and safe hydrogen infrastructure to replace the gasoline/diesel fuel
distribution network. It has been well established that the infrastructure for methanol distribution and stor-
age can be easily modified from the current gasoline intensive infrastructure. Another drawback in using
PEMFC technology is the need to store hydrogen (at very high pressures) or carry a bulky fuel processor
to convert the liquid fuel into hydrogen on board the vehicle. Methanol is an attractive fuel because it is a
liquid under atmospheric conditions and its energy density is about half of that of gasoline.

Despite the compelling advantages of using DMFCs in transportation applications, major obstacles to
their introduction remain. These barriers include the high costs of materials used in fabricating DMFCs
(especially the high cost of platinum electrocatalysts), the crossover of methanol through the electrolyte
membrane from the anode to the cathode and, the lower efficiency and power density performance of
DMFCs in comparison to PEMFCs. Despite these obstacles a number of institutions (particularly in the
last 5 years) have become actively engaged in the development of DMFCs for transport applications. The
most remarkable results achieved in this field are summarized in Table 2. These institutions have directed
their resources toward improving every facet of the DMFC in the quest for competitive balance with
PEMFCs, as stated below.

Ballard Power Systems Inc (BPSI, Canada) in collaboration with Daimler-Chrysler (Germany) recently
reported the development of a 3 kW DMFC system that is at a very preliminary stage in comparison to
Ballard’s PEMFC products [16]. Daimler-Chrysler (Germany) demonstrated this system for the transporta-
tion application in a small one-person vehicle at its Stuttgart Innovation Symposium in November 2000.
The DMFC go-cart weighed approximately 100 kg, required an 18 V/1 Ah battery system for starting the
electric motor on its rear wheels, and had a range of 15 km and a top speed of 35 km/h. The stack used 0.5 l
methanol (the concentration of methanol was unclear) as fuel and operated at approximately 100°C. In
January 2001, our private communication with Ballard revealed that they have built and operated a 6 kW
stack (60 V) based on the same stack design as the prototype shown in Stuttgart. No details are available at
this time with respect to the stack design and performance of the DMFC power source. However, the patent
literature indicates fabrication techniques for producing DMFC electrodes [17].
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Table 2. Transportation

Methanol Number of 
Single cell/ Power/power Temperature concentration Anode Membrane Cathode cells/surface
stack developer density (°C) Oxidant (M) catalyst electrolyte catalyst area (cm2)

Ballard Power 3 Kw 100 Air 1 (pure) Pt/Ru Nafion Pt ––
Systems Inc

IRD Fuel 100 mW/cm2 90–110 1.5 atm air –– Pt/Ru Nafion Pt 4/154 cm2 bipolar
Cell A/S

Thales 140 mW/cm2 110 3 atm air 1 Pt/Ru Nafion Pt 5/225 cm2 bipolar
CNR-ITAE 
Nuvera
Fuel Cells

Siemens 250 mW/cm2 110 (80) 3 atm O2 0.5 (0.5) Pt/Ru Nafion 117 Pt-black 3 cm2 per cell
AG (90) (1.5 atm air) 4 mg/cm2

Los Alamos
National Labs 1 kW/l 100 3 atm air 0.75 Pt–Ru Nafion 117 Pt 30/45 cm2 bipolar
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The anode was prepared by first oxidizing the carbon substrate (carbon fiber paper or carbon fiber non-
woven) via electrochemical methods in acidic aqueous solution (0.5 M sulfuric acid) prior to incorporation
of the proton-conducting ionomer. Oxidation results in the formation of various acidic surface oxide groups
on the carbonaceous substrate and can be achieved by constructing a simple electrochemical cell com-
prising the carbonaceous electrode substrate as the working electrode. During the treatment of the carbon
substrate a voltage of greater than 1.2 V and more than 20 coulombs/cm2 was used in the process. The sec-
ond step involves the impregnation of a proton-conducting ionomer such as a poly(perfluorosulfonic acid)
into the carbon substrate and then drying off the carrier solvent; the amount impregnated into the substrate
was usually greater than 0.2 mg/cm2. The anode preparation is completed by applying aqueous electrocat-
alyst ink to the carbon substrate without extensive penetration in the substrate. This method ensures that
less electrocatalyst is used and, the catalyst is applied to the periphery of the electrode where it will be uti-
lized more efficiently. The performance enhancements associated with the treatment of the carbonaceous
substrate may be related to the increase in the wettability of the carbonaceous substrate. This may result
in the more intimate contact of an ionomer coating with the electrocatalyst thereby improving proton access
to the catalyst. Another theory concludes that the presence of the acidic groups on the carbon substrate itself
may improve proton conductivity or, the surface active acidic groups may affect the reaction kinetics at the
electrocatalyst sites. The assembly of the MEA and single cell occurred via conventional methods, that is,
hot pressing the anode and cathode to a solid polymer membrane electrolyte. Oxygen and methanol flow
fields are subsequently pressed against cathode and anode substrates, respectively but details of this assembly
have not been forthcoming.

IRD Fuel Cell A/S (Denmark) has developed DMFCs primarily for transportation applications (0.7 kW)
[18]. The stack was constructed with separate water and fuel circuits and the bipolar flow plates are made
of a special graphite/carbon polymer material for corrosion reasons. The MEAs have an active cell area of
154 cm2 with cell dimensions of 125 mm2. The air pressure was 1.5 bar at the cathode. A nominal cell volt-
age of 0.5 V was observed for IRDs stack at a current density at 0.2 A/cm2 and electric power was generated
at 15 W per cell.

A consortium composed of Thales-Thompson (France), Nuvera Fuel Cells (Italy), LCR (France) and
Institute CNR–ITAE (Italy) has developed a five-cell 150 W stainless steel-based air-fed DMFC stack with
financial support of the European Union Joule Program [19]. Bipolar plates were utilized in the stack design
and MEAs were fabricated using Nafion as the solid polymer electrolyte and high surface area carbon-
supported Pt–Ru and Pt electrocatalyst for methanol oxidation and oxygen reduction, respectively. The elec-
trode area was 225 cm2 and stack was designed to operate at 110°C, using 1 M methanol and 3 atm air
achieving an average power density of 140 mW/cm2. Figure 5 shows the overall stack performance. A
comparison of the polarization curves for single cells in the stack and a prototypal cell is shown in Figure 6.
The different diffusion characteristics of the cells in the stack indicate that the stack fluidodynamics should
be enhanced in terms of homogeneity of distribution of reactant over the electrodes.

Siemens Ag (Germany) optimized its DMFC system (high oxygen pressure operation) for a niche market
and, examined DMFCs in the low temperature, low pressure air operation for more general purposes [20].
MEAs in single cells experiments are constructed using a Nafion 117 membrane, Pt-black with a catalyst
loading of 4 mg/cm2 for the cathode and a high surface area Pt–Ru alloy (either unsupported or carbon
supported) for the anode (2 mg/cm2). A maximum power density of �250 mW/cm2 is achieved for oper-
ating conditions of 110°C, 3 bar O2, 0.5 M methanol and an electrode surface area of 3 cm2. Single cell
experiments exploring operating conditions at lower temperatures, lower pressures and air being supplied
to the cathode electrode utilize similar MEA components as described previously. A maximum power den-
sity of �90 mW/cm2 is achieved for operating conditions of 80°C, 1.5 bar air and 0.5 M methanol. These
conditions result in a maximum power density that is significantly lower than results obtained for previous
experiments using O2 as the cathodic fuel. We should also note that there is a positive correlation between
the air flow rate (25–100 standard cubic centimeter per minute (sccm)) and the cell performance.
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Siemens AG in Germany, in conjunction with IRF A/S in Denmark and Johnson Matthey Technology
Center in the United Kingdom has developed a DMFC stack with an electrode area of 550 cm2 under the
auspices of the European Union Joule Program [21–23]. The projected cell performance is a potential of 0.5 V
at a current density of 100 mA/cm2, with air pressure at 1.5 atm and the desirable stoichiometric flow rate.
A three-cell stack has been demonstrated by operating at a temperature of 110°C and a pressure of 1.5 atm
and using 0.75 M methanol, this stack exhibited a performance level of 175 mA/cm2 at 0.5 V per cell; at
200 mA/cm2 the cell potential was 0.48 V. These performances were obtained at a high stoichiometric air
flow rate (factor of 10) but in order to reduce auxiliary power requirements, one of the goals at Siemens is
to improve the design to lower the air stoichiometric flow to the desired value of about a factor of 2. A
0.85 kW air-fed stack composed of 16 cells and operating at 105°C was successively demonstrated with
maximum power density of 100 mW/cm2.

LANL is also actively pursuing the design and development of DMFC cell stacks for electric vehicle
applications. According to the latest available information, a five-cell short stack with an active electrode
area of 45 cm2 per cell has been demonstrated [24]. The cells were operated at 100°C, an air pressure of
3 atm and a methanol concentration of 0.75 M. The maximum power of this stack was 50 W, which corre-
sponds to a power density of 1 kW/l. At about 80% of the peak power, the efficiency of the cell stack with
respect to the consumption of methanol was 37%.

3. STATUS OF KNOWLEDGE IN BASIC RESEARCH AREAS AND NEEDED 
BREAKTHROUGHS

3.1. Electrode kinetics and electrocatalysis of methanol oxidation

3.1.1. Overall reaction, intermediate steps and rate determining steps

Since methanol is the most electroactive organic fuel for fuel cells, extensive, fundamental studies have
been carried out to elucidate the reaction mechanism in a multitude of laboratories in the USA, England,
Russia, France, Germany and Japan starting as early as the 1960s. Two recent reviews cover in detail the
analyses of the reaction mechanisms as well as the conflicting views that still exist on reaction pathways
and rate determining steps [25,26]. Thus, only a summary of the present status of knowledge and a survey
of the current international activities is presented in this section. The electrooxidation of methanol to car-
bon dioxide is a six-electron transfer reaction; due to the slow kinetics of this reaction (even on the best
possible electrocatalysts) and poisoning by adsorbed intermediates, partial oxidation to products such as
formaldehyde, formic acid and methyl formate occurs. A generally accepted schematic for the reaction
pathways leading to the partial or complete oxidation of methanol on Pt–Ru catalysts is reported below:

(1)

(2)

(3)

A surface rearrangement of the methanol oxidation intermediates gives carbon monoxide, linearly
bonded to Pt sites, as following:

(4)

In the presence of Ru as promoter, water discharging occurs at low anodic overpotentials on Ru with the
formation of Ru-OH species at the catalyst surface.

PtCHO Pt - - - CO le→ � � �� �

Pt - - - CHOH Pt PtCHO le� � � �� �→

Pt - - - CH OH Pt Pt - - - CHOH H le2 � � �� �→

CH OH Pt Pt - - - CH OH H le3 2� � �� �→
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(5)

The final step is the reaction of Ru-OH groups with neighboring methanolic residues to give carbon
dioxide:

(6)

On the better electrocatalysts, such as a Pt–Ru alloy, CO2 is the main product, while on an inferior electro-
catalyst such as Pt small amounts of formic acid and formaldehyde have been detected. In situ product
analyses have been carried out by on-line gas or liquid chromatography by Lamy and co-workers [27] and
differential electrochemical mass spectrometry by Vielstich et al., Bonn University [28]. Another method
used by Lamy and co-workers is in situ Fourier transform infrared reflectance spectroscopy, used as single
potential alteration infrared spectroscopy [29]. A similar technique, electrochemically modulated infrared
spectroscopy, was used by this group to identify intermediate species strongly adsorbed on the electrode
[29]. The strongly adsorbed CO species was identified as the main poisoning species, blocking the elec-
trode sites for further intermediate formation during methanol oxidation. The vital step appears to be the
formation of the (•CHO)ads species, which facilitates the overall reaction; it subsequently forms the strongly
adsorbed CO species. The rate determining step is the oxidation of adsorbed CO with adsorbed OH species,
according to the publications of Swathirajan and Mikhail at General Motors [30], Bockris and Kahn, Texas
A&M University [31] and Kauranen et al. [32].

Increase in operation temperature produces a significant increase in DMFCs performance. This effect is
nearly related to the faster CO removal from electrocatalyst surface as revealed by CO stripping analysis
[33]. Figure 7 shows DMFC polarization curves in the presence of a Pt–Ru anode catalyst and Nafion 112
membrane at various operating temperatures.

3.1.2. Electrocatalysis

The interest in the electrocatalytic oxidation of methanol is only surpassed by investigations of the hydro-
gen and oxygen electrode reactions. Platinum and platinum–ruthenium alloys have been the most investi-
gated electrocatalysts. For a more complete review of electrocatalyst studies and the conclusions reached,
the reader is referred to the aforementioned review articles. Highlights of recent and ongoing investiga-
tions may be summarized as follows: (i) With a Pt–Ru alloy electrocatalyst, the water discharge occurs at
low potentials on Ru sites while methanol chemisorption requires three neighboring Pt sites. The removal
of carbon monoxide needs the presence of OH species on adsorbed Ru sites. According to work at LANL
by Dinh et al. [33], the above processes are accelerated by the presence of low index planes. (ii) A ruthenium
content of 50% is optimal for methanol oxidation. (iii) X-ray absorption spectroscopic studies by McBreen
and Mukerjee at Brookhaven National Laboratory [34] have shown that an increase in d band vacancy is
produced by alloying Pt with Ru and this modifies the adsorption energy of methanol residues on Pt. Thus,
the reaction rate is not only influenced by the bifunctional mechanism but also by electronic effects. 
(iv) Promotional effects of Ru and Sn with Pt have also been extensively analyzed – Aricò et al. [35], at
the CNR–TAE Laboratory in Italy observed a shift by 1.1 eV in the X-ray near edge spectrum (XANES)
of the Pt–Sn/C electrocatalyst, which suggests that Sn atoms in Pt–Sn donate electrons to Pt atoms and are
thereby oxidized. A charge transfer from Sn to Pt was also shown using XPS analysis by Shukla and 
co-workers in an International Collaboration with CNR–ITAE in Italy, Indian Institute of Science and
Seoul National University Korea [36]. (v) Iwasita et al., Bonn University [37], have attributed the shift
toward higher frequencies for CO stretching in their FTIR experiments to a lower chemisorption energy
for CO on the Pt–Ru alloy. (vi) In a related study at Eindhoven University, The Netherlands, Frelink et al.
[38] have observed a shift to higher frequencies at various coverage’s due to changes in binding energies
to the alloy surface, induced by Ru through a ligand effect on Pt. (vii) A combinatorial catalytic approach

RuOH PtCO Pt - - - Ru CO le2� � � � �� �→

Ru O RuOH le2� � � � �� �→
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was used at Pennsylvania State University and the Illinois Institute of Technology [39] and (viii) Several
studies have been carried out and are ongoing as well to elucidate the morphologic aspects of electrocata-
lysts. Significant information has also been obtained on the behavior of ternary as well as multifunctional
catalysts which aided the interpretation of the role of the various promoting elements [40].

Watanabe et al. [41], Yamanashi University, reported that the electrocatalytic activity for methanol 
oxidation does not increase with particle size above 20 Å. This means that the mass activity increases with
the increasing dispersion of the electrocatalyst. Wieckowski and co-workers [42] at the University of
Illinois found that the (1 1 1) Pt crystallographic plane, partially covered with Ru ad-atoms performs bet-
ter than when Ru is adsorbed on any other plane. (ix) Studies to investigate the role of carbon black have
shown, in the work of Kaurenan and Skou [43], Ravikumar and Shukla [44] from the Indian Institute of
Science, and Goodenough et al. [45] New South Wales, that (a) a low surface area carbon black (e.g., acety-
lene black) does not yield a high dispersion of metal phase, (b) a high surface area carbon black (e.g.,
Vulcan XC-72, Ketjen Black) accommodates a high amount of metal phase with a high degree of disper-
sion due to the significant amount of micropores. However, there will be no homogeneous distribution of
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the electrocatalyst – this leads to mass transport limitations of reactant and limited access to inner electro-
catalytic sites. (x) Several alternatives to Pt or Pt alloy electrocatalysts have been investigated worldwide.
These include transition metal alloys and transition metal oxide/metal combinations. The latter are attractive
because they could assist the decomposition of water and facilitate a redox route for electrooxidation of
metal. To date, problems encountered with the stabilities of these materials in acid electrolytes have arisen.
However, this approach needs further examination in the state-of the-art DMFC with a proton-conductive
membrane electrolyte.

3.2. Methanol crossover

3.2.1. Mechanism and its effects on DMFC performance

The crossover of methanol from the anode to the cathode in a DMFC has serious consequences of reducing its
coulombic and voltage efficiencies. The main reason for the crossover is that the methanol fuel is soluble in
water over the full range of composition from 0% to 100%. This is unlike the case of gaseous hydrogen
and oxygen fuels oxidized and reduced at the anode and cathode electrodes, respectively. As a conse-
quence, the diffusion rate of methanol from the anode to the cathode is extremely high (corresponding to
an equivalent current loss larger than 100 mA/cm2 under open circuit conditions). This should be com-
pared with a diffusion rate that results in an equivalent current loss of a few mA/cm2 or less for hydrogen
or oxygen in a proton exchange membrane fuel cell. Investigations in several laboratories in the USA,
Japan, Canada, Korea and Germany have examined the extent of methanol crossover in DMFC’s as a func-
tion of operating temperatures and current density using electrochemical on-line gas chromatographic and
mass spectrometry techniques [46–50]. Apart from the high rate of diffusion transport from anode to cath-
ode, one encounters the electroosmotic transport whereby methanol is carried with the proton (ion–dipole
interaction) as in the case of a water molecule being strongly bound to a proton. The rate of crossover
decreases with increasing current density, due to the higher rate of methanol consumption at the anode.
This induces a concentration gradient in the active layer of the anode electrode and a considerably lower
methanol concentration at the interface of the active layer with the membrane. Higher operating tempera-
tures and a lower methanol concentration in the feed stream reduces the rate of methanol crossover in
DMFCs. As a compromise for optimizing performance and reducing crossover, most researchers are using a
concentration of 1 M methanol. Apart from the crossover problem reducing the coulombic efficiency of a
DMFC, its voltage efficiency is also decreased because of a lowering of the open circuit potential (OCV)
(caused by the depolarizing of the oxygen electrode under open circuit conditions) and the poisoning
effects of the Pt electrocatalyst by methanol-derived species at this electrode.

3.2.2. Methods for inhibition of methanol crossover

The crossover of methanol is due to its high rate of permeability through the membrane, caused by the
high concentration gradient of methanol from the anode to the cathode. Several projects have been and are
being carried out to minimize the permeation rate. Researchers at LANL [51] in the USA have shown that
the permeation rate is markedly reduced at current densities above 300 mA/cm2. Researchers at CNR-
ITAE [52] have also shown reduced methanol crossover rates with thinner membrane electrolytes and
higher temperature operations when the DMFC cell is working at high current density. Modified compos-
ite membranes (Nafion–silica), with SiO2 particles entrapped in the polymeric structure [53], serves as 
a physical barrier for methanol crossover; even though the ohmic resistance is increased (depends on the
concentration of silica). Low crossover rate (equivalent to 40 mA/cm2, at a DMFC operating current density
of 500 mA/cm2) have been demonstrated in the presence of Nafion–Silica composite membranes [54]. At
Pennsylvania State University in the USA, Allcock and co-workers [55] are investigating phosphazene
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membranes, prepared by thin film casting of a poly(aryloxy) phosphazene from a solution of tetrahydrofuran,
phosphorus oxychloride and water. The microporous membrane contained either phosphoric acid entrapped
in the membrane or the acid coordinately bound in the polymer backbone. Another type of membrane was
prepared by treating benzenoid side groups (the side groups are attached to a polyphosphazene mainchain)
with sulfonating agents such as concentrated sulfuric acid, fuming sulfuric acid and sulfur trioxide. Although
lower crossover rates (by a factor of 5), as compared with Nafion membranes, were reported the ohmic
resistances were higher. Savinell and coworkers [56,57] at Case Western Reserve University imbibed
polybenzimidazole membranes with a large amount of phosphoric acid (about 400% content) and found
low crossover rates at a temperature of 150–200°C. Such a membrane in a DMFC environment exhibited
a crossover rate of 5–10%. This membrane is akin to a silicon carbide matrix impregnated with phosphoric
acid in a phosphoric acid fuel cell International Fuel Cells, USA, had evaluated a fuel cell with the latter
type of membrane and found that some methanol was consumed to form methyl phosphate and dimethyl
ether. Researchers at Samsung Advanced Institute of Technology, Korea [58], are evaluating inorganic–
organic hybrid polymer membranes – mainly composites of Nafion with silica, TiO2 and zirconyl phos-
phate, prepared by hydrolysis or sol–gel reactions.

In an international cooperation between Princeton University and CNR-ITAE [59], a composite Nafion
115 zirconium hydrogen phosphate (23%, w/w) membrane was investigated for application in DMFC 
at high temperatures (150°C). This membrane shows lower methanol crossover with respect to recast
Nafion–SiO2 (3%, w/w) membrane due to the higher content of inorganic compound inside the polymer
electrolyte channels acting as diffusion barrier for methanol (Fig. 8). Yet, larger ohmic resistances were
observed up to 150°C due to the reduced proton/water mobility inside Nafion channels (Fig. 9). The result-
ing effect is a better performance for zirconium hydrogen phosphate based membrane in the activation
controlled region and a lower performance in the ohmic and diffusion controlled region of the polarization
curve with respect to the SiO2 based membrane (Fig. 8). Further, increase in performance for the Nafion–SiO2

membrane is achieved by adsorbing a strong acid on the surface of colloidal SiO2 particles indicating that
the surface acidity of the inorganic oxide is probably governing the conductivity and water retention prop-
erties at high temperature (Fig. 9). The highest conductivity for the Nafion–SiO2 membrane is achieved 
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at 145°C; at higher temperatures water losses determine an increase in the cell resistance. As opposite, the
Nafion 115-zirconium hydrogen phosphate membrane shows a progressive decrease of cell resistance
(Fig. 9). In fact, in the presence of ZrH(PO4)3 which is a protonic conductor at intermediate temperatures,
the proton mobility inside the system is strongly activated by temperature in presence of reduced water
content inside the membrane.

3.3. Electrode kinetics and electrocatalysis of oxygen reduction

Worldwide research activities to elucidate the mechanism of the complex electrode reaction (both evalua-
tion and reduction) of oxygen and to find the best electrocatalysts for low and intermediate temperature
fuel cells have been very extensive – second most to the hydrogen electrode reaction. There have also been
excellent reviews on these aspects as relevant to proton exchange membrane, alkaline and phosphoric acid
fuel cells [60–62]. Thus, this subsection will focus on mechanistic and electrocatalytic aspects, as relevant
to DMFCs. The most significant effect of using methanol as a fuel in a fuel cell on the oxygen electrode
Pt electrocatalyst is the significant decrease in its open-circuit potential, caused by the crossover of
methanol from the anode to this electrode; loss of OCV could be as high as 0.2 V when using 1–2 M
methanol as the fuel. Taking into consideration that the oxygen electrode has an open-circuit potential about
0.2 V lower than the theoretical value of 1.23 V in a PEMFC, because of its high irreversibility and compet-
ing anodic reactions (Pt oxide formation, organic impurity oxidation), the efficiency loss under these con-
ditions is as high as 30%. The second effect of methanol crossover is in the kinetics of the electroreduction
of oxygen. To date, there is no clear understanding of the mechanism of this effect, which slows down the
rate of reaction, as evidenced by an increase of the Tafel slope and a decrease of the exchange current 
density.

In some cases low crossover values were recorded by operating the DMFC at higher temperatures – as
illustrated by the LANL [51] (USA) and CNR-ITAE [52] (Italy) researchers. This effect is mainly related
to the higher achievable current densities which produces a fast methanol consumption at the anode/elec-
trolyte interface and thus a lower methanol concentration gradient across the electrolyte. As stated in the
preceding subsection, the crossover can be reduced by use of alternate or composite membranes. Apart from
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the as-mentioned effects of these methods to increase the coulombic efficiencies, other benefits are the
increase of the open-circuit potential of the oxygen electrode and the improvement of the kinetics of oxy-
gen reduction. The latter is probably due to the decreased concentration of organic species (derived from
methanol) adsorbed on the electrode. Research studies have revealed that Co and Fe porphyrins and
phthalocyanins electrocatalysts are insensitive to the presence of methanol, when functioning as oxygen
electrodes [63–66]. These electrocatalysts were supported on a high surface area carbon (Vulcan XC 72R)
and thermally treated at 800°C. An alternative approach, used by these workers was to disperse these
metal-organic macrocyclics in a film of a conducting polymer (polyaniline or polypyrrole) [67].

4. CONCLUSIONS

An analysis of the international activities carried out over the last 2 years in the field of DMFC stack and
system development technology has been made. It is widely recognized that to reduce greenhouse gases and
obey recent environmental laws it is necessary to develop highly efficient and low-cost energy conversion
systems. Direct methanol fuel cells possess good potentialities in this regard due to intrinsically low pollut-
ing emissions and system simplicity. Recent results on DMFC stacks in terms of power density output
(�1 kW/l) and overall conversion efficiency (37% at the design point of 0.5 V/cell) indicate that these sys-
tems are quite competitive with respect to the reformer-H2/air PEMFC units for application in electrotrac-
tion as well as in distributed power generation. Yet, significant progress is necessary to further decrease the
gap that still exists with respect to conventional power generation systems in terms of power density and
costs. The major hurdles concern the reduction of noble metal loading, methanol crossover drawbacks and
fabrication costs. At present, the most appealing application for DMFCs is in the field of portable power
sources where device costs are less critical and power densities are close to those of Li-batteries. The pres-
ent analysis indicates that the targets for each application may be achieved through a thoughtful develop-
ment of materials device design as well as through an appropriate choice of operating conditions.
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Chapter 11

Transport properties of solid oxide electrolyte ceramics: 
a brief review

V.V. Kharton, F.M.B. Marques and A. Atkinson

Abstract

This work is centered on the comparative analysis of oxygen ionic conductivity, electronic transport
properties and thermal expansion of solid electrolyte ceramics, providing a brief overview of the
materials having maximum potential performance in various high-temperature electrochemical
devices, such as solid oxide fuel cells (SOFCs). Particular emphasis is focused on the oxygen ionic
conductors reported during the last 10–15 years, including derivatives of �-Bi4V2O11 (BIMEVOX),
La2Mo2O9 (LAMOX), Ln10�xSi6O26-based apatites, (Gd,Ca)2Ti2O7�� pyrochlores and perovskite-
related phases based on LaGaO3 and Ba2In2O5, in order to identify their specific features determin-
ing possible applications. The properties of the new ion-conducting phases are compared to data on
well-known solid electrolytes, such as stabilized zirconia, �-Bi2O3-based ceramics, doped ceria and
LaAlO3. The compositions exhibiting highest ionic conductivity are briefly discussed.

Keywords: Solid oxide electrolyte; Ceramics; Oxygen ionic conductivity; Electronic conduction; Thermal
expansion
PACS: 66.10.Ed; 67.55.Hz; 81.05.Je
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1. INTRODUCTION

Technologies based on the use of high-temperature electrochemical cells with oxygen ion-conducting solid
electrolytes, provide important advantages with respect to the conventional industrial processes. In particu-
lar, solid oxide fuel cells (SOFCs) are considered as alternative electric power generation systems due to
high energy conversion efficiency, fuel flexibility including the prospects to operate directly on natural gas
and environmental safety [1–5]. Practical application of SOFCs is, however, still limited for economical
reasons, particularly as result of the high costs of component materials. The SOFC-based generators can be
commercially viable only if their production costs drop significantly [2,3]. This can be addressed in part
through development of new materials, including solid oxide electrolytes as they are key components of
electrochemical cells [5]. Solid electrolytes should satisfy numerous requirements, including: fast ionic
transport, negligible electronic conduction and thermodynamic stability over a wide range of temperature
and oxygen partial pressure. In addition, they must have thermal expansion compatible with that of elec-
trodes and other construction materials, negligible volatilization of components, suitable mechanical prop-
erties and negligible interaction with electrode materials under operation conditions.

Due to growing interest in environmentally benign and energy-saving technologies, developments in the
field of SOFCs and other high-temperature electrochemical devices have been considerably intensified dur-
ing the last 10–15 years. In particular, some novel oxygen ionic conductors have been reported in the litera-
ture, including LaGaO3-based perovskites, derivatives of Bi4V2O11 (BIMEVOX) and La2Mo2O9 (LAMOX),
perovskite- and brownmillerite-like phases (e.g., derived from Ba2In2O5), several new pyrochlores with rela-
tively high ionic transport such as (Gd,Ca)2Ti2O7��, and apatite materials derived from Ln10�xSi6O26��

where Ln is a rare earth cation. In many aspects such materials exhibit an improved performance with respect
to ZrO2-, ThO2-, HfO2-, CeO2- and �-Bi2O3-based solid electrolytes known and used since the early
1960–1970s [6–10]. On the other hand, the rapid developments in this field have resulted in a significant lack
of knowledge regarding key properties of these potential new electrolytes, even regarding important charac-
teristics such as their electronic conductivity and stability.

The aim of this review is to compare available data on the newly reported materials with conventional
ionic conductors, placing special emphasize on their transport properties. Some data on thermal expansion
coefficients (TECs), and compatibility with electrode materials, are also briefly covered. Readers interested
further in the well-established materials are referred to relevant reviews and monographs [11–15]. In this
brief review, it has been impossible to cover all promising materials, important theoretical aspects and
numerous technological approaches developed in the field of solid oxide electrolytes. Priority has been
given mainly to comparing transport properties and thermal expansion of single-phase ceramics exhibiting
the highest ionic conductivity. Selection of the references for this review is focused on the last 10–15 years,
with the main emphasis on the newly reported materials. For earlier work the review by Etsell and Flengas [6],
published in 1970 and covering almost 700 literature sources, is still an invaluable source. Furthermore, the
references included in this article were selected in order to show typical relationships between properties
of different materials (rather than to provide a comprehensive literature survey), with particular attention
on recent publications. It should be noted that some of the materials considered here are strictly speaking
mixed ionic–electronic conductors rather than perfect solid electrolytes and, in many cases, the level of
electronic conductivity is still unknown. In such cases, we have assumed dominant oxygen-ionic conduc-
tivity in common with the original references, although this assumption might not be valid.

2. ZIRCONIA-BASED SOLID ELECTROLYTES

The maximum ionic conductivity in ZrO2-based systems is observed when the concentration of acceptor-
type dopant(s) is close to the minimum necessary to completely stabilize the cubic fluorite-type phase
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[6,10,16,17]. This concentration (so-called low stabilization limit) and the corresponding conductivity are,
to a degree, dependent on the processing history and microstructural features, such as: dopant segregation,
impurities, kinetically limited phase transitions and formation of ordered microdomains. Nevertheless,
despite minor contradictions still existing in the literature, for most important systems, the dopant con-
centration ranges providing maximum ionic transport are well established. For example, the highest con-
ductivity levels in Zr1�xYxO2�x/2 and Zr1�xScxO2�x /2 ceramics are observed at x � 0.08–0.11 and
0.09–0.11, respectively. Further additions decrease the ionic conductivity due to increasing association of
the oxygen vacancies and dopant cations into complex defects of low mobility. It is commonly accepted
that this tendency increases with increasing difference between the host and dopant cation radii
[11–14,16]. Similar phenomena explain the conductivity variations in numerous fluorite, perovskite and
pyrochlore systems. This trend is illustrated in Fig. 1 which shows the highest conductivity in ZrO2–Ln2O3

systems, and the association and oxygen-ion migration enthalpies as a function of the Ln3� radius [16].
Because the size of Zr4� is smaller than that of the trivalent rare earth cations, the maximum ionic trans-
port is observed for Ln � Sc3�. Taking into account the costs of different dopants and also the known age-
ing of Sc-containing materials (Table 1; Refs. [18–20]) at moderate temperatures, yttria-stabilized zirconia
is used for most practical applications up to now. However, the data in Fig. 1 appear to indicate that the
association enthalpy decreases as the dopant ionic radius increases. This is contrary to the generally accepted
view of dopant–vacancy interactions. These figures probably are erroneous due to an over-simplified analy-
sis of the Arrhenius conductivity plots and demonstrate that even in zirconia, there are significant basic issues
still remaining to be understood.

Doping of ZrO2 with alkaline earth metal cations (A2�) is much less effective compared to rare earth
dopants. This is due to a higher tendency to defect association and to a lower thermodynamic stability of
the cubic fluorite-type solid solutions in ZrO2–AO systems [6,10]. Some attempts have been made to
search for new solid–electrolyte compositions in ternary systems. These aim to increase the conductivity
by optimizing the average size of dopant cations, to increase the stability of Sc-containing materials by
codoping, or to decrease the cost of Ln3�-stabilized phases by mixing rare-earth with cheaper alkaline
earth dopants [10]. However, no worthwhile improvement has been observed. Another approach to
improving zirconia solid electrolytes has been to add small amounts of highly dispersed alumina [21–23].
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While significant volume fractions of insulating Al2O3 lead to decreasing ionic conductivity, minor addi-
tions decrease the grain-boundary resistance due to “scavenging” of silica-rich impurity phases into new
phases that do not wet the grain boundaries. Another noticeable effect of alumina additions is an improved
mechanical strength, which results from retarding grain growth during sintering. This approach is also
effective for modifying other solid–electrolyte ceramic materials [24,25]. Figure 2 compares the conduc-
tivity of selected ZrO2-based electrolytes, including one YSZ–Al2O3 composite [26–29].

With respect to other solid electrolytes, stabilized zirconia ceramics exhibit a minimum electronic con-
tribution to total conductivity in the oxygen partial pressure range most important for practical applica-
tions. This approximate p(O2) range is from 100–200 atm down to 10�25–10�20atm. As an example, Fig. 3
presents comparative data on the electrolytic domains of various solid electrolytes [30–33]. The term
“electrolytic domain” corresponds to the range of oxygen chemical potential and temperature, where the
ionic contribution to total conductivity of a solid electrolyte is higher than 99%; at the boundaries, the ion
transference numbers (to) are equal to 0.99. In reducing environments the n-type electronic transport in
ThO2- and LaGaO3-based electrolytes is lower than that of stabilized ZrO2, but the latter shows lower 
p-type electronic conduction and, thus, higher performance under oxidizing conditions. Note also that the
performance of lanthanum gallate at low p(O2) is limited by reduction and gallium oxide volatilization
rather than the n-type electronic conductivity. The oxygen pressure dependence of total conductivity 
of La(Sr)Ga(Mg)O3�� (LSGM) at reduced p(O2) is quite complex, suggesting possible decomposition 
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Table 1. Selected examples of the conductivity degradation of zirconia-based solid electrolytes
under isothermal conditions in air

Dopant content (mol%)
T Ageing time Conductivity drop

Sc2O3 Y2O3 (K) (h) (�S/S, %) Reference

– 3.0 1273 83 13 [17]
– 8.0 83 17 [17]
– 10.0 83 0 [17]

10.0 100 1 [18]
– 12.0 83 0 [17]

13.3 100 4 [18]
15.0 100 10 [18]

4.0 4.0 83 27 [17]
7.0 – 83 28 [19]
7.8 – 83 34 [17]
9.0 – 83 10 [19]
9.5 – 83 7 [19]
10.0 – 83 2 [19]
11.0 – 83 4 [19]
6.0 4.0 1173 300 0 [20]
7.0 3.0 300 3 [20]
3.0 5.0 300 2 [20]
7.0 – 1123 83 13 [19]
9.0 – 83 7 [19]
9.0 – 1330 35 [19]
9.3 – 83 3 [19]
9.5 – 83 7 [19]
10.0 – 83 7 [19]
11.0 – 83 5 [19]
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or a decrease in the ionic conductivity due to association of oxygen vacancies [34], whereas the elec-
trolytic domain boundary given in Fig. 3 was estimated assuming p(O2)-independent ionic transport and
the n-type conductivity proportional to p(O2)

�1/4 [33].
Figure 4A compares the electrolytic domains of several ZrO2-based compositions, evaluated from oxy-

gen permeation data [35]. Again, these estimates are based the commonly used assumptions that the ionic
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and electron hole conductivities are p(O2)-independent and proportional to p(O2)
1/4, respectively. Within

the limits of uncertainty resulting from these assumptions, the electrolytic domain boundaries seem quite
similar for all ZrO2-based electrolytes (although the electron-hole conductivity of Ca-stabilized zirconia is
definitely higher than that of yttria-stabilized compositions, Fig. 4B). Analogously, the oxygen isotopic
exchange rate, which is believed to be limited by the surface electronic conductivity [36], has similar mag-
nitude for all zirconia-based electrolytes (Fig. 4C). Selected data on thermal expansion of stabilized ZrO2

ceramics are listed in Table 2 [37–56].

3. LaGaO3-BASED ELECTROLYTES

Perovskite-type ABO3 phases derived from lanthanum gallate, LaGaO3, possess a higher ionic conductiv-
ity than that of stabilized zirconia and are thus promising materials for electrochemical cells operating in
the intermediate temperature range, 770–1100 K [24,33,34,57–72]. Compared with CeO2-based elec-
trolytes (which are also of interest for lowering the operating temperature of SOFCs), the electrolytic
domain of doped LaGaO3 extends to substantially lower oxygen chemical potentials (Fig. 3). Materials
derived from lanthanum gallate have relatively low thermal expansion, similar to that of stabilized zirconia
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(Table 2). High oxygen ionic conductivity in LaGaO3 can be achieved by substituting lanthanum with
alkaline earth elements and/or incorporating divalent metal cations, such as Mg2�, into the gallium 
sublattice in order to increase the oxygen vacancy concentration. Following the principle of minimum lat-
tice distortion giving maximum oxygen ion mobility, doping with Sr leads to a higher ionic conductivity
in comparison with calcium or barium [57,60,73]. For the La1�xSrxGa1�yMgyO3�� (LSGM) series, the
maximum ionic transport is achieved at x � 0.10�0.20 and y � 0.15�0.20; further acceptor-type doping
leads to progressive vacancy association processes. A decrease in conductivity is also observed on doping
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Table 2. Thermal expansion coefficients of selected solid oxide electrolytes

A �106

Composition T (K) (K�1) Reference

Zirconia-based electrolytes
Stabilizing dopant (mol%) Other additives (wt.%)
8 (Y2O3) – 300–1273 10.0 [27]

300–1073 10.5 [37]
300–1273 10.8 [41,42]

9 (Y2O3) – 1273 9.5 [28,43]
10 (Y2O3) – 30–1073 10.6 [38,39]
8 (Y2O3) 10 (Al2O3) 300–1273 9.7 [27]]
8 (Sc2O3) – 300–1273 10.4 [44]
10 (Sc2O3) – 300–1273 10.9 [38,39]

Ceria-based electrolytes
Ce0.9Gd0.1O2�� 773 12.4 [45]
Ce0.8Gd0.2O2�� 773 12.5 [45]

300–1100 11.8 [46]
323–1273 12.5 [47]

LaGaO3- and LaAlO3-based electrolytes
La0.9Sr0.1Ga0.8Mg0.2O3�� 300–1073 10.4 [24]

300–1473 11.9 [34]
La0.9Sr0.1Ga0.8Mg0.2O3��: 2 wt.% Al2O3 300–1073 10.6 [24]
La0.8Sr0.2Ga0.8Mg0.2O3�� 300–1473 12.4 [34]
La0.90Sr0.10Ga0.76Mg0.19Co0.05O3�� 300–1473 12.7 [48]
La0.90Sr0.10Ga0.76Mg0.19Fe0.05O3�� 300–1473 11.6 [48]
La0.90Sr0.10Ga0.45Al0.45Mg0.10O3�� 300–1223 10.9 [49]
La0.9Sr0.1Al0.9Mg0.1O3�� 300–1223 11.2 [49]

Electrolytes with pyrochlore and apatite structure
Gd2Ti2O7�� 323–1273 10.8 [50]
Gd1.86Ca0.14Ti2O7�� 400–1300 10.4 [51]
La9.83Si4.5AlFe0.5O26�� 373–1273 8.9 [52]
La7Sr3Si6O24 373–1273 8.9 [53]

La2Mo2O9- and Bi2O3-based electrolytes
La1.7Bi0.3Mo2O9 373–1073 16.0 [54]
La2Mo1.7W0.3O9 373–623 14.4 [54]

623–1073 19.8
Bi2V0.9Cu0.1O5.5�� 300–730 15.3 [55]

730–1030 18.0
(Bi0.95Zr0.05)0.85Y0.15O1.5�� 320–710 13.8 [56]

710–1120 16.6
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with a smaller radius A-site cation, or creating A-site deficiency. Rather surprisingly, introduction of small
amounts of cations with variable valence, such as cobalt, onto the gallium sites increases the ionic con-
duction in LSGM, and produces only a small increase in the electronic conductivity [68–70]. However, the
concentration of transition metal dopants should be limited to below 3–7% as further additions lead to
increasing electronic and decreasing ionic conductivities. Disadvantages of LaGaO3-based materials
include possible reduction and volatilization of gallium oxide, formation of stable secondary phases in the
course of processing, the relatively high cost of gallium and significant reactivity with perovskite elec-
trodes under oxidizing conditions as well as with metal anodes in reducing conditions [34,74,75]. These
problems may be, to some extent, suppressed by the optimization of processing techniques and additional
B-site substitution. Data on total conductivity, predominantly oxygen ionic, of selected LaGaO3-based
compositions are presented in Fig. 5. Figure 6 compares the levels of partial ionic conductivity in various
solid-electrolyte ceramics [76–78].

4. DOPED CERIA ELECTROLYTES

The properties of solid electrolytes based on doped cerium dioxide, Ce(Ln)O2��, have been considered in
numerous reviews and survey papers [3,11,14,32,46,79–84]. The main advantages of this group of oxygen
ion conductors include a higher ionic conductivity with respect to stabilized ZrO2 (particularly at lower
temperatures) and a lower cost in comparison with LSGM and its derivatives.

Among ceria-based phases, the highest level of oxygen ionic transport is characteristic of the solid solu-
tions Ce1�xMxO2��, where M � Gd or Sm, x � 0.10�0.20. Selected data on their total conductivity,
which is predominantly ionic under oxidizing conditions, are shown in Fig. 7. The composition of doped
ceria is often abbreviated, e.g., Ce0.9Gd0.1O1.95, is abbreviated to CGO10. CGO10 has a lattice ionic 
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conductivity of 0.01 S cm�1 at 500°C. As with all ceramic electrolytes, the grain boundaries are partially
blocking to ionic transport across them. This is an extra contribution to the total resistance that is depen-
dent on impurities that segregate to the boundaries and is therefore highly variable from one source to
another. This has been a source of considerable confusion and misleading conclusions in measurement of
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total conductivity data. Thus, while CGO10 has the highest lattice conductivity, CGO20 often has higher
total conductivity because its grain boundary contribution seems to be more tolerant of impurities [84].

The main problems in using doped ceria as SOFC electrolyte arise from the partial reduction of Ce4�– Ce3�

under the reducing conditions of the anode [9,14,79,80,85,86]. This has two main effects: first, it gives 
n-type electronic conductivity which causes a partial internal electronic short circuit in a cell, and second,
it generates nonstoichiometry (with respect to normal valency in air) and expansion of the lattice which
can lead to mechanical failure. The reduction phenomena are described in detail in the review by
Mogensen et al. [14]. Parameters describing the electronic conductivity of CGO10 have been given by
Steele [84], and the resulting comparison with ionic conductivity is shown in Fig. 8. This indicates that the
electronic conductivity at the anode side will be greater than the ionic conductivity for temperatures
greater than about 550°C. Experiments have shown that CGO10 is more resistant to reduction than
CGO20, but that the inclusion of other codopants (e.g., Pr) has little effect [46]. Such problems can be par-
tially solved by a combination of Ce(M)O2�� with other solid electrolytes such as stabilized zirconia or
doped lanthanum gallate, in multilayer cells [80–88]. However, the performance of multilayer cells is rel-
atively poor due to formation of reaction products with low conductivity at the interface between the
solid–electrolyte phases, as well as differences in thermal expansion of the electrolytes, resulting in micro-
cracks [87–89].

The effect of lattice expansion on mechanical integrity depends on the geometry of the cell and the way
the ceria is supported. Simulations of various configurations indicate that ceria electrolytes will be unsta-
ble mechanically in SOFCs at temperatures above about 700°C [90]. The mechanical properties of bulk-
doped ceria ceramic seem to be inferior to those of YSZ. However, the reason for this is not understood.
If ceria is to be used in supported form, then the demands on mechanical properties are in any case not as
severe as in a self-supported membrane.

The high ionic conductivity (compared with YSZ) at lower temperatures, combined with the problems aris-
ing from reduction at high temperatures make ceria electrolytes viable only for low temperature operation. The
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average TEC of gadolinia-doped ceria is slightly high if compared to stabilized zirconia and LSGM, but sim-
ilar to those of lanthanum gallate codoped with alkaline earth and transition metal cations (Table 2; Refs.
[91,92]). The thermal expansion coefficient is compatible with ferritic stainless steels, which makes ceria
attractive for metal-supported SOFCs. The potential problems arising from electronic conductivity have been
assessed by parametric simulations of the operating characteristics of ceria SOFCs. These show that tempera-
ture, electrolyte thickness, electrode polarization resistances and fuel utilization, all influence the effect of
electronic conductivity. An example is shown in Fig. 9 in comparison with a simulation assuming no electronic
conductivity. The electronic conductivity reduces the OCV, but as current is drawn from the cell, the I–V curve
for the ceria electrolyte soon approaches that of a pure ionic conductor. This is because polarization at the
anode suppresses the reduction of the ceria. The efficiency of the ceria SOFC compared with that using a pure
ionic conductor of the same ionic conductivity is given by the ratio of the terminal voltages at a given current
density. This shows that the electronic conductivity only causes an efficiency penalty at low current densities
and that at a terminal voltage of 0.6–0.7 V, the penalty is small. This conclusion is valid if the operating tem-
perature is kept below about 600°C.

Doped ceria is relatively unreactive towards potential electrode materials. At the present time reasonable
performance has been reported with Ni/ceria anodes and LSCF cathodes. There are now many studies
reported in the literature that have demonstrated that high-power densities (of the order of 400 mW cm�2)
can be achieved with doped ceria electrolytes in this temperature range, e.g., Refs. [93–95].

Because doped ceria is only viable for operating temperatures below 600°C, it must be used in a sup-
ported thick-film form. In order to preserve high activity electrodes (and be compatible with metal sup-
ports if these are chosen), then the ceria must be processed at modest temperatures (e.g., 1000°C). Small
additions (e.g., 1 mol%) of divalent transition metals (e.g., Co) have been found to be effective sintering
aids for CGO, and processing to full density can be achieved at these modest temperatures. Furthermore,
the transition metal can be at such a low concentration that it has negligible effect on either the ionic or the
electronic performance of the CGO [96–98].

Nanocrystalline-undoped ceria has increased electronic conductivity due to electronic conduction along
the grain boundaries [99,100]. Some experiments with nanocrystalline-doped ceria have been reported to
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show increased ionic conductivity [101]. The possible benefits of nanocrystalline ceria electrolytes are
thus not yet clear.

Zhu et al. [102,103] have reported high ionic conductivity at low temperatures for composite electrolytes
comprising doped ceria and a molten salt. These materials look interesting, but as yet, their properties have
not been confirmed by other groups. Moreover, practical use of such materials seems problematic due to pos-
sible decomposition of molten salts, and their high corrosion activity under the SOFC operation conditions.

Finally, the p-type electronic conductivity of gadolinia-doped ceria (CGO) in air is 0.5–3.0 times lower
than that of LSGM, and this difference increases with reducing temperature (Fig. 10). Similar tendency is
observed for the electron transference numbers (te), as illustrated by Fig. 11. This makes CGO ceramics
promising candidates for electrochemical oxygen pumps operating at intermediate temperatures [104,105].

5. D-Bi2O3- AND Bi4V2O11-BASED CERAMICS

Among oxygen ion-conducting materials, oxide phases derived from Bi2O3 are particularly interesting due
to their high ionic conductivity with respect to other solid electrolytes [12,13,106,107–108]. The fast ionic
transport is characteristic of stabilized �-Bi2O3, which has a fluorite-type structure with a highly deficient
oxygen sublattice, and �-Bi4V2O11 (parent of the so-called BIMEVOX materials), which belongs to the
Aurivillius series. Unfortunately, Bi2O3-based materials possess a number of disadvantages, including
thermodynamic instability in reducing atmospheres (Fig. 3), volatilization of bismuth oxide at moderate
temperatures, a high corrosion activity and low mechanical strength. Hence, the applicability of these
oxides in electrochemical cells is considerably limited.
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The stabilization of the high-diffusivity �-Bi2O3 phase down to temperatures significantly lower than the
� → � transition temperature (978–1013 K) can be achieved by the substitution of bismuth with rare-earth
dopants (such as Y, Dy or Er) and their combinations with higher-valency cations, such as W or Nb
[9,13,56,107–110]. Figure 12 compares the total conductivity, mainly ionic, of several Bi2O3-based phases
[13,55,110,111]. As for ZrO2-based electrolytes, the highest ionic transport is found for materials contain-
ing the minimum addition necessary to stabilize the cubic fluorite phase. Further doping decreases oxygen
ion mobility due to decreasing unit cell volume and increasing average strength of the cation–anion bonds.
Because Bi3� cations are relatively large, the oxygen ionic conduction (at a given doping level) increases
with increasing rare earth dopant radius. However, the minimum stabilization limit also increases with Ln3�

size and this leads to a decrease in the maximum ionic conductivity with increasing radius of the stabilizing
cation. Therefore, the maximum conductivity in the binary systems is observed for Er- and Y-containing
phases, namely Bi1�xErxO1.5 (x � 0.20) and Bi1�xYxO1.5 (x � 0.23�0.25). However, both binary and ter-
nary solid solutions with the disordered fluorite structure are metastable at temperatures below 770–870 K,
and they undergo a slow phase transformation and a decrease in conductivity with time [56,112–116].
Although such degradation can be partly suppressed by the incorporation of higher-valence dopants includ-
ing Zr4�, Ce4�, Nb5� or W6� [44,110,113,117], so far it has not proved possible completely to avoid phase
transformation.

Solid solutions based on �-Bi4V2O11 [25,55,78,118–130], stabilized by partial substitution of vanadium
with transition metal cations such as Cu, Ni or Co, exhibit high ionic conductivity and oxygen ion trans-
ference numbers close to unity at temperatures below 900 K (Figs 11 and 12). Compared to the fluorite-like
Bi2O3-based oxides, the phase stability of doped �-bismuth vanadate (BIMEVOX) at moderate tempera-
tures is substantially better, though still questionable [127]. The crystal lattice of the BIMEVOX family is 
based on the Aurvillius series and consists of alternating Bi2O2

2� and perovskite-like VO3.5
2� layers, with 
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oxygen vacancies in the perovskite layers providing ion migration. Solid solutions of the type Bi2V1�x

MexO5.5�� (Me � Cu, Ni and 0.07 � x � 0.12) have some of the highest oxygen ion conductivity levels
reported [118–120]. Despite the high ionic conduction, practical use of bismuth vanadate-based ceramics for
electrochemical applications is complicated due to their extremely high chemical reactivity (Fig. 13) and low
mechanical strength [56,121]. As for other solid electrolytes, one of the most promising approaches to solv-
ing these problems is the addition of highly dispersed alumina or zirconia [25,130]. Rapid reaction of
BIMEVOX ceramics with electrode materials can be reduced by the development of multilayer electrode
structures [121].

An alternative approach to solving these problems is the use of multilayer cells having a layer of Bi2O3-
based ionic conductor applied on another material, which acts as a mechanical support and protects it
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against reduction (e.g., Ref. [131]). Unfortunately, the high thermal expansion coefficients of bismuth
oxide-based ceramics (Table 2) complicate this solution. At temperatures above about 900 K, decreasing
oxygen partial pressure down to 10�2atm results in electron transference numbers of Bi2V0.9Cu0.1O5.5��

increasing up to 0.05; further reduction causes phase decomposition [129]. Similar decomposition is
observed under applied DC voltage [128].

6. MATERIALS BASED ON La2Mo2O9 (LAMOX)

The parent compound of the so-called LAMOX series [132–136] is La2Mo2O9, the high-temperature poly-
morph of which (�-phase) has a cubic lattice isostructural with �-SnWO4. In order to explain the ionic
transport mechanism, Lacorre et al. [132–134] proposed the lone-pair substitution (LPS) concept by
which lone electron pairs of cations could stabilize oxygen vacancies. In �-SnWO4, the outer electrons of
Sn2� (lone electron pairs) project into a vacant oxygen site, whereas the La3� cations occupying Sn2� sites
in La2Mo2O9 have no lone-pair electrons. Thus, half of the cation sites occupied by lone pairs in �-SnWO4

are not occupied by lone pair cations in La2Mo2O9; consequently, more anion sites are occupied by oxy-
gen ions. Minor doping of La2Mo2O9 can suppress the � ↔ � vacancy ordering transition which normally
occurs at approximately 853 K. The maximum conductivity was found for the compositions
La1.7Bi0.3Mo2O9��, La2Mo1.7W0.3O9�� and La2Mo1.95V0.05O9��. Figure 14 compares the total conductiv-
ity of these materials with the conductivity of 8% yttria-stabilized zirconia electrolyte [27].

When discussing La2Mo2O9-based materials, one should note that in air their electronic conductivity,
mainly n-type, is comparable to the p-type transport in LSGM only at temperatures below 1000–1100 K
(Fig. 10). In other words, LAMOX is indeed a solid electrolyte with electron transference numbers lower
than 0.01 (Fig. 11), but only under oxidizing conditions and only in the intermediate temperature range.
The electronic contribution to total conductivity of LAMOX increases with temperature and with reduc-
ing p(O2). Similar behavior is characteristic of numerous Mo- and W-containing phases, which are well
known as mixed oxygen-ionic and n-type electronic conductors [107,137,138]. The TEC values of
LAMOX ceramics are high, close to those of Bi2O3-based solid electrolytes (Table 2). Moreover, some
La2Mo2O9-based materials exhibit degradation at moderate oxygen pressures (Fig. 15). The properties of
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LAMOX seem, therefore, rather inappropriate for practical applications. Nonetheless, the lone-pair sub-
stitution concept developed by Lacorre et al. can be used as a promising strategy in the search for new
solid electrolytes.

7. PEROVSKITE- AND BROWNMILLERITE-LIKE PHASES DERIVED FROM Ba2In2O5

Materials with substantially high conductivity can be derived by partial substitution of brownmillerite-
type Ba2In2O5 [106,139–151]. The structure of brownmillerite, A2B2O5, consists of alternating perovskite
layers of corner-sharing BO6 octahedra and layers of BO4 tetrahedra and can be considered as an oxygen-
deficient perovskite where the oxygen vacancies are ordered along (010) planes. These vacancies may
contribute to ionic transport, forming one-dimensional diffusion pathways for oxygen ion migration in the
tetrahedral layers, and facilitate water absorption. Electrical conductivity is typically oxygen-ionic in dry
atmospheres with moderate p(O2), mixed ionic and p-type electronic under oxidizing conditions, and pro-
tonic in H2O-containing gas mixtures. The parent compound, Ba2In2O5, possesses mixed conductivity
with dominant oxygen ionic transport in dry air; the ion transference number at 773 K is about 0.93 (Fig. 11).
Heating up to 1140–1230 K causes a transition into the disordered perovskite phase, which leads to a dras-
tic increase of the ionic conduction. Substitution of indium with higher-valence cations, such as Zr, Ce, Sn
or Hf, makes it possible to stabilize the disordered cubic perovskite structure and thus to increase the ionic
transport in the intermediate temperature range. A similar effect is provided by the incorporation of lan-
thanum in the A sublattice. Figure 16 presents conductivity data for BaIn0.7Zr0.3O3�� perovskite. This mate-
rial exhibits a p-type electronic contribution to total conductivity lower than 5% at 773 K [106,104].
Compared to stabilized zirconia electrolytes, the use of doped Ba2In2O5 might be advantageous at moder-
ate temperatures, where the oxygen ionic conductivity of the latter is higher. A significant benefit might
also be expected from the high protonic conductivity under SOFC operation conditions [141,142,
144–147]. However, due to the instability of Ba2In2O5-based ceramics in humid atmospheres, high reac-
tivity with CO2 and easy reducibility [140,144,147,148], it is difficult to imagine practical applications
taking into account that both the stability and ionic conductivity of LSGM are higher [139].
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8. PEROVSKITES BASED ON LnBO3 (B �Al, In, Sc, Y)

Oxygen ion-conducting oxide materials based on acceptor doping of perovskite aluminates such as
LnAlO3 [49,73,153–161] have attracted significant interest since the 1970s. Their advantages include rel-
atively low cost, moderate thermal expansion and higher stability with respect to reduction and volatiliza-
tion compared to doped CeO2�� and LaGaO3��. The major disadvantages relate to a rather low level of 
the oxygen ionic conduction, relatively high p-type electronic transport under oxidizing conditions, and,
in many cases, poor sinterability. Therefore, promising applications of perovskite-type aluminates may 
be restricted to protective layers for the anode side of LaGaO3-based materials or isomorphic additives 
to composite solid electrolytes [24,49]. The values of TEC are similar to that of LSGM, thus giving
mechanical compatibility in high-temperature electrochemical cells (Table 2). In common with other 
perovskite-type oxides, the oxygen ion conductivity in aluminates decreases with decreasing A-site cation
radius. Among alkaline earth dopants which can be used to increase oxygen deficiency in LaAlO3, the
maximum conductivity and minimum vacancy-association enthalpy are provided by Sr2�. The literature
contains numerous contradictions resulting from poor sintering, porosity and high grain-boundary resis-
tivity of aluminate ceramics. Nevertheless, the highest level of the ionic conductivity seems to be found for
La0.9Sr0.1AlO3��, possibly substituted with less than 10% Mg2� on the B sublattice, [153,154,161]. Further
improvement in the ionic conduction can be achieved by the substitution of aluminum with gallium,
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accompanied by additional acceptor-type doping [49,159]. However, these compositional modifications
lead to increasing costs and decreasing stability. Selected examples illustrating transport properties of
LaAlO3-based ceramics are presented in Fig. 17 and Table 3.

Other materials of this group (perovskite-like LnBO3, B � In, Sc, Y and their derivatives; Refs.
[73,98,153,154,162–164], represent only academic interest, although a considerable level of protonic con-
duction in some LaYO3-based phases might also be interesting for some applications. The oxygen ionic
conductivity of In-, Sc- and Y-containing perovskites is comparable or even lower than that of aluminates,
while the costs are substantially higher. Moreover, as for aluminates, most doped LnBO3 (B � In, Sc, Y)
phases exhibit a high electron-hole contribution to total conductivity under oxidizing conditions (Table 3).
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Table 3. Transport properties of perovskite phases, derived from LaBO3 (B � Al, In, Sc), at 1073 K in air

Ionic transport parameters*
Total conductivity

Composition S� 102 (S/cm) to So (S/cm) Ea (kJ/mol) Reference

La0.9Sr0.1AlO3�� 0.6 0.35 2 � 10�3 92 [153]
La0.9Sr0.1Al0.9Mg0.1O3�� 0.7 2.9 � 10�2 2 � 10�4 87 [154]
La0.9Sr0.1ScO3�� 4.6 0.15 7 � 10�3 68 [153]
LaSc0.9Mg0.1O3�� 2.0 1.0 � 10�2 2 � 10�4 92 [155]
La0.9Sr0.1Sc0.9Mg0.1O3�� 1.9 2.6 � 10�2 5 � 10�4 48 [154]
La0.9Sr0.1InO3�� 2.3 0.29 7 � 10�3 81 [153]
La0.9Sr0.1In0.9Mg0.1O3�� 0.2 0.45 9 � 10�4 – [154]

*to, �o and Ea are the ion transference number, partial ionic conductivity and activation energy for ionic transport, respectively.
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9. SOLID ELECTROLYTES WITH APATITE STRUCTURE

Extensive studies of another group of oxygen ionic conductors, the apatite-type phases A10�x(MO4)6O2��

where M � Si or Ge, and A corresponds to rare earth and alkaline earth cations, began in the 1990s [165–175].
While germanate apatites seem unlikely to find practical applications due to high volatilization, tendency to
glass formation and high costs of GeO2; the silicate-based systems are of practical interest. These low-cost
oxides possess relatively low TECs (Table 2) and a significant level of oxygen ion conductivity (Fig. 18). In
the apatite lattice, A-site cations are located in the cavities created by MO4 tetrahedra with four distinct oxy-
gen positions; additional oxygen sites (O5) form channels through the structure. As for perovskites, the oxy-
gen ionic transport in Ln10Si6O27 (Ln � La, Pr, Nd, Sm, Gd, Dy) increases with increasing radius of Ln3�

cations, with maximum conductivity for the La-containing phase [165,166]. Due to relatively poor sintering,
different processing techniques and substantial anisotropy of ionic transport in the apatite lattice, the conduc-
tivity values reported in the literature vary in a very broad range even for similar compositions, for example,
from 8.4 � 10�5 to 4.3 � 10�3S/cm at 773 K for La10Si6O27 ceramics [165,166,169]. The highest ionic trans-
port is observed when apatite phases contain more than 26 oxygen ions per unit formula, suggesting a signif-
icant role of the interstitial migration mechanism. Decreasing oxygen concentration below the stoichiometric
value leads to the vacancy mechanism becoming dominant and there is a considerable drop in ionic con-
ductivity. Similar effects are observed for transition metal-containing apatites in reducing atmospheres (Fig.
15). Another important factor influencing oxygen diffusion is A-site deficiency, which affects the unit cell vol-
ume and may cause O5 ion displacement into interstitial sites, thus creating vacancies in the O5 sites at fixed
total oxygen content (oxygen Frenkel disorder; Refs. [168,171,175,176]). In particular, an enhanced ionic con-
duction was found in the system La9.33�x /3Si6�xAlxO26, where Al doping is compensated by the A-site
vacancy concentration without oxygen content variations [168]. As for other solid oxide electrolytes
[10,15,177], an improvement in the sinterability can be achieved by doping with transition metal cations. Fe
in particular has significant solubility in the Si sublattice [52,174]. Incorporation of iron in the 
lattice of La10�x(Si,Al)6O26�� results also in increasing oxygen ionic and electronic transport; the total 
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conductivity of apatite silicates, where up to 30% of Si sites is occupied with Fe, remains dominantly ionic
[52,174]. As an example, Fig. 19 presents data on the ionic and electron-hole conductivities in one 
Fe-substituted apatite phase.

10. PYROCHLORES AND FLUORITE-TYPE (Y,Nb,Zr)O2�D

Oxygen ion-conducting materials with pyrochlore structure have been studied since the 1960s
[5,6,10,50,51,76,81,178–186]. The lattice of A2B2O7 pyrochlore can be considered as an (A,B)O2 fluorite-
based structure with one vacant oxygen site per formula unit in which the cations and anion vacancies are
both ordered. These unoccupied sites provide pathways for fast oxygen transport. At elevated tempera-
tures, typically as high as 1650–2500 K, most pyrochlores disorder into fluorite polymorphs. Decreasing
A-site cation radius favours the “pyrochlore → fluorite” transition. Usually, the maximum conductivity
(which can be further enhanced by acceptor-type doping within the solid solution formation limits) occurs
for cation stoichiometry (e.g., Gd2Ti2O7 and Gd2Zr2O7). Up to now, the highest level of oxygen ionic con-
duction in pyrochlore-type compounds was achieved for Gd2�xCaxTi2O7�� with x � 0.20 [76,180]. Figure 20
compares partial oxygen ionic conductivity of this material with data on other pyrochlores.

Incorporation of calcium into the lattice of Gd2Ti2O7�� increases p-type electronic conduction and
decreases the n-type contribution to the total conductivity [180]. In air, the electron transference numbers
of (Gd,Ca)2Ti2O7�� are close to the upper limit acceptable for solid electrolytes (Fig. 11). Taking into
account that ionic transport in Gd2�xCaxTi2O7�� is lower than that in stabilized zirconia (Fig. 6), the most
likely applications of these pyrochlores are in SOFCs with thick-film electrolytes, or as protective layers
applied onto LaGaO3- or CeO2-based solid electrolytes. The moderate TEC values of Gd2�xCaxTi2O7��

ceramics (Table 2) enable compatibility with these materials.
Among other interesting materials, one should note fluorite-type Y4NbO8.5 and (Y,Nb,Zr)O2�� solid

solutions [29,187,188,189]. The total conductivity of Y4NbO8.5�� was found essentially independent of the
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oxygen partial pressure, which may suggest dominant ionic transport [188]. However, the ionic conductivity
in this system is rather low (Figs 2 and 20), although further improvement can be achieved by zirconia addi-
tions [29].
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Chapter 12

A review on the status of anode materials for 
solid oxide fuel cells

W.Z. Zhu and S.C. Deevi

Abstract

Present review is aimed at providing a state-of-the art development of anode for solid oxide fuel cell
(SOFC) with principal emphasis on the materials aspect. The criteria for the anode of SOFC are first
presented. The prospects and problems of the currently developed anode materials are elucidated. In
particular, the electrochemical properties of the Ni/YSZ cermet anode that is the most commonly
employed in the establishment of SOFC stack is described along with various approaches attempted
for their improvements. The advantages and disadvantages of other anode materials are compared 
to offer some insights for the research and development of new generation of anode materials 
for SOFC.

Keywords: Solid oxide fuel cell; Anode; Mixed ionic-electronic conductor
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1. INTRODUCTION

Solid oxide fuel cell (SOFC) is an electrochemical device that converts the energy of a chemical reaction
directly into electrical energy. Owing to the utilization of solid electrolyte and highest operating tempera-
tures (typically at 700–900°C), it offers many advantages over conventional power-generating systems in
terms of efficiency, reliability, modularity, fuel flexibility, and environmental friendliness [1,2]. In addition,
SOFCs offer the possibility of co-generation with gas turbine power systems to enable full exploitation of
both electricity and heat, thereby enhancing the efficiency up to approximately 70% [3–7]. Single SOFC
cell essentially consists of two porous electrodes separated by a dense, oxygen-conducting electrolyte.
The operating principle of such a cell is schematically illustrated in Fig. 1. On the cathode (air electrode)
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side, oxygen reacts with incoming electrons from external load to become oxygen ions that migrate
through the electrolyte. On the anode (fuel electrode) side, fuel is oxidized by incoming oxygen ions to
liberate the electrons that flow through the external electrical circuit. The charge flow in the external cir-
cuit is balanced by ionic current flow within the electrolyte. More specifically, the oxygen is disassociated
and converted to oxygen ions at cathode/electrolyte interface, whereas the electrochemical oxidation of
fuel takes place at anode/electrolyte interface. The ideal voltage (E°) from a single cell under open circuit
conditions is close to 1.0 V dc as calculated from the Nernst equation. However, the useful voltage output
(V) under load conditions, that is, when a current passes through the cell, is given by [8]

(1)

where I is the current passing through the cell, R the electrical resistance of the cell, and �c and �a the
polarization losses associated with the cathode and anode, respectively. The voltage loss due to internal
electrical resistance encompasses the contributions from electrodes and electrolyte with overwhelming
contribution coming from electrolyte on account of its ionic conduction in nature. To minimize the IR loss,
the increasingly preferred practice is to fabricate dense, gas-tight electrolyte membrane as thin as possible
[9,10].

Among the SOFC components, the porous anode serves to provide electrochemical reaction sites for
oxidation of the fuel, allow the fuel and byproducts to be delivered and removed from the surface sites, and
to provide a path for electrons to be transported from the electrolyte/anode reaction sites to the intercon-
nect in SOFC stacks. Interconnect is a component to connect anode of one cell with cathode of another so
that voltage output can be enhanced for practical application. The characteristics of high operating tem-
perature of SOFC present special challenges related to materials degradation, in particular, constitute one
of the toughest criteria for the dimensional and chemical stability of anode material itself in reducing
atmospheres. Besides, desired anode is supposed to be mixed conductor with predominant electronic con-
ductivity to permit the passage of electrons. It should display no reaction with neighboring electrolyte and
interconnect (chemical compatibility with adjacent components). It should also have thermal expansion
coefficient close to those of adjoining components. It must show high electrocatalytic activity toward oxi-
dation of fuel gases, and preferably, desired catalytic activity toward the hydrocarbon reforming. High
wettability with respect to the electrolyte substrate is highly advantageous for competitive anode. It is 
evident that anode should have continuous channels made of pores to allow rapid transport of fuel and
reactant gases. Anode is supposed to exhibit excellent carburization and sulfidation resistance. Most
advantageously, the anode ought to be fuel flexible, ease of fabrication, and low cost are of tremendous

V E IR� � � �° c a� �
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Fig. 1. Schematic drawing showing the working principle of a solid oxide fuel cell operating on hydrogen
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importance for a wide range of commercial applications. Unfortunately, no current working anodes can
fulfil all of the above requirements.

The electrical resistance of anode is essentially comprised of internal resistance, contact resistance, con-
centration polarization resistance, and activation polarization resistance. The internal resistance refers to
the resistance to the transport of electrons within the anode, and therefore, is determined by the magnitude
of electronic resistivity and thickness of anode. The contact resistance is caused by poor adherence
between anode and electrolyte. Concentration polarization is related to the transport of gaseous species
through the porous electrodes and, thus, its magnitude is dictated by the microstructure of the electrode,
specifically, the volume percent porosity, the pore size, and the tortuosity factor. Activation polarization is
related to the charge transfer processes and depends on the area of electrode/electrolyte/gas triple-phase
boundaries (TPB) and the electrocatalytic activity of the electrode itself. It is worthwhile to stress that a
significant ionic contribution to the overall conductivity, a property related to catalytic activity, seems to
be a critical requirement for anode design. The effective electrochemical reaction zone (ERZ) at anode of
SOFC is mainly limited to the physical TPB (electrolyte/anode/fuel), if the anode exhibits solely elec-
tronic conduction. The double-phase boundary (contact plane) between electrolyte and anode cannot work
effectively in the anodic reaction. In contrast, the use of mixed-conducting anode is expected to drastically
enlarge the ERZ over the entire anode-gas interfacial area. This can lead to a significant drop in the acti-
vation polarization and yield remarkable improvement in electrical efficiency. Present overview is aimed
at providing a state-of-art development of anode for SOFCs with principal emphasis on the materials
aspects. The advantages and disadvantages of various recently developed anodes are described and com-
pared to provide some guidelines in search for new generation of anode materials for SOFCs.

2. DEVELOPMENT OF ANODE MATERIALS

2.1. Ni–ZrO2(Y2O3) cermet

Porous Ni/YSZ cermet (YSZ, yttria stabilized zirconia) is currently the most common anode material for
SOFC applications because of its low cost. It is also chemically stable in reducing atmospheres at high
temperatures and its thermal expansion coefficient is close to that of YSZ-electrolyte. More importantly,
the intrinsic charge transfer resistance that is associated with the electrocatalytic activity at Ni/YSZ
boundary is low. More than 30%v/v, of continuous porosity is required to facilitate the transport of reac-
tant and product gases. Nickel serves as an excellent reforming catalyst and electrocatalyst for electro-
chemical oxidation of hydrogen. It also provides predominant electronic conductivity for anode. The YSZ
constitutes a framework for the dispersion of Ni particles and acts as an inhibitor for the coarsening of Ni
powders during both consolidation and operation. Additionally, it offers a significant part of ionic con-
tribution to the overall conductivity, thus effectively broadening the three-phase boundaries. Finally, the
thermal expansion coefficient of anode can be managed to match with those of other SOFC components
as YSZ is mixed with Ni in an arbitrary ratio [11].

Ni/YSZ cermet is currently a preferred anode since, Ni and YSZ are essentially immiscible in each
other and non-reactive over a very wide temperature. This enables the preparation of a NiO � YSZ com-
posite via conventional sintering followed by reduction upon exposure to fuel gases. The subsequ-
ent development of a very fine microstructure can be maintained during service for relatively a long period
of time.

The Ni/YSZ anode was previously applied onto the electrolyte by a two-step process as exemplified in
the fabrication of tubular-configured SOFCs. Nickel powder slurry was deposited over the electrolyte 
followed by the growth of YSZ around the nickel particles induced by the electrochemical vapor deposi-
tion (EVD) approach. However, a more cost-effective fabrication method involving the simultaneous 
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deposition of Ni/YSZ slurry over the electrolyte coupled with adequate final sintering has yielded anodes
that are equivalent in performance to those fabricated by the EVD process. The use of this non-EVD
process results in a substantial reduction in the manufacture cost of SOFCs.

A two-layered anode structure for the anode-supported solid oxide fuel cell has been proposed by
Virkar et al. [12] in an attempt to minimize both the concentration and activation polarizations. The anode
interlayer with a thickness of 10–50 �m is prepared by spray coating the slurry of NiO � YSZ mixture of
one composition. The outer anode support layer is fabricated by tape casting the slurry of NiO � YSZ
mixture of another composition. By controlling the slurry formulations, the microstructure of the inter-
layer is made finer than that of outer support layer in terms of volume percent porosity, pore size, and its
distribution. The coarse outer layer facilitates rapid transport of fuel gases into and removal of reactant
gases out of anode so that the concentration polarization can be retarded. The fine interlayer is intended to
maximize the Ni/YSZ/gas triple boundary area so that the number of electrochemical reaction sites can be
multiplied and activation polarization can be lowered. Another promising approach of preparing interlayer
anode, as demonstrated by Muller et al. [13] in their effort to develop multilayer anode, is directly screen
printing anode paste onto electrolyte green tape followed by co-sintering. A low anode polarization resist-
ance is recorded after relatively long-term exposure to anode-like environment, which is largely attributed
to the desirable anode/electrolyte adherence. However, the rapid mechanical degradation of bilayer anode
under compression mode is brought to attention by a recent study [14] which indicates that compressive
creep behavior of the composite at elevated temperatures is governed by the deformation of Ni rather than
that of the ceramic phase. This suggests that stress endured by the anode be kept very low so that mechan-
ical integrity of entire stack can be preserved throughout the operation.

The electrical conductivity of Ni/YSZ cermet is strongly dependent on its Ni content. The conductivity
of the cermet as a function of Ni content shows the S-shaped curve predicted by percolation theory 
(Fig. 2) [15–17]. The percolation threshold for the conductivity is at about 30 vol.% nickel. Below this
threshold, the cermet exhibits predominantly ionic conducting behavior. Above 30 vol.% nickel, the con-
ductivity is about three-orders of magnitude higher, corresponding to a change in mechanism to electronic
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conduction through metallic phase. Alternatively, a switch in controlling mechanism from ionic conduc-
tion to electronic conduction as Ni concentration is raised over 30 vol.% is responsible for the steep rise in
overall electrical conductivity. The percolation threshold is revealed to be influenced by many variables
such as the porosity, pore size, size distribution, and size of raw powders as well as contiguity of each con-
stituent component. The electrical behavior of Ni/YSZ cermets is, therefore, a strong function of these fac-
tors [18–20]. For instance, it can be seen from Fig. 2 that increasing sintering temperature results in lower
percolation threshold, which might be due to the decreased porosity as well as narrowed pore size distri-
bution. It is also noted that larger Ni particles give rise to larger threshold [21]. Besides, electrical con-
ductivity is also affected by size ratio between YSZ and Ni (dYSZ/dNiO). For a fixed Ni content and porosity
of anode with an overwhelming electronic conductor, the higher the ratio, the larger the electrical conduc-
tivity tends to be [22]. Additionally, a broader size spectrum of YSZ powders shows improved packing
efficiency, and hence enhanced electrical conductivity. However, the coarse YSZ particles are more likely
to show large shrinkage during firing and reducing of NiO. If the shrinkage becomes too high, the force
due to adhesive constraint and structural movement could cause some macrocracks and rapid degradation
of a cell [20]. Moreover, from an electrocatalyst point of view, another likely consequence of use of coarse
YSZ powder in formulating anode cermet, is the decline in the TPB area where electrochemical oxidation
of fuels takes place [23,24], thus noticeably driving up the activation polarization. As a compromise, in
order to achieve a high conductivity and hence an excellent cell performance along with a low overall
shrinkage, novel conceptual microstructure that is composed of coarse YSZ, fine YSZ, and NiO, which is
subsequently reduced to Ni, has been proposed. Even with the fixed overall YSZ concentration (60 vol.%),
the electrical conductivity is found to be profoundly altered as a function of coarse YSZ content as illus-
trated in Fig. 3 [25]. It can be seen that the overall electrical conductivity differs by several orders of 
magnitude as the fraction of coarse YSZ is raised from 0 to 100 vol.%. This implies that the predominant
conduction mechanism shifts from ionic to electronic as contagious phase changes gradually from YSZ to
Ni. In this microstructure, roles of coarse YSZ particles are: (1) adjust thermal expansion to an acceptable
level with other components, especially YSZ electrolyte; (2) prevent the anode layer from significant
shrinkage during the fabrication and operation; (3) inhibit the Ni agglomeration; and last but not the least
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(4) provide and retain micropores among these particles. The function of fine YSZ powder is to provide
strong adhesion with coarse YSZ. The major advantage of this new anode over conventional one is long-
term stability during SOFC generation as shown in Fig. 4 [25]. The incorporation of fine YSZ leads to the
development of a more stable anode without sacrificing the electrical conductivity. Instead, more electro-
chemically active sites are introduced, contributing to a considerably suppressed polarization resistance
[26]. Fig. 4 indicates that the overpotential (proportional to polarization resistance) of conventional anode
rises sharply after 20 h service, while the new anode is capable of maintaining reasonably low resistive loss
even after 2500 h of operation.

In the development of SOFCs, optimization of anode microstructure to achieve low overpotential has
been the subject of intensive investigation [27–32]. The overpotential of Ni/YSZ cermet is found to be
enormously dependent upon the content of Ni powder, the characteristics of starting raw material as well
as the processing approach. The effect of Ni content on anodic overpotential is well documented [33,34].
It is revealed that as long as the Ni concentration falls into the range of 40–45 vol.% in this particular
experimental condition, a minimum overpotential is achieved over entire current density range studied.
This presumably corresponds to the enlargement of three-phase boundaries where anode reaction takes
place. Comparison study of anodes fabricated using two different processing methods [35], as shown in
Fig. 5, clearly illustrates that undesirable microstructure such as anisotropic particle packing, insufficient
porosity, poor connectivity of conducting or pore phases contributes to the drastically reduced cell per-
formance. To prepare an anode with high electrical conductivity, stable microstructure, as well as suffi-
cient porosity, all processing variables should be optimized and meticulously controlled. Optimization of
prior treatment parameters and the sintering temperature is also necessary to minimize the anode over-
potential [32]. Besides, the overpotential of such anode is also influenced by such extrinsic factors as fuel
composition and gas flow rate. For instance, it is reported that the overpotential is relatively independent
of H2 concentration under dry condition [36,37] and can be significantly reduced in the presence of steam
(Fig. 6) [37]. This indicates that the electrochemical reaction process dominating the overpotential 
is related to the reaction involving H2O. It turns out, as validated by the electrochemical impedance 
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spectroscopy investigation [38,39] that the anode reaction is a complex process involving activation and
diffusion of hydrogen, oxygen, and steam, where presence of steam likely accelerates the adsorption/
desorption of hydrogen. Besides, the overpotential can equally be suppressed by decreasing the gas flow
rate of the humid fuel as shown in Fig. 7 [37].
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Study by Koide et al. [40] points out that internal electrical resistance of Ni/YSZ anode itself is negli-
gibly small owing to its fairly high electrical conductivity with predominant electronic contribution, and
electrical losses of such anode in a single fuel cell assembly stem primarily from contact resistance and
polarization resistance, the former is determined by the contact area of nickel on the electrolyte, and the
latter is related to the number of reaction sites along TPB and strongly dependent upon the Ni:YSZ ratio
[41]. The polarization resistance reaches a minimum value at approximately 40 vol.% Ni, whereas the
contact resistance decreases monotonically with the increase in Ni content, as presented in Fig. 8 [40].
Consequently, a new configuration of anode is put forward that comprises a double cermet layer with vary-
ing Ni contents. An interfacial layer rich in Ni (Ni:YSZ ratio, 61:39) is employed in intimate contact with
the electrolyte, on top of which a bulk layer (Ni:YSZ ratio, 40:60) is coated. It has been tested that anode
like this exhibits the optimum performance, since there is little degradation in regards to voltage output
after 8000 h operation. To reduce activation and concentration polarization, anode substrate with graded
porosity is proposed in anode-supported SOFC configuration [42]. A smooth anode surface with fine pores
on the micrometer scale allows easy deposition of electrolyte film and maximizes the area of TPB. On the
lower substrate side, presence of coarse pores in the millimeter is imperative to guarantee the undisturbed
gas flow. The activation polarization can also be markedly reduced by placing Sm2O3 or Y2O3 doped CeO2

porous layer of around 0.5 �m thickness between the anode and electrolyte [43–45]. The three-phase
boundary can be vastly increased due to the characteristic of mixed ionic-electronic conductivity of the
coating.

Thermal expansion mismatch between anode and electrolyte is another concern that has attracted wide-
spread attention. An unacceptably high degree of mismatch in thermal expansion coefficients of SOFC
components can generate stresses large enough to result in cracking or delamination [46]. To alleviate this
concern, various options have been assessed which include improving the fracture toughness of electrolyte
to boost stress tolerance [47], controlling critical processing flaws and fine-tuning anode formulation via
addition of trace constituent [48 and 49]. It is also reported that [50] a graded structure along the thickness
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direction in terms of both Ni content and Ni:YSZ particle size ratio is quite effective in tailoring the ther-
mal expansion coefficient. In other words, the thermal expansion coefficient of Ni:YSZ composite is not
only controlled by the content of constituent phases, but also affected by Ni/YSZ particle size ratio [13].
This arises from the fact that a well-defined Ni/YSZ particle size ratio leads to an optimal package con-
figuration of the cermet. Since Ni has a low melting temperature, it is liable to agglomerate and change
shape during consolidation and subsequent operation. A marked drop in the electrical conductivity of
anode cermet is observed after being exposed to fuel gases for prolonged period of time, which is associ-
ated with the growth of Ni-particle size [51]. It is now well established that the major mechanism of anode
performance degradation is either Ni coarsening or agglomeration after long-term operation, leading to a
reduction in both the TPB and electrical conductivity. More importantly, the rate of Ni-agglomeration is
strongly enhanced in a water vapor containing reducing gas that is conventionally employed, in comparison
with dry fuels. Once the water vapor is included, the extent of the agglomeration appears to be independent
of the water content within the investigated range. To prevent the Ni coarsening (or agglomeration), some
low surface energy oxides such as MgO, TiO2, Mn3O4, and Cr2O3 are added to the anode cermet [52]. The
roles of these additives are threefold: retard the coarsening of Ni particles during the high-temperature
operation of cell, improve the mechanical properties of anode by assisting in the sintering of YSZ, and
enhance the wettability of Ni particles by acting as anchoring sites at the anode/electrolyte interface.
Suppression of Ni grain growth can also be achieved through microstructural modification by appropriate
synthesis approach [53]. It is worth noting that Ni/YSZ cermet anode consisting of fine YSZ particles dis-
persed on the surface of Ni particles by the spray pyrolysis method exhibits no conceivable performance
deterioration even after 1000 h service at 1000°C.

Aside from being prone to coarsening at operating temperatures, poor carbon and sulfur resistances are
other two prominent drawbacks of Ni/ZrO2 anode cermet [54–56]. Direct oxidation of dry CH4 and CO
results in rapid anode failure due to carbon deposition unless an appropriate steam to carbon ration of the
fuel gas or sufficiently high current density is employed [57]. Nickel is an excellent electrocatalyst for
electrochemical oxidation of hydrogen. However, this activity is impaired when the natural gas or methane
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is directly used as fuel due to carbon deposition. Formation of carbon deposits on Ni particles is responsi-
ble for excessively high activation polarization, which leads to the rapid deterioration of cell performance.
Therefore, hydrogen is exclusively used as a fuel gas in the prevailing SOFCs. If methane is to be used
with this anode, it has to be converted into hydrogen via internal or external steam reforming as shown by
Eq. (2), or via catalytic partial oxidation as indicated by Eq. (3):

(2)

(3)

The gas produced can then be electrochemically oxidized as

(4)

(5)

The steam reforming reaction (2) is associated with the following gas shift reaction (6):

(6)

If the water content in the feed gas is insufficient for reaction (2) to occur, carbon will be deposited on
the anode surface by methane cracking (7) or by the Boudouard reaction (8):

(7)

(8)

In addition to the accelerated coarsening of Ni particles, the immediate disadvantage of steam addition,
however, is the reduction of anode electrical potential due to the presence of oxygen atoms in fuels accord-
ing to Nernst equation. The feasibility of steam reforming and partial oxidation of methane over Ni/YSZ
anode has been thoroughly evaluated by Cunningham and Ormerod [58]. It is beyond doubt that Ni is a
fairly good catalyst for both reactions (2) and (3), though the effect may vary somewhat. In the case of
steam reforming, the product selectivity depends upon both the temperature and CH4/H2O ratio. When it
comes to the methane partial oxidation, the selectivity for CO and H2 can be increased by increasing tem-
perature, while increasing CH4/O2 ratio only promotes H2 selectivity. By highlighting the importance of
reaction (3), Cunningham et al. [59,60] further concluded that carbon deposition can be adequately con-
trolled by choosing the correct operating temperature and fuel composition in both cases. However, it must
be reiterated that the additional reforming step, either internal or external, reduces the overall efficiency
and adds to the cost. Moreover, methane steam reforming is strongly endothermic and when it takes place
internally, it creates temperature gradients across the cell thus reducing its performance. In the case of
internal reforming, although addition of water into methane does suppress carbon deposition on anode, an
operating temperature in excess of 800°C is required in order to obtain high equilibrium conversions for
the steaming reforming reaction [61]. Other concerns related to the internal fuel reforming have been
revealed to be cooking of anode particles at high operating temperatures as well as leaching and delami-
nation of the anode materials. To mitigate these problems, alternative anodes are being actively pursued
for use in dry or low-humidity methane fuels. Doping Ni/YSZ anode with molybdenum and gold has been
proved to be a promising option to enhance carbon deactivation resistance. The doped cermets have shown

2CO C CO2→ �

CH C 2H24 → �

CO H O CO H2 2 2� �→

CO O CO 2e2
2� �� �→

H H O 2e2
22 �� �� �→

2CH 2CO 4H2 24 �� �→

CH H O CO 3H2 24 � �→
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increased resistance to carbon deposition, increased methane conversion, and increased durability, partic-
ularly, at lower reforming temperatures and lower methane/steam ratios.

Low sulfur tolerance of Ni/YSZ anode constitutes another hurdle to the use of natural gas as fuel. It has
been demonstrated that addition of H2S enlarges the semicircle associated with activation process on the
impedance plots shown in Fig. 9 [62]. The deactivation from sulfur poisoning occurs because H2S strongly
absorbs on active sites of nickel, leading to the substantial reduction in the rate of electrochemical reaction
occurring at TPBs [40]. Matsuzaki and Yasuda [62,63] performed systematic research on the influence of
sulfur impurity on Ni/YSZ anode performance. Their results distinctly show that within certain H2S con-
centration level, the performance loss caused by sulfur-poisoning is reversible upon removal of sulfur
source. The critical H2S concentration above which a pronounced rise in polarization resistance of anode
is triggered displays strong temperature dependence. This might be viewed as compelling evidence that
adsorption of sulfur on Ni particles is physical in nature.

One issue that received relatively little attention is the long-term degradation of Ni/YSZ anode 
performance resulting from the loss of metallic conductivity caused by the oxidation of nickel. It has 
been indicated [64] that SOFC anode is only operative in the oxygen potential range between �0.8
and �1.0 V. When the oxygen potential rises above �0.68 V, hydroxide Ni(OH)2 becomes the dominating
volatile compound whose amount increases with the increase in either oxygen potential or operating tem-
perature. It is further noticed that Ni loss is even higher at fuel entrance where a mixture of methane and
water vapor is supplied.

Another problem associated with the Ni/YSZ anode arises in the utilization of chromia-forming metal-
lic interconnects for SOFC stack. NiO particles, which are subsequently reduced to Ni once the reducing
fuel is incorporated along the anode side of the interconnect, react much more readily with Cr2O3 than
with ceramic LaCrO3-based perovskites to yield Ni–Cr spinels. This phenomenon might cause some prob-
lems for the metallic/Ni-anode interface. Although the spinel is reduced during anode reduction, this
process seems to result in the formation of large Cr2O3 crystals, which prevents alignment between adja-
cent surfaces in the stack during operation and hence generates the contact problem. Moreover, the large
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Cr2O3 crystals are more prone to evaporation in the presence of steam that, in many cases, is an indispens-
able component of the fuel gases. Therefore, special precautions during the start up of the stacks should
be exercised when the metallic interconnect with the formation of chromia scale is employed together with
Ni anodes.

2.2. CeO2 (rare-earth doped) anode

To allow for direct electrochemical oxidation of methane, doped ceria anode was developed since ceria has
long been confirmed to be an excellent electrocatalyst for CH4 oxidation [65–67]. Accordingly, the elec-
trochemical reaction that takes place on the anode side can be expressed by the following equation where
oxygen ions are transferred through the electrolyte to the TPB:

(9)

Both doped and undoped ceria display a unique feature of mixed ionic and electronic conduction at low
oxygen partial pressures. A comprehensive and thorough evaluation on the mixed conductivity and its
underlying physical mechanism is recently provided by Steele [68]. The ionic contribution to the conduc-
tivity can be described using the following formula based upon the migration of oxygen ions via oxygen
vacancies:

(10)

where �0 is a pre-exponential constant and the term �E, activation energy for conduction, involves both
the enthalpy for the migration of oxygen (�Hm) and association enthalpy of defect complexes (�Ha) at low
temperatures, while at elevated temperature, it is solely determined by the magnitude of �Hm. It is the
minimization of association enthalpy when the trivalent rare-earth oxides such as Gd2O3, Sm2O3, and
Y2O3 are in solid solution with CeO2 that these dopants are invariably favored. This has been correlated
with the close proximity between dopant and host ions in terms of ionic radius. The ionic conductivity data
for some doped ceria is given in Table 1. It is particularly noteworthy that even at identical temperatures,
the ionic conductivity of optimally doped ceria is about one order of magnitude larger than that of yttria-
doped zirconia, making it a viable candidate for the electrolyte used in the intermediate temperature
SOFCs. The electronic contribution to the conductivity is usually interpreted in terms of a small polaron
activated hopping process and described by the following formula:
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Table 1. Ionic conductivity data for some rare earth-doped ceria ceramics [68]

S(S cm�1)

Composition Dopant rd (Å) �E (eV) S0 500°C 600°C 700°C

Ce0.9Gd0.1O1.95 Gd3� 1.053 0.64 1.09 � 105 0.0095 0.0253 0.0544
Ce0.9Sm0.1O1.95 Sm3� 1.079 0.66 5.08 � 104 0.0033 0.0090 0.0200
Ce0.887Y0.113O1.9435 Y3� 1.019 0.87 3.16 � 106 0.0087 0.0344 0.1015
Ce0.8Gd0.2O1.9 Gd3� 1.053 0.78 5 � 105 0.0053 0.018 0.047
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The oxygen partial pressure dependence indicates that doped ceria has a significant contribution from
electronic conductivity when it is used as anode in the fuel atmosphere. Furthermore, the temperature
imposes a profound effect on the electronic conductivity of doped ceria. Increase in temperature leads to
a dramatic rise in �n, which incidentally explains the reason why the doped ceria is only competent as elec-
trolyte for intermediate temperature SOFCs (below 800°C).

The prominent drawback of ceria is the degradation of mechanical integrity due to the lattice expansion
in the low oxygen partial pressure environment arising from the transition of Ce4� to Ce3� [69]. This may
result in the formation of cracks at the electrode–electrolyte interface and subsequent delamination of the
electrode from the electrolyte, especially in the case of YSZ electrolyte. Doping with lower valent cations
such as Gd3�, Sm3�, or Y3� can significantly decrease the dimensional contraction during reduction. 
A composition where 40–50% of the Ce4� ions are substituted with Gd3� (Ce0.6Gd0.4O1.8, CG4, for exam-
ple) or a similar rare-earth cation has been shown to be a reasonable compromise between conductivity and
dimensional stability. As a further improvement, the concern of thermodynamic stability can be alleviated
by reducing the thickness of the anode as well as placing an intermediate metal or oxide layer, or alterna-
tively, by anchoring a thin anode layer with YSZ particles and sintering at relatively low temperatures 
[70,71]. Both thermal and redox cycling tests indicate sufficient adhesion between the thin CG4 layer and
the YSZ electrolyte obtained by introducing the anchoring YSZ layer to withstand both the reduction
expansion and the thermal expansion coefficient mismatch. Cells with such ceria anodes sustained several
rapid thermal cycles and full redox cycles without measurable performance degradation. The reaction
between anode and YSZ electrolyte can be avoided by sintering at low temperatures. Another alternative to
surmount the reaction issue during co-firing is to replace the YSZ with doped ceria as electrolyte for inter-
mediate temperature SOFC applications [72]. However, the electronic conductivity part of the electrolyte
contributes adversely to the overall operating efficiency since it virtually increases the internal electrical
resistance of ionic-conducting electrolyte. Additionally, the issue of mechanical integrity of the electrolyte
in both oxidizing (near cathode) and reducing (near anode) atmospheres deserves special attention.

Ceria-based anode such as CG4 is widely recognized to be effective in suppressing carbon deposition.
This benefits the utilization of methane-rich fuels with a low steam-to-carbon ratio. However, the electro-
catalytic activity of CG4 toward methane oxidation is recently challenged by Marina et al. [73], who
attributed the previously observed high electrocatalytic activity of CG4 to the presence of platinum as a
current collector. This argument seems to be indirectly supported by recent finding that addition of small
amount of Ni to various mixed ionic-electronic conductors (MIEC) including CG4 is very effective in
improving the anode performance [74]. Figure 10 illustrates that the low-frequency impedance arc of CG4 
is substantially suppressed as a result of minor Ni addition. This indicates that electrode reaction on MIEC
anode is altered because the rate-limiting step, specifically, the adsorption and/or dissociation of hydrogen,
is bypassed. It appears, however, that a bond breaking catalyst is called for as a new component of the
anode. Further investigation is warranted to gain an unambiguous understanding of this point.

Uchida et al. [75] examined the applicability of yttria-doped ceria (YDC) and samaria-doped ceria
(SDC) as potential anodes for intermediate temperature SOFCs. The common feature of these two candi-
date materials is, in reducing atmosphere typical of anode environment, they exhibit characteristic of
mixed ionic-electronic conductivity. Since YDC shows greater electronic conductivity than SDC and com-
parable ionic conductivity with YSZ, the anode reaction can be appreciably enhanced. It is, therefore, con-
cluded that high electronic conductivity in the MIEC anode is beneficial in reducing anodic polarization,
in particular, activation polarization. Performance of anode based on either SDC or YDC can be further
improved by uniformly dispersing trace amounts of noble metal catalysts like Ru, especially at lower 
operating temperatures.

Similar to Ni/YSZ cermet anode, Ni/doped ceria cermet has also been formulated and tested for use as
potential anode in intermediate temperature SOFCs [72,76]. Experimental results by Livermore et al. [77]
indicate that Ni/CGO (ceria–gadolinia) cermet exhibits high activity toward methane steam reforming with
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the onset of methane activation occurring at temperatures as low as 482 K, and no appreciable carbon depo-
sition was observed. Comparison of anodic overpotential of Ni/YSZ and Ni/CGO even fueled with hydrogen
[78], as presented in Fig. 11, indicates that Ni/CGO anode outperforms Ni/YSZ anode. Doped ceria has also
been utilized as a functional layer between anode and electrolyte, where the anode itself is a composite with
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mixed ionic-electronic conductivity whose composition is different from the functional layer [79]. Since
doped ceria is considered to be more electrocatalytically active than doped yttria, the electrochemical reac-
tion kinetics at anode can be favorably enhanced by introducing a porous interlayer with MICE such as SDC.
As a result, the ERZ is effectively extended into the entire functional interlayer. Alternatively, by placing 
a dense interlayer of anode composition underneath the porous Ni/CSO (ceria–samaria) cermet, the polar-
ization resistance can be remarkably reduced as compared to the situation without the interlayer 
(Fig. 12) [80]. Apparently, the improved contact between the anode and CSO electrolyte is believed to be
responsible for the observed reduction in overpotential.

The competitiveness of ternary component anode consisting of Cu, CeO2, and YSZ on direct activation
of dry hydrocarbon gases is evaluated by Park et al. [81] by performing a short-term single cell test at
700°C. Their results are encouraging since Cu/CeO2/YSZ anode demonstrates an excellent activity toward
direct electrochemical oxidation of a variety of hydrocarbon gases. Anode performance does not suffer
measurable degradation resulting from carbon deposition. Given that long-term stable anode performance
operating on hydrocarbon fuels can be sustained, this development shows the potential of significantly
reducing the cost and complexity of SOFC power generation system.

2.3. Other anode materials

In the search for alternative anode materials that are capable of withstanding sulfur contamination and 
carbon deposition, oxides with perovskite structure have drawn considerable attention. Lanthanum
chromite itself is not qualified as anode material due to the poor mechanical response and lattice 
expansion in reducing atmosphere. However, its desired thermal and chemical stability is highly attractive,
and consequently many efforts have been directed towards the exploration of this type of anode. A substi-
tution of La with Sr and Cr with Ti leads to SrTiO3-based materials with n-type conductivity rather than
p-type as well as reduced size changes in reducing atmospheres [82]. Unfortunately, the electrochemical
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performance of La0.7Sr0.3Cr0.8Ti0.2O3 and doped SrTiO3 [83] perovskite anode is very much inferior to that
of Ni/YSZ cermet. Studies on perovskite oxides such as La0.6Sr0.4Co0.2Fe0.8O3 [84] and LaNi1�xMxO3 (M:
Ti, V, Nb, Mo, W) [83] also clearly indicate that these are not viable anode materials, because they are very
unstable in reducing atmosphere due to the generation of oxygen vacancies. In contrast, experimental
results on La0.8Sr0.2Cr0.97V0.03O3 (LSCV)–YSZ composite anode demonstrate that the electrochemical
performance is comparable to that of Ni/YSZ after 48 h operation [85]. Most advantageously, unlike
Ni/YSZ anode, the above-mentioned anode displays excellent resistance to carbon deposition despite the
fact that its activity toward the methane steam reforming is not appreciably promoted. By impregnating Ru
into LSCV–YSZ composite, the capability of methane reforming can be substantially improved. Given its
microstructure is further optimized, this material is expected to be a promising anode. Considerable elec-
tronic conductivity can be induced by introducing TiO2 into Zr(Y, Sc)O(2�x) to form Zr(Ti, Y, Sc)O(2�x)

solid solution. Preliminary investigation [86] on the suitability of this type of MIEC conductor as poten-
tial anode suggests that, in combination with Ni or Cu to form cermet, it may offer promise as an alternate
anode operating on direct electrochemical oxidation of methane.

Niobate and titanate perovskites exhibit mixed ionic/n-type electronic conducting behavior with con-
ductivity proportional to PO2

�1/4 over entire oxygen partial pressure range [87]. Preliminary study [88] con-
firms that Mn-doping at B-site of perovskite structure assists in the electrochemical reaction at the
electrode surface, thus effectively decreasing the activation polarization. However, the electrocatalytic
response of these newly developed anodes towards methane steam reforming as well as their performance
at extended times still remain to be evaluated.

Recently, materials with the composition (Ba/Sr/Ca/La)0.6MxNb1�xO3� (M: Mg, Ni, Mn, Cr, Fe, In, Sn)
of the tetragonal tungsten bronze structure have been considered as anodes for SOFCs because they
exhibit considerable electronic conductivity and might additionally show some ionic contribution [89].
This is also true of niobate-based tungsten bronze materials [90,91]. Moreover, these materials are also
reasonably stable in both oxidizing and reducing atmospheres. The unique feature of mixed conductivity
imparts these materials the ability to accelerate the electrode gas reaction. The charge-transfer reaction
between lattice oxygen and fuel may occur over the entire electrode area, whereas in Ni/YSZ cermet this
reaction is only limited to the three-phase contacts between fuel, electrode, and electrolyte. It should be
admitted that plenty of work including the measurements of thermal expansion coefficient, sulfidation and
carburization tolerance, chemical compatibility with electrolyte as well as catalytic behavior with regards
to the oxidization or reforming of methane has to be carried out before a full assessment of this type of
potential anode is achieved.

3. CONCLUSIONS

In spite of its inherent drawbacks, Ni/YSZ cermet is the most preferred anode material for SOFCs 
operating on hydrogen because of the acceptable thermodynamic stability and desirable electrochemical
properties. The microstructure of this anode can be optimized via compositional modification and fabri-
cation techniques to minimize the polarization resistances. Rare earth doped CeO2 is a viable anode mate-
rial for low temperature SOFC due to its advantageously high electrocatalytic activity that enables the
direct oxidation of low hydrocarbon gases, unfortunately, the occurrence of pronounced ionic conductiv-
ity along with mechanical degradation in reducing atmospheres pose a great concern for its practical 
applications.
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Chapter 13

Advances, aging mechanisms and lifetime in 
solid-oxide fuel cells

Hengyong Tu and Ulrich Stimming

Abstract

Solid-oxide fuel cells (SOFCs) are an energy conversion device that theoretically has the capability
of producing electrical energy for as long as the fuel and oxidant are supplied to the electrodes but
performance is expected for, at least, 40 000 h. In reality, performance degradation is observed in
planar SOFC with metallic bipolar plate under steady and repeated thermal cycling conditions,
which limits the practical operating life of these SOFCs. In this paper, the advances in SOFC are
briefly summarized and the aging mechanisms of some components (anode, cathode and intercon-
nect) in SOFC are discussed. The emphasis is given to aging mechanisms due to instability of mate-
rials and microstructures under real operation conditions. Identification of aging kinetics contributes
to improvement in the stability of SOFC. It is indicated that development of new materials, opti-
mization of microstructures and lower operating temperatures are desirable for the long-term stabil-
ity of SOFC. Beneficial operation condition of SOFC is also proposed.

Keywords: Solid-oxide fuel cell (SOFC); Reduced temperature; Hydrocarbon fuels; Aging mechanism of
components; Operation condition
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1. INTRODUCTION

A fuel cell is an energy conversion device that generates electricity and heat by electrochemically com-
bining a gaseous fuel and an oxidizing gas via an ion-conducting electrolyte. The chief characteristic of a
fuel cell is its ability to convert chemical energy directly into electrical energy without the need for com-
bustion, giving much higher conversion efficiencies than most conventional thermo-mechanical methods
(e.g., steam turbines). Consequently fuel cells have much lower carbon dioxide emissions than fossil fuel-
based technologies for the same power output. They also produce negligible emissions of NOx, the main
constituents of acid rain and photochemical smog. As with other technologies, it is very important to
achieve a service life of several thousand hours without impacting performance levels. Several types of
fuel cells are now being developed around the world, the chief difference between them being the material
used for the electrolyte (and thus also their operating temperature).

Solid-oxide fuel cells (SOFCs) consist entirely of solid-state materials; they utilize a fast oxygen ion
conducting ceramic as the electrolyte, and operate in the temperature range of 700–1000°C.

SOFCs have several features that make them more attractive than most other types of fuel cells:

● The highest efficiencies of all fuel cells (50–60%).
● A potential long-life expectancy of more than 40 000–80 000 h.
● Constructed from readily obtainable ceramic materials, not precious metals like platinum.
● Few problems with electrolyte management (cf. liquid electrolytes, which are typically corrosive and

difficult to handle).
● High-grade waste heat is produced, for combined heat and power (CHP) applications increasing over-

all efficiencies to over 80%.
● Internal reforming of hydrocarbon fuels is possible.

SOFC systems are being advanced by a number of companies and organizations with three major fuel cell
stack designs emerging. The major design types are tubular, planar, and monolithic. Only the first two are
currently being developed. Tubular SOFC designs are closer to commercialization and are being mainly
produced by Siemens Westinghouse Power Corporation (SWPC). The tubular SOFC design constructs the
stack as a bundle of tubular electrode – electrolyte assemblies. Air is typically introduced to the inside of
each tube while fuel bathes the outside of the tubes to produce electricity. One distinct feature of this
design is that it has no seals. Demonstrations of tubular SOFC technology have produced as much as
220 kW. Compared to tubular designs, planar SOFC designs consist of flat plates bonded together to form
the electrode – electrolyte assemblies. This is a compact stack design. Individual cells can be electrolyte
self-supporting or anode-supported. The planar SOFC requires high-temperature gas seals at the edges of
the plates. The planar designs have been demonstrated in single cell and smaller stack sizes in the single
to multiple kilowatt range. In comparison with tubular SOFC, the planar SOFC could have the following
advantages:

● Higher power densities, and better overall performance.
● Manufacturing process relatively simple and high potential for low cost manufacturing.
● Operating temperature below 800°C possible.
● High efficiency.

2. ADVANCES IN SOFC RESEARCH AND DEVELOPMENT

SOFC is emerging as a potential breakthrough technology for the low cost production of electricity. The
low-product cost is a prerequisite for the successful market introduction and penetration of SOFC power
plants. SOFC has the advantage of fuel flexibility. Hydrogen is currently expensive to produce and deliver.
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Therefore, hydrocarbon fuels are a realistic choice in the immediate future for SOFC. In recent years, sig-
nificant advances have been achieved in SOFC research and development, although a number of problems
still have to be solved. The research and development is necessary to decrease capital costs, as well as to
avoid the use of hydrogen as the primary fuel. Main recent advances in SOFC include realization of SOFC
operating at temperature �800°C and direct supply of hydrocarbon fuels.

2.1. SOFC operating at temperature �800°C

Conventional high-temperature SOFC operates at around 950°C. This temperature implies high material costs,
particularly for interconnect and construction materials. In high-temperature SOFC, the interconnect may be
a ceramic such as lanthanum chromite, or a sophisticated refractory alloy, e.g., based on mechanically alloyed
Y/Cr. In either case, the interconnect represents a major proportion of the cost of the stack. Operation of the
SOFC at a reduced temperature can overcome some of these problems and bring additional benefits.

Advantages of SOFC at T � 800°C:

● Low-cost metallic materials, e.g., ferritic stainless steels can be used as interconnect and construction
materials. This makes both the stack and balance of plant cheaper and more robust (balance of plant
is widely assumed to constitute 50% of the cost of the SOFC system).

● Potential for rapid startup and high capability of thermal cycle.
● Simplification of the design and materials requirements of the balance of plant.
● Significant reduction of corrosion rates, higher long-term stability of the system.

As the operating temperature of the SOFC is reduced, the ionic conductivity of the electrolyte decreases,
which results in a rapid deterioration of the performance of the SOFC. There are two ways of minimizing
ohmic losses across the electrolyte at temperature �800°C. One way is to use higher conductivity materials
(doped ceria and lanthanum gallate). However, this will result in uncertainties of long-term stability and
material compatibility. Another way is to use thin YSZ electrolyte membranes (5–50 �m). For SOFC
application, it is desirable that the oxygen fluxes through YSZ electrolyte membranes attain values around
1 A cm�2, and so with typical values of the electric potentials in the range 0.5–1.0 V. It follows that the
area-specific resistance (ASR) term should be as low as possible. Adopting a typical target value of
0.15 �cm2 enables the membrane thickness at different temperatures to be determined from Fig. 1 [1]. As
shown in Fig. 1, the thin YSZ electrolyte membranes can work at temperatures 600–800°C. When the
electrolyte thickness is reduced from �150 to �5 �m, the resistance is decreased by more than one order
of magnitude across the electrolyte.

Conventionally, planar cells use the electrolyte to support thin electrodes on either face. This limits minimum
electrolyte thickness to around 150 �m. By using a thick, structural anode as the substrate, the mechanical sta-
bility of the cells is transferred from the electrolyte to the anode. Reduction of the YSZ electrolyte thickness
can be achieved in a number of ways. If electrodes with optimized microstructure are used, electrochemical
experiments show that at temperatures 600–800°C it is easy to meet a minimum requirement of 0.2 W/cm2 at
an operating voltage of 0.7 V with anode as support. Figure 2 shows the two kinds of cell concept.

A concerted effort is also being made by researchers around the globe to develop this substrate tech-
nology [2]. The most advanced development in this field is currently located at the Research Center Jülich
in Germany and at Global Thermoelectric, Canada, whose technique is based on the Jülich concept. The
Research Center Jülich works on the construction of SOFC stacks using the substrate cell technique. The
design of these stacks is optimized with the aid of model calculations of temperature distribution, gas
stream and mechanical load. The thermo-mechanical data required for these calculations are determined
experimentally. Since a stack does not only consist of single cells but also of other components such as
interconnect foils, contact layers and glass ceramic sealings, materials research plays an essential role.
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Another priority is stack construction. Within the technology development program on anode supported
SOFC in Jülich short-stack (two cells 10 cm � 10 cm; 81 cm2) tests were performed in order to improve,
among others, the durability [3]. First results with interconnect plates machined from a newly developed
ferritic steel JS-3 show degradation rates less than 1%/1000 h during the first thousand hours of continu-
ous operation. Several kW-class stacks (10–40 cells 20 cm � 20 cm; 361 cm2) were assembled and oper-
ated. The 40-cell stack produced a maximum power of 9.2 kW (300 A at 30.2 V) operating on hydrogen
(10% humidified, 76% fuel utilization). Operating on simulated partially pre-reformed methane the stack
produced a maximum power of 5.4 kW (182 A at 30.2 V). A medium-term goal at Research Center Jülich
is the design and construction of a 25 kW system for combined heat and power generation with natural gas
in order to demonstrate the feasibility of an anode – substrate-based SOFC.

2.2. Direct supply of hydrocarbon fuels

One of the main attractions of SOFC over other types of fuel cells is their ability to handle more convenient
hydrocarbon fuels – other types of fuel cell have to rely on a clean supply of hydrogen for their operation.
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Hydrogen derived from renewable resources would be an appropriate fuel. However, its availability and 
distribution are very limited. In the short-to medium-term future, the only realistic fuels are hydrocarbon-
based, especially natural gas. Because SOFCs operate at high temperature there is the opportunity to reform
hydrocarbons within the system either indirectly in a discrete reformer or directly on the anode of the cell.
A further process, direct oxidation can also occur at low steam partial pressures. This process offers the
ultimate in thermodynamic efficiency, almost 100% theoretically.

2.2.1. Reforming

Reforming enables SOFC to use hydrocarbon directly as fuel. Reaction (1), for steam reforming can be
formulated for methane as the main component of natural gas, which is generally associated with a water
gas shift equilibrium reaction (2). Additionally, methane may be reformed with CO2 (Eq. (3)):

(1)

(2)

(3)

Two approaches have been developed, external and internal reforming. In the first case, the reaction occurs
in a separate reactor, which consists of heated tubes filled with nickel or noble metal. In internal reform-
ing, natural gas reforming can be directly carried out at the anode of the fuel cell. Advantages of internal
reforming over external reforming are the good and direct heat transfer between fuel cell stack and reform-
ing zone and the high degree of chemical integration. Steam as a product of the electrochemical reaction
in the cell can be directly coupled in as a base product of the reforming reaction, so that less steam for
reforming must be produced in comparison with external reforming, improving the electrical efficiency.
Other advantages include reduced system costs, more homogeneous hydrogen formation and higher
methane conversion rate. However, as to the state-of-the-art anode Ni/YSZ, two major problems occur: the
risk of carbon deposition and the creation of temperature gradients. Firstly, when insufficient steam is
present, carbon may be deposited according to the reaction

(4)

which deactivates the anode. This cracking reaction is even more problematic with higher hydrocarbons,
which also are present in natural gas. Therefore, a steam/methane ratio �2 is required to avoid carbon dep-
osition. Secondly, high-temperature gradients arise in the region of the fuel inlet due to the significant
cooling effect of the reforming process, which is on account of its very fast reaction rate in comparison to
electrochemical reaction rate. This leads to strong thermal stressing of the materials of the fuel cell.
Research efforts were made toward overcoming these problems. Some new materials were proposed to
decrease the catalytic activity of Ni for reforming, in order to avoid carbon deposition without using
excess steam. For example, the influence of adding iron to the Ni/YSZ cermet has been studied [4]. The
iron achieves a decrease in the catalytic activity of nickel and adjusts the thermal expansion coefficient
closer to YSZ. Furthermore, a new concept “gradual internal methane reforming” has been proposed [5].
It is based on a local coupling between the steam reforming and the electrochemical oxidation of hydrogen.
Thus, the reaction is distributed over the entire anode surface.

2.2.2. Direct oxidation

Direct oxidation of methane, reaction (5), has the thermodynamic possibility of 99.2% conversion effi-
ciency. Operating fuel cells directly on hydrocarbons would obviously eliminate the need for reformer and

CH C H kJ mol4 2� � 	 � �2 750 1, H

CH H O CO H kJ mol4 2 2� � 	 � �� 2 2 2470 1, H

CH H O CO H kJ mol4 2 2 2� � 	 � �� , H 0 141

CH H O CO H kJ mol4 2 2� � 	 � �� 3 2060 1, H
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improve efficiency. If this reaction is to be achieved, it is necessary to avoid or inhibit methane cracking.
There is also considerable controversy as to whether the reaction is actually a direct anode oxidation of
methane (Eq. (6)) or a reaction by a steam reforming process (Eq. (1)) including some intermediate reac-
tions. The steam-reforming process is associated with a water gas shift reaction (2). The produced H2 and
CO are then electrochemically converted into H2O (Eq. (7)) and CO2 (Eq. (8)), respectively. Therefore, the
anode reaction of methane by a steam-reforming process also leads to the net result shown in reaction (6):

(5)

(6)

(7)

(8)

There have been some successes reported for direct electrochemical oxidation with ceria-based materials.
Firstly, Perry Murray et al. [6] reported the direct electrochemical oxidation of methane in SOFCs by
using ceria/nickel composite electrodes at lower temperatures, �700°C, i.e., at temperatures below the
cracking of the hydrocarbon. The SOFCs were fabricated on porous La0.8Sr0.2MnO3 (LSM) cathodes. The
LSM pellets were �2 cm in diameter and 1 mm thick, and were produced using standard ceramic pro-
cessing techniques. All SOFC layers, starting with a 0.5-mm thick (Y2O3)0.15(CeO2)0.85 (YDC) porous
film, were deposited on the LSM pellet using d.c. reactive magnetron sputtering. The electrolyte, 8 mol%
Y2O3-stabilized ZrO2 (YSZ), was then deposited under conditions yielding a dense, 8-�m-thick film. To
complete the cell, another 0.5-�m-thick YDC film was deposited, followed by a porous, 2-�m-thick 
Ni-YSZ anode. Figure 3 shows measurements of current density and power density versus voltage, per-
formed on a typical cell using air and methane. The results for dry and wet (with 3% H2O) methane were
nearly identical. Cell performance was stable in preliminary 100 h life tests, except for wet methane at low
voltages where the anode Ni gradually oxidized. The results in Fig. 3 are similar to those obtained for the

CO O CO e electrochemical2� �� �2 2→ ,

H O H O e electrochemical2 2� �� �2 2→ ,

CH 4O CO H O 8e electrochemical4 2 2� � � �2 2− → ,

CH O CO H O kJ mol4 2 2 2� � 	 �� �2 2 8020 1� , H
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same cells operated with humidified hydrogen fuel, except that the power densities are �20% lower.
Examination of the anodes after the cell tests (by visual observation, energy-dispersive X-ray, and scan-
ning electron microscopy) showed no evidence of carbon deposition after �100 h of operation.

Secondly, Gorte and co-workers [7] report the direct, electrochemical oxidation of various hydrocarbons
(methane, ethane, 1-butene, n-butane, and toluene) using a SOFC at 700 and 800°C with a composite anode
of copper and ceria (or samaria-doped ceria). The SOFCs used here were prepared with a 60-�m-thick,
YSZ electrolyte, 12.5 mm in diameter, and a cathode formed from a 50:50 mixture of YSZ and
La0.8Sr0.2MnO3 powders. The anodes were 40 wt.% Cu and 20 wt.% CeO2, held in place by a YSZ matrix
formed from zircon fibers. In a second cell, a 20% Sm2O3–80% CeO2 mixed oxide replaced CeO2. The first
cell was operated at the maximum power density of 0.12 W cm�2 in dry butane at 700°C for a period of 48 h
with no observable change in performance. Visual inspection of a cell after 2 days in n-butane at 800°C
showed that the anode itself remained free of the carbon deposits. The data in Fig. 4 show further improve-
ments in cell performance of the second cell. For these experiments, the current densities were measured at
a potential of 0.4 V at 700°C. The power densities for H2 and n-butane in this particular cell were approxi-
mately 20% lower than for the first cell, which is within the range of the ability to reproduce cells. However,
the power densities achieved for some other fuels were significantly higher. In particular, stable power gen-
eration was now observed for toluene. Similarly, Fig. 4 shows that methane, ethane and 1-butene could be
used as fuels to produce electrical energy. The data show transients for some of the fuels, which are at least
partially due to switching.

3. AGING MECHANISM OF COMPONENTS IN SOFC

The commercial requirements for SOFC systems include a cell and stack life in the order of 40–50 000 h
with very small degradation rates. All resistive limitations in an SOFC may suffer from degradation.
Demonstration of total stack durability is of primary interest, but an analysis of aging mechanism in each
component is desirable. It is therefore essential to increase the understanding of the degradation of each
component in SOFC.
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3.1. Aging mechanism of anode

State-of-the-art SOFC anodes consist of a Ni-YSZ cermet. While Ni plays the role of the catalytically active
as well as of the electronically conducting phase, the YSZ is added in order to support the Ni particles, to
inhibit coarsening of the Ni, and to provide a thermal expansion coefficient which is similar to that of the
zirconia-based electrolyte. A homogeneous or graded structure consisting of three phases, Ni, yttria-stabilized
zirconia (YSZ), and porosity, should be obtained, providing percolation paths for electrons, oxide ions, and
gaseous hydrogen and water, respectively. This requirement originates in the poor conductivity of electrons
in YSZ and oxide ions in Ni. The line where the three phases meet is referred to as the triple-phase bound-
ary (TPB) and is considered to be electrochemically active only if percolation paths for the active species
are provided. The reaction rate for electrochemical oxidation of hydrogen has been demonstrated to corre-
late with the length of the TPB. In the research and development of SOFCs, serious reductions in cell per-
formance have been observed due to degradation of the anode. The polarization characteristics of the anode
are highly dependent on its morphology. The apparent activation energy has a distinct tendency toward
lower value for fine cermets than that for coarse cermets [8]. It is widely accepted that sintering of nickel
plays an important role [9]. The SOFC anode cermet is commonly made from YSZ and NiO powders. The
NiO is then reduced in situ to nickel metal when exposed to the fuel in the fuel cell. Since nickel particles
are high-surface-area solids, there will always be a thermodynamically driving force to decrease free energy,
i.e., to minimize surface area. Thus, the sintering behavior of the nickel/YSZ anode is strongly dependent
on the wetting properties of the nickel on the YSZ. The agglomeration of Ni particles under SOFC operat-
ing conditions leads a reduction in electrochemical reaction sites, namely TPB, and the cutting-off on cur-
rent paths [10]. Figure 5 shows, as an example, the effect of nickel sintering on the polarization of the anode
[11]. Furthermore, shrinkage of the electrode upon firing also leads to decrease in the gas permeability of
the electrode layer, the occurrence of shear stresses at the electrode – electrolyte interfaces, and increases in
contact resistance between the electrode and the current collector when assembled as a stack.

There are a number of programs dedicated to long-term stability studies and the prevention of Ni agglom-
eration at the operating conditions of the fuel cell. In this regard, a novel anode microstructure has been 
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proposed [12]. A feature of this new anode is that, unlike other materials, the YSZ powders are divided into
coarse and fine particles. Upon sintering, the coarse YSZ particles are connected by a network of fine YSZ
particles. This forms a strong framework, which prevents the agglomeration and coarsening of Ni particles.
The shrinkage and porosity behavior for both sintering under reducing atmosphere at 1000°C (as operating
condition) and in air at 1400°C (as producing condition) were measured and compared. The previous mate-
rial showed considerable shrinkage and a large decline in porosity. On the other hand, the new material
showed little shrinkage under producing condition and virtually no change in volume and porosity under
operating condition. Figure 6 shows the overpotentials for the two anodes during a long-term operation. The
overpotential of previous anode rapidly rises after a few tens of hours, whereas the new one keeps the
overpotential constant, allowing more 2500 h of continuous generation, which indicates superior long-term
stability. Therefore, the durability of the anodes can be expected with optimization of the cermet structure.

3.2. Aging mechanism of cathode

A composite of A-site-deficient strontium-doped lanthanum manganite (LSM) and the electrolyte material,
yttria-stabilized zirconia [13,14] is presently used as cathode in SOFC. The formation of low-conductive
reaction products such as lanthanum zirconate at the cathode – electrolyte interface can be avoided during
cell fabrication. Furthermore, the electrochemically active reaction zone may be extended from the inter-
face between the electrode and the electrolyte to the bulk of the electrode. The cathode reaction depends on
the catalytic activity and microstructure of composite cathodes. Cathode overpotential is often the main fac-
tor limiting SOFC performance. An attempt has been made to investigate whether temperature, current load
or kinetic processes are responsible for the degradation [15]. The cathodes were kept at constant, realistic
operating conditions (�300 mA cm�2 at 1000°C in air) for up to 2000 h. Nominally identical cathodes are kept
for 2000 h at 1000°C in air without current load for comparison. After 2000 h test, the increase in electrode
overvoltage exceeded 100% of the initial value for the electrodes with the galvanostatic load. However, the
electrode without load showed little or no degradation. The pore formation, observed after the galvanostatic
durability test, was a common feature for all the cathodes investigated. Figure 7 shows the pore formation
at the composite electrode layer (C-layer) interfaces, which might have caused a decrease in the length of
active triple phase boundary between electrode, electrolyte and gas phase, as the contact area between 
composite electrode layer and electrolyte was decreased considerably.
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As the polarization resistance scales with the inverse of TPB length, the microstructural changes might be
responsible for the observed increase in polarization resistance during galvanostatic tests. When exposing a
cation-deficient oxide material to an oxygen potential gradient cations can migrate toward the higher oxygen
potential interface, while vacancies move in the opposite direction. This may lead to pore formation and pore
movement [16]. The pores will preferably form at the interface with the lowest oxygen potential in places,
where there is an indentation or a notch, as this part of the interface is unstable. The pores are transported
toward the interface with the highest oxygen potential. The applied current creates an oxygen potential differ-
ence across the composite electrode layer and this difference may be the driving force of the pore formation.

The decrease in operation temperature of SOFC seems to assure the stability of cathodes [17]. The pla-
nar SOFC in Siemens design is made of cells or membrane – electrode assemblies (MEAs) connected in
parallel or/and in series to a stack. MEA consists of planar solid electrolyte YSZ with a thickness of 150 m
and of two porous electrodes: cathode and anode. The cathode consists of two layers: electrochemically
active layer from La0.75Sr0.2MnO3 and YSZ composite and electronic conductive La0.75Sr0.2MnO3 layer.
After 5000 h of stack operation at 850°C, 300 mA cm�2 in air/H2, no changes in the porosity of both layers
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were found. It means that no post-sintering takes place at 850°C. The cross section of the cathode at initial
state and after 5000 h of operation is shown in Fig. 8.

3.3. Aging mechanism of interconnect

Interconnect is one of the key components in planar SOFC, which provide the electrical connection between
the individual cells in a series to make SOFC stacks and separate the anode and the cathode gases. There are
two types of interconnect materials commonly used in SOFC, doped LaCrO3-based ceramic materials and
high-temperature oxidation resistant alloy. The latter is more attractive because doped LaCrO3-based
ceramic materials have low mechanical strength and high manufacturing costs. The alloys used as metallic
interconnects contain Cr in order to render possible formation of a chromia scale for corrosion protection.
Novel Cr-based alloys are, for example, the oxide dispersion strengthened (ODS) alloy Cr5Fe1Y2O3.
However, the use of chromium containing alloys can lead to a rapid degradation of the electrical properties
of an SOFC due to chromium evaporation at the cathode side of the fuel cell [18]. The alloys form Cr2O3

under cathodic conditions. A thin layer of this oxide grows on the surface of the alloy. The oxide completely
covers the alloy surface and determines the chromium vaporization. Depending on temperature and the 
partial pressures of H2O and O2, volatile chromium species are formed by the Cr2O3 layer:

(9)

(10)

(11)

The high valent oxides and oxyhydroxides of chromium in the vapor phase can also undergo cathodic
reduction. Then oxide ions are formed react subsequently with the fuel at the anode side as is the case in
the reduction of oxygen. The electrochemical reactions involved in the reduction of CrO2(OH)2(g) are
given as an example in detail.

(12)

(13)

(14)

(15)Total reaction: CrO OH g H (g) Cr O2 2 2( ) ( )2
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The following reactions for the overall cell result in the case of the involvement of CrO3(g) and CrO2(OH)(g)
in the cathodic reduction:

(16)

and

(17)

The result of such processes is the precipitation of Cr2O3(s) phase at the cathode–electrolyte phase boundary.
The formation of Cr2O3(s) by the electrochemical reduction of high valent chromium oxide and oxyhy-
droxide species, in particular CrO3(g) and CrO2(OH)2(g), is most important for the observed degradation of
the electrochemical properties of the cell since Cr2O3(s) is formed at those sites, which are particularly
well suited for the cathodic oxygen reduction. The formation of Cr2O3(s) can thus inhibit the oxygen
reduction necessary for the operation of an SOFC and may lead to polarization losses.

Furthermore, the formation of Cr2O3(s) can be coupled to other chemical reaction with perovskites
La1–xSrxMnO3–d, as well as with both perovskite La1–xSrxMnO3–d and YSZ. YSZ is treated as ZrO2

(18)

The driving force for the reaction (18) is essentially the formation of the (Cr1–yMny)O1.5–d oxide solution
or spinel. Reaction (19) occurs only if the negative Gibbs energy exceeds the Gibbs energy change of SrZrO3

formation and its subsequent dissolution in a perovskite compatible with ZrO2. The dissolution of the chro-
mia and precipitation of the spinel phase may deteriorate the electrochemical properties of the perovskite.

A reduction in the evaporation rate of volatile chromium oxides and hydroxides can be achieved by
using a steel that forms an oxide layer on top of the chromia scale. Fe¶Cr model alloys with variations
in chromium content and additions of Ti and/or Mn as well as additions of La, Ce, Zr and Y were studied
for potential application in interconnect [19]. Figure 9 shows the electrical resistances of the oxide scales
during exposure up to 500 h in air at 800°C. These results are compared with those for a typical ceramic
(La,Sr)CrO3 interconnect of 5 mm thickness and chromia-forming alloys Fe25CrLa and Fe25CrZr. After
reaching stable conditions, all tested alloys showed lower electrical resistances than the ceramic interconnect.
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Fig. 9. (a) Electrical contact resistance of selected model alloys at 800°C in air compared with ceramic inter-
connect of 5 mm thickness. (b) Microstructure of the scale formed on model alloy Fe25CrMn (Ti,La) after 
600 h conductivity testing in air [19] (Reproduced with permission from The Electrochemical Society.)

(19)
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The alloys containing Ti and La exhibited relatively low electrical resistance. The (Mn,Cr)3O4 spinel-
forming steels showed lower chromium evaporation rates than pure chromia-forming alloys.

4. BENEFIT OF SOFC OPERATION AT HIGHER CELL VOLTAGE

SOFC systems are presently rated at a cell voltage of 0.7 V/cell. While this is a reasonable approach for
performance comparisons and exhibits a high electric power output (�50% of the maximum), there are
also some disadvantages. As seen in Fig. 10, the cell efficiency is restricted to 56% by the electricity/heat
ratio of 1.3. The cell generates approximately 0.75 W heat/W electricity. Removal of the heat needs large
amounts of air, which affect stack, heat exchanger and blower design.
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A rise in the cell voltage, for example, to 0.8 V/cell implies an 80% increase in cell area and therefore
stack size for the same electric output. However, the electricity/heat ratio increases from 1.3 at 0.7 V to 1.75
at 0.8 V. The cell efficiency is then raised to 64%. The resulting lower heat load reduces the size of periph-
erals like tubing, heat exchanger and blower, and also the power consumption of active cooling systems like
blowers and pumps.

5. CONCLUSIONS

SOFCs have the potential market competitiveness. Significant advances are being made in SOFCs includ-
ing realization of SOFC operating at temperature �800°C and direct supply of hydrocarbon fuels. The
aging of the cell components contributes significantly to the decrease of long-term performance of SOFCs
under steady-state operation. Aging mechanisms in components strongly depend on the materials,
microstructures and operating conditions. Development of new materials, optimization of microstructures
and lowering of operating temperatures are desirable for the long-term stability of SOFC and the possibil-
ity for direct fuel supply. Cell voltage is an important parameter in SOFC system design. It is beneficial to
operate the cell at higher voltage.
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Chapter 14

Components manufacturing for solid oxide fuel cells

F. Tietz, H.-P. Buchkremer and D. Stöver

Abstract

A worldwide overview of processing technology of solid oxide fuel cell (SOFC) components is
given and the fabrication techniques of ceramic components are summarized for the different types
of SOFCs. Generally, a tendency towards up-scalable and automatizable processes is observed. In
addition, critical points of interconnect materials and interconnect fabrication are stressed. Especially
for planar cell designs, the chromium contamination of the cathode and interfacial corrosion is regarded
as the weak points to be solved for demonstration of planar SOFC units.

Keywords: Solid oxide fuel cell (SOFC); Components manufacturing; Processing; Interconnect materials
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1. INTRODUCTION

Worldwide, several developers of solid oxide fuel cell (SOFC) technology have made significant progress
in recent years and are scheduling SOFC systems in the 1–1000 kW range for concept studies, field tests or
even as commercial products between 2001 and 2005. This shift of development from laboratory testing to
near-market products implies not only a change in operating conditions from “artificial” comparative tests
with hydrogen to real conditions using steam-reformed methane, high fuel utilization and long operating
periods. It also implies consistently defined material combinations and especially the choice of up-scalable
ceramic processing technologies.

Two main issues in SOFC development can be identified as driving forces during recent years: cost
reduction with respect to low-cost materials and simpler processing techniques, and the improvement of
durability in long-term operation. In this context, also the aim of decreasing the operating temperature can
be understood in terms of longer SOFC operation. Previously, the planar electrolyte-supported SOFCs
operated at temperatures around 1000°C [1,2]. Therefore, either ceramic interconnect materials or rather
expensive chromium alloys had to be used. It was not possible to take advantage of much cheaper ferritic
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steels due to the too high operating temperatures. Reducing the electrolyte thickness to 10–20 �m [3,4],
corresponding to a decrease in electrical resistance, enabled the same power output at 150–200°C lower
operating temperatures than for electrolyte-supported cells with an electrolyte thickness of about 200 �m
[5]. Also ferritic steels could be applied [6] because operating temperatures remained below the tempera-
ture limit of these materials. However, reducing the electrolyte thickness further does not lead to decreased
operating temperatures or increased power densities, because the contribution of the ohmic resistance to
the overall electrical losses is already rather small. Any further decrease in the operating temperature can
only be achieved by improving the electrode performance, i.e. reducing the electrode overvoltages espe-
cially at the cathode. Hence, this corresponds to a longer component life with respect to lower corrosion
of the metallic interconnect. The introduction of fine-grained composite layers of the electrolyte material
(yttria-stabilized zirconia, YSZ) and the electrocatalyst (lanthanum manganite for the cathode and nickel
metal for the anode) as an interlayer between the electrolyte and the original electrode has led to remark-
able improvements in cell performance. Today power densities of 0.35 W/cm2 at 0.7 V and 800°C can 
easily be achieved [6], a value which was previously obtained under the same experimental conditions at
900–1000°C.

The benefit of such improved electrode performance can be used in three ways: (a) directly as enhanced
power output, (b) by lower operating temperature in terms of longer component life and (c) as a buffer for
peak electricity demands during operation. This last possibility can be regarded as an option for increased
long-term stability because long performance at high loads can lead to deterioration of the fuel cell [7] due
to cationic de-mixing [8,9] and subsequent decomposition. Such a phenomenon has already been observed
during operation of oxygen permeation membranes [10]. Improved cell performance can also be achieved
by optimizing the microstructure of the electrochemically active layers [6,11]. Therefore, improved mate-
rials as well as improved processing of the components are the key to obtaining SOFCs with sufficient
long-term stability at an acceptable cost level.

As SOFC materials have already been reviewed in the past [12,13], this paper gives a detailed overview
of the current SOFC manufacturing techniques applied by actual SOFC developers worldwide.

2. CELL DESIGN

SOFCs can be grouped into tubular and planar designs. Both types may consist of one or several single cells
per stacking unit, i.e. on a single tube or in a single layer (Table 1). Furthermore, the planar designs can be
divided into stack systems with metallic or ceramic interconnect material as well as into cells with thick
(electrolyte-supported) or thin (electrode-supported) membranes with thicknesses usually of 100–250 and
5–20 �m, respectively. Table 1 gives an overview of the diversification of SOFCs together with the main
developers involved.

3. CERAMIC COMPONENTS

Different processes are used for the low-cost fabrication of electrodes and electrolyte for the SOFC. The
components produced must display specific properties to ensure cyclable and long-term stable operation in
the fuel cell stack.

The fabrication routes for the individual cell components of the different SOFC designs (planar or tubu-
lar) differ greatly depending on which cell component is to perform the supporting function in the cell.
Whereas for the planar concept in most cases the electrolyte or the anode ensures the mechanical stability
of the cells (Tables 2 and 3), in the tubular concepts the cathode or an inert tube is the supporting component
(Table 4). The SOFC developers of tubular cells have been looking for alternative, cost-effective coating
techniques for electrolyte membrane and anode deposition for more than 5 years to replace the expensive
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Table 1. SOFC typology and currently leading SOFC developers

Solid oxide fuel cells

Tubular Planar

One cell per tube Several cells per tube One cell per layer Several cells per layer

Ceramic interconnect Ceramic interconnect Metallic interconnect Ceramic Metallic interconnect
interconnect

Thick Thin Thick Thick Thin 
electrolyte electrolyte electrolyte electrolyte electrolyte 

SWPC (D/USA) MHI � EPDC Sulzer (CH) FZJ (D) SOFCo(USA) CFCL (AUS) Rolls-royce (GB)
(Nagasaki) (JP) Sanyo (JP)

Toto(JP) ECN (NL) ECN (NL) Tokyo Gas(JP) (terminated)

TMI (USA) Risø (DK) MHI � CEPC Siemens (D)
(Himeji) (JP) (terminated)

Ztek (USA) Global

Fuji Thermo  Mitsui (JP)
Electric (JP) electric 
(terminated) (CAN)

Murata � Allied Risø (DK) 
Osaka Signal (terminated)
Gas (JP) (USA)
(terminated)

CFCL (AUS) Toho Gas (JP)

Donier (D)
(terminated)

Table 2. Developers of SOFC in electrolyte-supported planar cell design and corresponding fabrication and
design details

Company Country Component Material Production process Thickness Reference

Sulzer Hexis CH Electrolyte YSZ Tape casting ns [14]
Cathode (La,Sr)MnO3 Screen printing ns
Anode Ni/YSZ Screen printing ns

ECN/InDec NL Electrolyte YSZ Tape casting ns [15,16]
Cathode (La,Sr)MnO3 Screen printing 50 �m (two layers) [15,16]
Anode Ni/YSZ Screen printing graded composite [15]

Fraunhofer D Electrolyte YSZ Tape casting 150 �m [17]
Ges., IKTS Cathode (La,Sr)MnO3 Screen printing ns, two layers [17]

Anode Ni/YSZ Screen printing ns

CFCL AUS Electrolyte 3YSZ, 8YSZ Tape casting 100 �m [18,19]
Cathode (La,Sr)MnO3 Screen printing 50–60 �m [18,19]
Anode Ni/YSZ Screen printing 50 �m [18,19]

SOFCo USA Electrolyte YSZ, (Ce,Sm)O2 Pressing and sintering 180 �m, 300 �m [20,21]
Cathode (La,Sr)CoO3 Screen printing ns [21]
Anode Ni/YSZ Screen printing ns [21]

Tokyo Gas JP Electrolyte 3YSZ Tape casting 50–100 �m [22]
Cathode (La,Sr)MnO3 Screen printing 150 �m [22]
Anode Ni/(Ce,Y)SZ Screen printing 30 �m [22]

Mitsui Eng. & JP Electrolyte 8YSZ Tape casting 300 �m [23,24]
Shipbuilding Anode Ni/YSZ Painting 150 �m [23,24]

Cathode (La,Sr)(Mn,Cr)O3 Painting 150 �m [23,24]

ns � not specified.
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and complicated electrochemical vapor deposition. Wet ceramic techniques are favored due to cost aspects
and such work is under way.

In the case of electrolyte-supported cells (Table 2), the fabrication of the electrolyte and of the elec-
trodes is dominated by tape casting and screen printing, respectively. Both fabrication processes are well-
established methods in the electroceramics industry and a scale-up is easily feasible. The thickness of the
components varies only little: the membrane foils have a thickness between 100 and 200 �m, and both 
the cathode and the anode are screen printed onto the electrolyte sheets with thicknesses of 40–60 �m. The
tape cast electrolyte foils usually have a size of up to 10 � 10 cm, because larger tapes are difficult to handle
after sintering.

252 Fuel Cells Compendium 

Table 3. Developers of SOFC in anode-supported planar cell design and corresponding fabrication and design
details

Company Country Component Material Production process Thickness References

Sulzer Hexis CH Anode substrate Ni/YSZ Tape casting 250–500 �m [25]
Electrolyte YSZ/(Ce,Y)O2 Reactive magnetron 5/1 �m [26]

sputtering
Cathode La0.6Sr0.4Co0.2Fe0.8O3 Screen printing ns [26]

ECN/InDec NL Anode substrate Ni/YSZ Tape casting 500–800 �m [15,16,27]
Anode Ni/YSZ Screen printing 3–7 �m [27]
Electrolyte YSZ Screen printing 7–10 �m [28]
Cathode (La,Sr)MnO3�YSZ Screen printing ns [27]

FZJ D Anode substrate Ni/YSZ Tape casting 200–500 �m [29]
Anode substrate Ni/YSZ Warm pressing 1500 �m [6,30]
Anode Ni/YSZ Vacuum slip casting 5–15 �m [6,30]
Electrolyte YSZ Vacuum slip casting 5–30 �m [6]
Electrolyte YSZ Reactive magnetron 2–10 �m [31]

sputtering
Cathode (La,Sr)MnO3 � YSZ Wet powder spraying 50 �m [6,32]

Risø DK Anode substrate Ni/YSZ Tape casting 200–300 �m [33]
Electrolyte YSZ Wet powder spraying 10–25 �m [34]
Cathode (La,Sr)MnO3 � YSZ Screen printing 50 �m [34]

Global CAN Anode substrate Ni/YSZ Tape casting 1000 �m [35]
Thermoelectric Electrolyte YSZ Vacuum slip casting 10 �m [35]

Electrolyte YSZ Screen printing ns [36]
Cathode (La,Sr)MnO3 Screen printing 40 �m [35]

Allied Signal USA Anode Ni/YSZ Tape casting and 100 �m [37,38]
calendaring

Electrolyte YSZ Tape calendering 5–10 �m [37,39]
Cathode Doped LaMnO3 Tape calendering ns [39]

CFCL AUS Anode substrate Ni/YSZ Tape casting 500–700 �m [18,19,40]
Electrolyte YSZ Lamination and 10–30 �m [19,40]

sintering
Electrolyte YSZ Reactive magnetron �16 �m [41]

sputtering
Cathode (La,Sr)MnO3 Screen printing ns [19,40]

Mitsui Eng. JP Anode substrate Ni/YSZ ns 1000 �m [23]
and Shipbuilding Electrolyte 8YSZ ns 30 �m [23]

Cathode (La,Sr)(Mn,Cr)O3 ns 150 �m [23]

ns � not specified.
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Anode CathodeElectrolyte
(15 �m)

Fig. 1. Microstructure of an anode-supported SOFC with a 15-�m-thick solid electrolyte. Note that the anode
substrate is about 30–100 times thicker than the electrolyte layer (see Table 3)

Other developers aiming at the kW range during the next few years prefer planar anode-supported
SOFCs due to their potential of lowering the operating temperature. Here several companies and research
organizations in Australia, America and Europe have concentrated on cells with a thick, porous anode sub-
strate and a 5–20 �m-thin electrolyte membrane. Besides the frequently used ceramic processing tech-
niques, i.e. tape casting and screen printing, also alternative methods like warm pressing, tape calendaring
and wet powder spraying are under investigation. The main selection criteria for the future fabrication route
are the cost aspects, the potential for automation, reproducibility and precision of the different techniques.

In the anode substrate concept, the anode is the supporting component of the cell and must therefore dis-
play sufficient mechanical stability. The substrates are predominantly produced by tape casting. Pressing
processes are very rarely applied and extrusion molding as for the supporting tubes not at all (Table 4). The
reason is presumably that the substrates in such processing routes can hardly be fabricated thinner than 1 or
1.5 mm and most of the developers aim at substrates with thicknesses of around 0.5 mm. Usually an anode
functional layer of a few micrometers in thickness is then deposited onto the substrate to enhance the elec-
trochemical performance [6]. A widely used deposition technique for the thin anode, electrolyte and cath-
ode layers is screen printing (Table 3). A cross-section through the electrochemical active layers of an
anode-supported cell is shown in Fig. 1. In few cases slip casting and wet powder spraying is applied,
whereas magnetron sputtering is a curiosity for achieving very thin layers rather than a realistic approach
for cost-effective products with high throughput. Also rather seldom is plasma spraying either as vacuum
plasma spraying (VPS) for anodes and electrolytes [50] or as atmospheric (APS) or flame spraying (FS) for
electrolytes and cathodes [51]. However, the cost targets of commercial SOFC are difficult to achieve with
plasma spraying techniques. Therefore these techniques, commonly applied for tubular systems in the past,
are being increasingly replaced by slurry processing (see Table 4). In the tubular fuel cell system of Siemens
Westinghouse or Toto the cathode is the supporting cell component. The cathode tubes are produced using
an extrusion process with subsequent sintering and the other components are fabricated by slurry coating
(Toto) or by plasma spraying and electrochemical vapor deposition (Siemens Westinghouse). Similarly,
Mitsubishi Heavy Industries (MHI) also now applies slurry coatings but the supporting tubes are made of
stabilized zirconia. Finally, Rolls-Royce’s concept is also based on an inert spinel-type rectangular tube on
which the fuel cell components are deposited by screen printing (Fig. 1).

Apart from tape casting, calendering, screen printing, slip casting, plasma spraying, wet powder spray-
ing, electrochemical vapor deposition for the manufacturing of electrolytes or the coating of substrates
with electrolyte layers, other methods have been applied and tested such as laser ablation, multiple spin
coating, colloidal deposition, reactive magnetron sputtering, chemical vapor deposition, spray pyrolysis
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and electrophoresis. All these alternative methods are of scientific interest rather than having the potential
to be commercially relevant. A brief overview is also provided by Minh [52].

4. INTERCONNECT MATERIALS

The interconnect in SOFCs is the component which electrically connects the single cells and in planar sys-
tems additionally separates the gas compartments. In an SOFC system, a number of demands are made on
the interconnect, which ultimately determine the material selection. Important requirements are good elec-
trical conductivity, gastightness, chemical compatibility with the adjacent components of the fuel cell,
chemical stability in reducing and oxidizing atmospheres, matched thermal expansion and last but not least
reasonable costs. In order to meet these requirements, two classes of materials are commonly used for the
interconnect, namely, ceramic and metallic materials. Whereas ceramic interconnects played a dominant
role in the early SOFC developments and are still essential in tubular designs, metallic interconnects have
been frequently used in recent developments. Both variants have benefits and disadvantages and the final
choice is therefore always a compromise depending, among other aspects, on the design, the operating tem-
perature, the required service life as well as on the material and production costs of these components.

Practically all the ceramic interconnects of present SOFC systems are based on the perovskite structure
of the LaCrO3 type. By modifying the stoichiometry with other elements it is possible to adapt this inter-
connect material with respect to thermal expansion and behavior in the presence of reaction gases [48,53].
However, the material costs of perovskites are rather high and their application as ceramic interconnect is
only meaningful as long as the stack design requires only small amounts of the material as in the case of the
tubular system of MHI (Table 4). Furthermore, lanthanum chromites are often plasma-sprayed (Table 4)
although this technique is expensive. In this case, however, one has to consider the frequently observed low
sinterability of the interconnect material, which prevents gastightness and low-cost production by sintering
since it requires sintering temperatures between 1450 and 1600°C.

Whereas practically all activities are related to LaCrO3 modifications for the ceramic interconnects,
clearly more material systems are under development for the metallic interconnects. In general, advantages
for metallic arrangements are considered to be high electrical conductivity, good processability and the
lower costs to be expected, whereas especially long-term resistance, corrosion behavior, chromium evapo-
ration and high expansion coefficients are disadvantageous. The success of metallic interconnects for use in
the SOFC system will decisively depend on solving of these problems.

The long-term stability of the metallic interconnect is essentially governed by its corrosion characteris-
tics. The materials used for interconnects are chromia forming alloys which ensure sufficiently high 
conductivity for thin oxide scales.

With respect to thermal expansion, electrical conductivity and corrosion behavior, the Cr5Fe1Y2O3 ODS
alloy developed by Plansee in cooperation with Siemens shows excellent behavior at temperatures up to
950°C [54]. A disadvantage of the alloy produced by powder metallurgy is the currently high price which
could be drastically reduced by suitable production techniques. A relevant approach is near-net-shape 
processing producing the interconnects practically without a finishing operation [55].

From the aspect of costs, ferritic chromium steels are attractive candidates for metallic bipolar plates. On
the one hand, they form chromium oxides, have a lower thermal expansion compared to austenitic alloys and
can be mechanically easily deformed and machined. On the other hand, they have a number of properties
limiting their application such as lower high-temperature strength, insufficient corrosion protection at high
temperatures and brittle phase formation. R&D work on ferritic steels therefore concentrates on application
temperatures �800°C. The application range of interest for this material class coincides with the develop-
ment goals for planar anode-supported fuel cells. For this reason, such materials are being used or developed
by all companies and research institutions working on this concept (e.g. Sulzer, CFCL, Plansee, Sanyo, FZJ)
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[56–58]. In general, it can be stated that the long-term corrosion behavior of commercially available materi-
als is not yet sufficient. Recent developments [59] have attempted to achieve acceptable long-term behavior
by selected doping with reactive elements (Ti, Y, La) and spinel formers.

In operating high-temperature fuel cells with metallic interconnects, a time-dependent degradation is
observed, which is attributable to poisoning of the active centers of the cathode by chromium evaporating
from the interconnect. This familiar process, already described in detail [60–62], is caused by highly
volatile chromium species which form when chromium oxide is in contact with oxidizing gas atmos-
pheres. CrO2(OH)2 and CrO3 are particularly critical here [60] and can react with the perovskite of the
cathode to more stable but less catalytically active Cr–Mn spinels [62].

Attempts are being made to reduce the damaging effect of chromium vapors on the cathode side by suit-
able protective layers of LaCrO3 or by neutralizing the chromium atoms in the applied layers by gettering.
This development is most advanced for the Cr5Fe1Y2O3 chromium-base interconnect, on which La–Sr–Cr
oxides have yielded the best results [63]. Vacuum plasma spraying and physical vapor deposition have
proved to be effective application processes [64,65]. The best result so far has been obtained with a
La0.9Sr0.1CrO3 coating for operation temperatures of about 950°C. At a temperature of 850°C, the chromium
vaporization rate was only half as great [66]. Future developments and tests must above all demonstrate the
long-term stability and thermal cycling resistance of such coatings.
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Table 4. Developers of SOFC in tubular cell design and corresponding fabrication and design details

Company Country Component Material Production process Thickness References

SWPC USA Cathode tube Doped LaMnO3 Extrusion and sintering 2200 �m [42]
Electrolyte YSZ Electrochemical 40 �m [42]

vapor 
deposition (EVD)

Anode Ni/YSZ Slurry coating 100 �m [42]
or EVD

Interconnect Doped LaCrO3 Plasma spraying 85 �m [42]

Toto-KEPC JP Cathode tube (La,Sr)MnO3 Extrusion and ns [43,44]
sintering

Electrolyte YSZ Slurry coating 40 �m [44]
Anode Ni/YSZ Slurry coating thick film [43,44]
Interconnect (La,Ca)CrO3 Slurry coating ns [43]

MHI � EPDC JP Substrate tube Ca–SZ Extrusion (out) 21 [45–47]
Cathode LaCoO3 APS 150–200 �m [46]

new: (La,Sr)MnO3 New: Slurry coating [48]
Electrolyte YSZ Low pressure plasma 100–150 �m [47]

spraying
New: Slurry coating [48]

Anode Ni/YSZ APS 80–100 �m [46,47]
new: Slurry coating [48]

Interconnect NiAl/Al2O3 APS 80–100 �m [46,47]
new: (Ln,AE)TiO3

* New: Slurry coating ns [48]

Rolls-Royce GB Substrate tube ns ns ns
Anode ns Printing ns [49]
Electrolyte ns Wet slurry printing �20 �m [49]
Cathode ns Printing ns [49]

* Ln � lanthanide element, AE � alkaline earth element, ns � not specified.
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Except for the Cr-base material, the metallic interconnects are manufactured using the casting-rolling-
(forging) route with mechanical machining of the semi-finished products. The solutions have not yet
reached the cost goal. Intensive work is being performed to find cheaper solutions by simplifying and
adapting the design and using other modern manufacturing techniques (e.g. punching, laser cutting, 
brazing, etc.).

5. SUMMARY

The overview of this report shows the wide diversification in SOFC technology. The manufacturing and
processing of materials and components has reached a converging stage where technologies with a known
potential for mass production and cost reduction are preferred. For systems close to market launch, elec-
trode and electrolyte materials are favored which have been well known and investigated for several
decades and which have demonstrated the best long-term stability and reliability. Other materials and fab-
rication processes needed for stacking and construction have to be tested in more detail to ascertain whether
they can fulfil all the requirements for such a complicated joined system.
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Chapter 15

Engineered cathodes for high performance SOFCs

R.E. Williford and P. Singh

Abstract

Computational design analysis of a high performance cathode is a cost-effective means of exploring
new microstructure and material options for solid oxide fuel cells. A two-layered porous cathode
design has been developed that includes a thinner layer with smaller grain diameters at the cathode/
electrolyte interface followed by a relatively thicker outer layer with larger grains at the electrode/
oxidant interface. Results are presented for the determination of spatially dependent current gener-
ation distributions, assessment of the importance of concentration polarization, and sensitivity to meas-
urable microstructural variables. Estimates of the electrode performance in air at 700°C indicate that
performance approaching 3.1 A/cm2 at 0.078 V is theoretically possible. The limitations of the model
are described, along with efforts needed to verify and refine the predictions. The feasibility of fabri-
cating the electrode configuration is also discussed.

Keywords: Solid oxide fuel cells; Cathodes; Microstructure
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1. INTRODUCTION

A solid oxide fuel cell (SOFC) is composed of a dense electrolyte sandwiched between porous electrodes.
The key electrochemical reactions occur mostly on the surfaces at the electrolyte/electrode interfaces, thus
enabling the harvesting of electrons in an electrical circuit to produce useful power. The dense electrolyte
conducts oxygen ions from the cathode to the anode, but prevents mixing of the fuel and oxidant in the 
gas phase, where electrons cannot be harvested. The porous electrodes permit passage of the gases to the
electrolyte/electrode interfaces where the reactions occur. A relatively thick porous anode is often used to
provide structural support for the assembly. The cathode is often relatively thin to minimize its contribu-
tion to the overpotential by polarization losses. It is generally recognized that a significant portion of these
polarization losses originate in the cathode. Consequently, much attention has recently been focused on
improving cathode performance through two means: improved materials and improved microstructural
designs. Improved materials include mixed ionic electronic conductors (MIECs), which essentially
increase the surface area available for conversion of gaseous oxygen molecules into oxygen ions. Such a
material has been developed in our laboratory [1], and was employed in this work. The present paper
focuses on methods to improve the microstructural design of the cathode.

An objective of this work is to design a SOFC cathode exhibiting a low area-specific resistance
(ASR � 0.1 �cm2) and capable of high current output. Such an objective can be attained best by a coupled
experimental-modeling approach: the modeling helps to guide the experiments and the experiments provide
data for fitting the parameters of the model. Since modeling is often cheaper than a long series of Edisonian
experiments, costs are often minimized with this approach. This paper describes modeling efforts and includes
selected experimental data, which are reported in more detail elsewhere [1].

An initial step was to review the existing models in the literature, and select an approach that was both
pragmatic and thorough, in addition to exhibiting direct linkages with the experimental data. We found
four categories of models, which are described below in terms of complexity and input data requirements.
The following paragraphs are not an exhaustive review, and contain only representative examples of each
model type.

In the first category are detailed models by Svensson et al. [2]. This model treats the classic three phase
boundary (TPB) problem explicitly by addressing the individual mechanisms involved (surface adsorption,
dissociation, electronic exchange, surface diffusion). Non-linear second order differential equations are
derived and solved numerically, with the proper boundary conditions (six are required). Although the model
certainly contains enough technical depth, it also requires the estimation of about a dozen parameters (such as
surface diffusion coefficients) that generally have uncertainties of two to four orders of magnitude. Estimation
of these parameters would require an extensive series of well-controlled experiments, at appreciable cost. This
model was not suitable for the present program. Similar conclusions have been reached elsewhere [3].

In the second category are models based on a homogenized, effective medium concept for the porous
cathode material [4,5]. The TPB mechanisms described above are lumped into a single parameter called
the surface exchange coefficient (Ks, cm/s), which is experimentally measurable on a routine basis, e.g.
[6]. A significant database exists in the literature for a range of MIEC that are important in the present
effort. In this respect, the models in [4, 5] are suitable because of the direct connection to experimental
tasks. However, two factors present problems. The first was the mathematical complexity resulting from
treatment of four polarization terms (Butler–Volmer, chemical resistance caused by the exchange process,
concentration polarization, and gas capacitance at the cathode/gas interface). Second, communication
with the author [4,5] indicated that several typographical errors existed in the literature, thus requiring re-
derivation of the model to ensure correctness. The investment required for this type of model also rendered
it unsuitable for the present work.

In the third category are models by Deng et al. (DZA) [7] (without concentration polarization), and [8]
(with concentration polarization). These models use the same surface exchange concept as in [4,5], but
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treat only the chemical resistance term [7] and the concentration polarization term [7,8]. Numerical input
requirements are comparatively modest, and the models are mathematically tractable. Although solutions
are available in closed-form, these solutions are for a homogeneous material, so that spatially variant
material properties are not treated. Consequently, numerical solutions of the differential equations will
ultimately be required for multilayered cathode concepts. The models are also well suited for the high con-
ductivity materials used in this investigation, and were selected for the calculations herein.

In the fourth category are the more classical models, e.g. [9], which generally treat all polarization terms in
a semi-empirical manner. They require input of a modest amount of experimental data, most of which are avail-
able, and are mathematically tractable. However, linearizations in the model have apparently caused the loss of
important effects, particularly for gas diffusion through the porous material. The manifestation of this problem
was the rather high values derived for the tortuosity, indicating that several unknowns and uncertainties had
numerically accumulated in this parameter. This type of model was thus not suitable for the present effort.

We selected the models by Deng et al. (DZA) [7,8] for this work because of their direct relationship to
experimental measurables, treatment of the two most important polarization terms, mathematical tractabil-
ity, and the availability of closed-form solutions for initial estimates. The following paragraphs describe
preliminary results using these models.

2. ENGINEERED CATHODE DEVELOPMENT

2.1. Estimation of current distribution

In the early stages of this investigation, the lanthanum strontium copper ferrite (LSCuF) cathode material
being tested exhibited very low ASR and high current. It was therefore thought that concentration polar-
ization was negligible up to about 0.1 V. The DZA [7] model was extended to permit estimation of possi-
ble oxygen potential gradients, and used to estimate the current distribution throughout the cathode
material. Model parameters are defined in Appendix A, and the model details are given in Appendix B,
along with a benchmark case for LSCoF.

Preliminary results for the very efficient MIECs under consideration indicated that most of the ionic cur-
rent was generated near the cathode/electrolyte interface (at x/L � 1), as shown in Fig. 1 for a single layer of
LSCuF. The approximately 5–8 �m region of high current generation is larger than the usual three phase
boundary width discussed in the literature, probably because of errors in the estimated material parameters at
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this early stage in the analysis. The results are very sensitive to the pore surface area/volume ratio (S) defined
in Appendix A. Although the results are consistent with LSCuF performance at low overpotentials, a detectable
amount of concentration polarization was indicated, which motivated the next stage of the analysis.

2.2. Material properties and microstructural sensitivities of the model

The second DZA model [8] also treated concentration polarization along with the polarization due to
chemical resistance (Rch), and is briefly summarized in Appendix C. A second computer simulation code
was constructed using this model. The code has three main functions: (a) fitting to experimental V–I data
to extract the value of the surface exchange coefficient directly from the performance data, (b) variation of
model parameters to reveal the sensitivities to microstructural variables, and (c) computation of the cur-
rent and voltage as a function of position in the cathode material.

Although the closed-form solution provided by this model is very useful, its limitation is that it treats
only homogeneous materials. That is, the microstructural parameters may not depend on spatial position. It
will be seen that a piecewise numerical solution of the model is required for the final design of the cathode.

Analysis using the extraction mode was applied to one of the best performing materials developed in this
laboratory: LSCuF. The operating parameters were T � 700°C and PO2 � 2.12 � 104Pa (air) [1]. The ionic
and electronic conductivities were taken as 0.01 and 100 S/cm, respectively. The thickness was 25 �m,
porosity 50%, grain size 1 �m, pore size 1 �m, with solid and gas tortuosities of 1.89 and 2.5 (see Appendix C).
Several dozen runs revealed that the best ionic diffusivity value was 5 �10�8cm2/s, which is slightly higher
than that for LSC and LSCoF (1 � 10�8 to 2 � 10�8) [6], but still quite reasonable in light of the chemically
active role copper plays in many technologies (e.g., getters, superconductivity, etc.). This is probably due to
the electronic structure of copper, analysis of which is outside the scope of this work.

The solutions for Ks for the various current and voltage data pairs are shown in Fig. 2. The curve labeled
curs_p (with concentration polarization) reproduces the data at an ASR of about 0.06 �cm2 in the ohmic
regime, and shows the apparent concentration polarization becoming important above about 0.1 V as the
non-polarized (curs_np) curve departs noticeably from curs_p. When compared to the solid material
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(cur_s), both curves show the significant enhancement provided by the porous material. Lp (the characteristic
length of the three phase region) at 0.1 V was 1.7 �m and Lg (the characteristic length for concentration
polarization) was 113 �m, indicating minimal concentration polarization at this voltage (see Appendix A
for definitions of parameters). The PO2 at the cathode/electrolyte interface had fallen to 1.52 Pa at 0.1 V.
The value of Ks at 0.1 V was 2.17 � 10�6cm/s, which is quite reasonable compared to that for LSC and
LSCoF at 700°C (3 � 10�6 to 4 � 10�6cm/s).

The above results were then used in the model’s sensitivity mode to study the impact of varying
microstructural parameters as follows. Figure 3 shows the effect of varying the cathode thickness. It
appears that the present 25 �m thickness is just sufficient to establish a stable enhancement of current due
to the ion collection activity of the outer regions of the MIEC cathode material. At thicknesses greater than
25 �m, concentration polarization effects become noticeable.

Variations in porosity cause variations in the pore surface area/volume ratio (S) and the tortuosities, and
are shown in Fig. 4. Although the enhancement remains significant, it is interesting that a lower porosity
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results in a higher current. This may be due to part of the particular relationship (see Appendix C) between
the ionic diffusivity and the surface exchange coefficient. The characteristic distance for the transition
between reactivity and diffusion dominance was Ld � 230 �m. Another data set and associated bench-
marking exercise may indeed give different results. For the present combination of parameters, at 0.1 V
overvoltage, it appears that lower porosity may give a slightly higher current. However, this enhancement
is smaller than that provided by other microstructural parameters, as shown below.

The pore surface area decreases when grain diameter increases, but the tortuosities are not greatly
affected in the present formulations. The decreasing pore surface area reduces the total ionic current, as
shown in Fig. 5.

Figure 6 shows that variations in pore diameter have negligible effect in this regime because the micron-
sized pores are greater than the mean free path of the molecules, thus minimizing the Knudsen effect.

The conclusion was that smaller grain diameters would provide the greatest increase in currents, e.g.,
reducing the grain size from 1.0 to 0.25 �m could double the current.
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3. DESIGN OPTIMIZATION FOR A TWO-LAYER CATHODE

The above results indicated that the most effective way to increase the current output of the cathode was
to decrease the grain size, while maintaining the porosity at a high level. This means that the cathode inter-
nal pore surface area to cathode volume ratio will rise appreciably. It also means that the cathode will be
a very fragile structure, and difficulties may be expected in attaching current collectors to its outer surface.
One solution to this problem is to employ a two-layer cathode system: a more structurally robust outer
layer with larger grains and an inner layer (next to the electrolyte) with smaller grains. The outer layer
should have enough porosity to easily transport a steady supply of air/O2 to the more chemically active
inner layer. The following design is based on the above cited material properties extracted from experi-
mental data (0.78 A/cm2 at 0.1 V). The only change is that the base porosity was reduced to 45% to take
advantage of the small enhancement in Fig. 4, and to ensure numerical stability in the calculations.

The design of each layer is described below. It is important to note how the model was applied in these
cases. Each layer was treated as an individual cathode, i.e., the model was applied twice, once for the outer
layer and once for the inner layer. This was necessary because of the single-material limitations of the
model. Thus, the results should be considered as approximate until they can be confirmed by more detailed
analysis with a model that treats the spatial variation of material properties explicitly.

3.1. Outer layer

The following microstructural parameters were defined: thickness � 25 �m, porosity 45%, pore diameter �
1 �m, grain diameter � 1 �m, surface/volume ratio S � 50 000 cm�1, gas tortuosity � 2.22, solid tortuosity �
1.83 (effective path for ionic and electronic conduction). Results are shown in Fig. 7.

The 5 �m active region adjacent to the electrolyte (at x � 0) is evident. The PO2 at the 5 �m distance was
estimated to be 1.62 � 104Pa, the overvoltage (�) 4.69 � 10�3V, and the ionic current 0.0106 A/cm2. These
values define the boundary conditions for the inner layer, at the inner/outer layer interface. 
While the overvoltage and current at the 5 �m position are good numbers, it is important to note that 
the PO2 value was very approximate. This is because of limitations in the closed-form solution of the model,
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which did not supply a solution for the oxygen chemical potential for this particular geometry. It was thus nec-
essary to estimate the PO2 using a Nernstian approximation, which will be improved upon in later work.

Two designs for the inner layer are discussed next, the objective of which is to increase the current out-
put above that seen for the single layer in Fig. 7.

3.2. Inner layer

3.2.1. Small grain diameter (0.25 �m)

Because of the smaller grains, the surface/volume ratio is increased to S � 1.22 � 106cm�1. The pore
diameter and gas tortuosity were unchanged, but the solid tortuosity is reduced to 1.67. Figure 8 shows that
it is theoretically possible to increase the output of the two-layered cathode to about 3.1 A/cm2 at 0.078 V.
The PO2

at the cathode/electrolyte interface is about 5.17 � 102Pa using the above mentioned Nernst esti-
mation method, indicating that concentration polarization was not dominant. In the figure, recall that
curs_np is the current with no accounting for concentration polarization, curs_p accounts for concentra-
tion polarization, cur_s is the current for a solid material, and � is the overvoltage.

However, there is some question that this design may not be manufacturable: the smaller grains require
lower sintering temperatures, and overlaying a larger-grained 20 �m thick outer layer would require
higher sintering temperatures that would over-sinter the inner layer. For this reason, a design was also gen-
erated for an inner layer with a larger grain size.

3.2.2. Larger grain diameter (0.5 �m)

The surface/area ratio for this design was 62 777 cm�1, the solid tortuosity was 1.65, and the PO2 at the
cathode/electrolyte interface was less than 1 � 10�5Pa by the Nernstian approximation. Because of the
low PO2

, the calculation actually failed at 0.4 �m from the interface. Figure 9 shows that the overvoltage
was appreciably higher (0.12 V), although the actual current output may achieve values near those of the
0.25 �m grain case at the interface proper. However, the interface would probably be oxygen-starved, thus
eliminating any benefit from oxygen impingement directly on a chemically stable thin layer (i.e., 1 �m
ceria) between the electrolyte and LSCuF cathode material.

It appears that the best design is the 0.25 �m grain, 5 �m thick inner layer. However, the manufactura-
bility of this design must be proven experimentally.
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4. CONCLUSIONS

The models employed to this point are suitable for a homogeneous material where the properties and
microstructures do not vary spatially. However, the microstructural design of the two-layered cathode
described above has extended these closed-form models appreciably beyond their intended range of appli-
cation, and should be considered as approximate.

The candidate material LSCuF investigated in this analysis has exhibited a high affinity for oxygen, and
may be suitable for a cathode material if structural and chemical stability can be maintained during long-
term high power density operations at elevated operating temperatures. Experimental efforts are underway
to investigate the stability of this material, and will be reported in a separate paper.
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APPENDIX A. MODEL PARAMETERS

The microstructural parameters are:

● the porosity, �;
● the grain diameter, dg;
● the pore diameter, dp;
● the internal pore surface area per unit volume, S;
● the thickness of the cathode, L;
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● the solid tortuosity for electronic or ionic conduction, ts;
● the tortuosity for diffusion of the gas in the pores, tg.

Operational parameters that can be varied:

● the overvoltage, V;
● the total gas pressure at the cathode surface, Ptot;
● the PO2 at the external surface of the cathode;
● the operating temperature, T.

Material properties input to the model:

● the ionic diffusivity for oxygen, Dion;
● the electronic and ionic conductivities, �e and �I;
● the surface exchange coefficient, Ks;
● the ambipolar diffusion coefficient, DIE � Dion/(1 � �I/�e);
● the ionic concentration in the solid material, Ci;
● the characteristic distance for the transition between reactivity and diffusion domination, Ld � DIE/Ks;
● the characteristic length of the three phase boundary region, or region of high reactivity near the cathode/

electrolyte interface, Lp;
● the characteristic length for concentration polarization effects, Lg;
● the chemical resistance due to ionic conduction and surface exchange, Rch.

Calculated output from the model:

● the ionic current for a solid material, I I
s;

● the ionic current for a porous material with no concentration polarization, Inp;
● the ionic current for a porous material including concentration polarization effects, Ip;
● the ASR of the cathode material, given by the current divided by the overvoltage.

APPENDIX B

The DZA model [7] for small concentration polarization is summarized as follows.
The ionic current for a solid material is defined as

(B.1)

where

(B.2)

The corresponding current for a porous material is given by

(B.3)

where the material factor is
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and G is a geometric factor given by

(B.5)

where x is the distance from the cathode/electrolyte interface, and

(B.6)

(B.7)

and

(B.8)

Eq. (B.3) describes the ionic current in the porous solid in the Gerisher limit, where the oxygen potential
is constant. The source of this ionic current is the oxygen molecular flux through the pores: the molecular
current is converted into ionic current through the surface exchange mechanism. The molecular flux through
the pores can be expressed as:

(B.9)

where Dg is the diffusivity of the O2 in the pores (corrected for Knudsen effects) and Cg is the concentra-
tion of the O2 in the pores, which depends on position x in the porous material. When all the molecular O2

is converted to ionic current, we have

(B.10)

But this does not admit spatial dependence of PO2.
To obtain that spatial dependence, we depart from the original developments by DZA [7], as follows.

Note that at any position x, the time rate of change of the molecular current is proportional to the spatial
gradient in the ionic current:

(B.11)

From the continuity equation, we also have

(B.12)

Substituting Eqs (B.3), (B.9) and (B.12) into Eq. (B.11) results in a second order differential equation in
the oxygen partial pressure as a function of spatial position x. This is a two-point boundary value problem,
and is integrated numerically by a relaxation method. The numerical solution is then substituted into the
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Nernst equation (since concentration polarization is expected to be negligible) to obtain an estimate of the
local overpotential between two points x(i) and x(i – 1):

(B.13)

The chemical resistance Rch (or ASR for no concentration polarization) is calculated from

(B.14)

and the current increment between x(i) and x(i – 1) is calculated from Ohm’s law, including the geometric
factor G for the ionic flux, by

(B.15)

The current increments are then added to find the local current as a function of position. The method was
benchmarked using a case for LSCoF discussed in detail in Ref. [5]. Results (shown in Fig. 10) indicate that
the majority of the current is generated within about 2.5 �m of the cathode/electrolyte interface (at x/L � 1),
in reasonably good agreement with the previous calculation of Ld � 3 �m, shown in Fig. 8a of [5]. Results
for LSCuF are shown in the main text.

APPENDIX C

C.1. Microstructural design including concentration polarization

The second DZA model [8] solved two coupled differential equations for the chemical potential � of the
ambipolar (ion � electron) species and for the chemical potential � of the oxygen molecules, as a function
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of position x in the porous cathode material. The ionic current is given by

(C.1)

where

(C.2)

where �0 is the ambipolar chemical potential at the cathode/electrolyte interface (x � 0), and the gii are
constants determined from the boundary conditions The gii equations are several pages long and are not
repeated here. Several typographical errors in the original publication have been corrected for the present
work. The �ii are components of the eigenvector matrix, and Lm is given by

(C.3)

where

(C.4)

is the characteristic length for concentration polarization to occur, i.e., if this length is smaller than the
cathode thickness concentration polarization is important. ��g is the molecular chemical potential differ-
ence between the two surfaces of the cathode.

It is important to note that mathematical relationships between the microstructural parameters �, S, ts,
and tg have been derived for cubic systems in [10], and were also employed in this analysis:
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(C.10)

and q is the fractional consolidation of the grains, a sintering parameter.
This model thus provides a closed-form, simultaneous solution for the two polarization terms of interest in

this work, chemical and concentration polarization. Although very useful (see main text), its limitation is that
it treats only a homogeneous material. That is, the microstructural parameters are not dependent on spatial
position.
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Chapter 16

Surface science studies of model fuel cell 
electrocatalysts

N.M. Marković and P.N. Ross, Jr.

Abstract

The purpose of this review is to discuss the progress in the understanding of electrocatalytic reactions
through the study of model systems with surface spectroscopies. Pure metal single crystals and well-
characterized bulk alloys have been used quite successfully as models for real (commercial) electro-
catalysts. Given the sheer volume of all work in electrocatalysis that is on fuel cell reactions, we will
focus on electrocatalysts for fuel cells. Since Pt is the model fuel cell electrocatalyst, we will focus
entirely on studies of pure Pt and Pt bimetallic alloys. The electrode reactions discussed include hydro-
gen oxidation/evolution, oxygen reduction, and the electrooxidation of carbon monoxide, formic acid,
and methanol. Surface spectroscopies emphasized are FTIR, STM/AFM, and surface X-ray scattering.
The discussion focuses on the relation between the energetics of adsorption of intermediates and the
reaction pathway and kinetics, and how the energetics and kinetics relate to the extrinsic properties of
the model system, e.g. surface structure and/or composition. Finally, we conclude by discussing the
limitations that are reached by using pure metal single crystals and well-characterized bulk alloys as
models for real catalysts, and suggest some directions for developing more realistic systems.

CTR crystal truncation rods
Ead adsorption energy
Ediss dissociation energy
EPtˆH Ptˆhydrogen bond energy
EPtˆO Ptˆoxygen bond energy
ERHE potential with respect to the reversible hydrogen electrode
ESCE potential with respect to the standard calomel electrode
f Frumkin interaction parameter (�r/RT)
F Faraday constant
�GHupd

apparent Gibbs energy of Hupd at � � 0
�G��0

Hupd
apparent Gibbs energy of Hupd

�GOHad
apparent Gibbs energy of adsorption for OHad

�HHupd
apparent enthalpy of adsorption for Hupd

HER/HOR hydrogen evolution/oxidation reaction
IRRAS infrared reflection/absorption spectroscopy
LEED low-energy electron diffraction
LEIS low energy ion scattering
ORR oxygen reduction reaction
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qst
H isosteric heat of adsorption for Hupd

Q partial coverage by adsorbates
r rate of change of �G with �
R gas constant
RRDE rotating ring disk electrode
�SHupd

apparent entropy of adsorption for Hupd

STM scanning tunneling microscopy
SXS surface X-ray scattering
T temperature of the electrolyte
UHV ultrahigh vacuum
UPD underpotential deposition
XPS X-ray photoelectron spectroscopy
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1. INTRODUCTION

The role of pure metal single crystals and well-characterized bulk alloys as models for real (commercial)
electrocatalysts parallels the role these same materials have played in gas-phase heterogeneous catalysis.
Consequently, in studying such model systems, ultrahigh vacuum (UHV) surface analytical tools such as
low energy electron diffraction (LEED), Auger electron spectroscopy (AES), X-ray photoelectron spec-
troscopy (XPS), and low-energy ion scattering (LEIS) have been critical to the development of the surface
science of electrocatalytic reactions. The low-index faces of the pure metals provide information about the
structure sensitivity of the reaction, while the higher index or stepped surfaces are used to test the “active
site” hypothesis, i.e. whether low coordination sites are particularly active. For understanding binary alloy
electrocatalysis, and identifying mechanisms of action of alloying constitutents, analysis of the true sur-
face (first-layer) composition of model surfaces by LEIS has been essential. As for gas-phase catalysis,
these UHV surface analytical tools can only be applied ex situ, and not under reacting conditions. One
must infer from before and after measurements the stability of the model surface under reaction condi-
tions. Because of the intrinsically corrosive nature of the environment in which electrocatalytic reactions
take place, strong acids or bases, in situ surface analytical tools have been pursued perhaps even more vig-
orously by the electrocatalysis community than by our colleagues in gas-phase catalysis. One particular
example is surface X-ray scattering (SXS), where the number of papers on studies at the solid–liquid inter-
face is in the dozens versus a handful at the gas–solid interface. In situ SXS has been a critical tool for
determining the stability of specific surface structures in electrolyte under reaction conditions. In the pres-
ent volume, we review the progress in the surface science of electrocatalytic reactions. Given the sheer
volume of all work in electrocatalysis that is on fuel cell reactions, we will focus on electrocatalysts for
fuel cells. Since Pt is the model fuel cell electrocatalyst, we will focus entirely on studies of pure Pt and Pt
bimetallic alloys. The initial sections cover the characterization of the structure and composition of the
surface under both vacuum and reaction (in electrolyte) conditions by various techniques. The later sec-
tions discuss reaction kinetics on the model surfaces and the relation of catalytic activity to structure and
composition. Finally, we conclude with some suggestions for future developments and the need to develop
and study more complex model systems.
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2. SURFACE STRUCTURES AND ENERGETICS OF Pt(h k l) IN UHV

The last two decades have witnessed substantial advances in our understanding of the atomic scale struc-
tures at the solid–electrolyte interface. These ongoing developments have been driven by the concurrent
emergence of new in situ structural probes like scanning tunneling microscopy (STM) and SXS, to com-
plement the earlier ex situ application of the many tools available in UHV surface science. Today, UHV
surface science and electrochemical surface science are so interrelated that any review of the surface
processes at metal surfaces in aqueous electrolytes should begin with a review of the relevant advances
from purely UHV studies.

2.1. Clean surfaces

Modern surface crystallographic studies have shown that on the atomic scale most clean metals tend to
minimize their surface energy by two kinds of surface atom rearrangements, relaxation and reconstruc-
tion. Relaxation of metal surfaces is usually defined as small interlayer spacing changes (usually in the
direction perpendicular to the surface plane) relative to the ideal bulk lattice [1–5]. Typically (but not
always) in the near-surface region the top layer of metal atoms relaxes inward toward the bulk while one
or more of the lower layers of atoms relaxes outward slightly. The low coordination number of surface
atoms is the main driving force for the relaxation of the clean metal surfaces. In some metals, the surface
relaxation can result in a change in the equilibrium position and bonding of surface atoms (displacements
both perpendicular to and parallel to the surface plane) and can give rise to reconstruction of the outermost
layers. Reconstruction is usually observed straightforwardly in measurements by LEED, reflection-high
energy electron diffraction (REED), LEIS, field ion microscopy (FIM), SXS, and STM. Relaxation, on the
other hand, can be determined by a more limited number of surface sensitive probes, such as analysis of
LEED intensity data or modeling the so-called crystal truncation rod (CTR) data in SXS experiments.

The hexagonal face centered cubic (fcc) (1 1 1) surface of Pt (surface density of 1.53 � 1015atoms/cm2),
(Fig. 1a), has no tendency to reconstruct [5]. Although there is a general trend toward contraction of the
topmost interlayer spacing in many metal surfaces (see below), on the clean unreconstructed Pt(1 1 1) sur-
face the topmost interlayer spacing (�d12) is expanded by ca. 2.5 � 1.3%, see the side view of Fig. 1a. The
fcc Pt(1 0 0) surface, (Fig. 1b), is atomically less dense than the Pt(1 1 1) surface. As a result, one finds a
stronger tendency for both reconstruction and relaxation. A metastable surface with the (1 � 1) bulk trun-
cation structure can be prepared with the hydrogen–oxygen titration method of Griffiths et al. [6]. The
resulting (1 � 1) phase transforms irreversibly into a reconstructed phase above 390 K. Reconstruction of
the Pt(1 0 0) surface is characterized by a contraction of the top layer and the formation of a quasi-hexag-
onal coincidence lattice, which is corrugated due to its varying registry with the substrate. This structure
has been labeled the Pt(1 0 0)-“hex” structure, and has a surface Pt density of 1.55 � 1015atoms/cm2, as
compared to 1.28 � 1015atoms/cm2 in the (1 � 1) bulk truncation structure [7]. Above a surface temper-
ature of 1070 K, the “hex” surface is modified by a slight rotation of the top layer, of ca. 0.7°; this struc-
ture has been labeled Pt(1 0 0)-“hex-rot” [8] and is described in detail in the literature. For the “almost
clean” Pt(1 0 0)-(1 � 1) surface containing some adsorbed hydrogen (from the hydrogen–oxygen titration
procedure), the interlayer spacing was found to be within �d12 � 0.2% of the bulk spacing, e.g. the sur-
face is unrelaxed [9].

Pt(1 1 0) exhibits (1 � n) reconstructions, where the higher periodicity n arises along the [0 0 1] direc-
tion which is perpendicular to the close-packed atomic [1 1 0] chains. It is now well-established that the
clean fcc Pt(1 1 0) face has at room temperature a (1 � 2) periodicity [3] that is called the “missing row”
structure, since every other row is lost in going from the (1 � 1) phase (surface Pt density of
0.94 � 1015atoms/cm2, Fig. 1c) to the (1 � 2) phase (Fig. 1d). As a result, the atom surface density of
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(1 � 2) decreases by 50% from the (1 � 1) surface. The effect of removing every other row is to make the
surface even more corrugated than the (1 � 1) surface. The higher (n � 2) reconstructions appear to be sta-
bilized by the smallest amounts of impurities [3]. At a critical temperature, Tc � 855 � 1050 K, the clean
surface undergoes a (1 � 2) i (1 � 1) structure transition [10–13].

A contraction of the interlayer spacing on fcc (1 1 0) metal surfaces is more prevalent than expansion.
This behavior is also followed for clean Pt(1 1 0)-(1 � 1) and Pt(1 1 0)-(1 � 2) surfaces, which show an alter-
nating pattern of contractions and expansions of the first four to five layers of atoms, e.g. �d12 � �18.4%,
�d23 � �12.6%, �d34 � �8.7 � 5, etc. [14,15]. More details about the relaxation and reconstruction of
Pt(h k l), including theories developed to rationalize or predict surface reconstructions of clean metal sur-
faces, may be found in reviews published by Thiel and Estrup [3] and Van Hove [5].

2.2. Adsorbate-induced changes in surface structure

In general, adsorption of atoms and/or molecules on clean metal surfaces has a dramatic effect on surface
structure. The presence of the adsorbed layer usually alters the interlayer spacing and can cause clean
metal surfaces to reconstruct or to deconstruct (“lift”) back to the (1 � 1) phase. The thermodynamic driv-
ing force for adsorbate-induced restructuring is the formation of strong adsorbate–substrate bonds that are
comparable to or stronger than the bonds between the substrate atoms in the clean surfaces. Within the
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Fig. 1. Top views and side views of the face-centered cubic (fcc) crystal surfaces: (a) Pt(1 1 1)-(1 � 1), 
(b) Pt(1 0 0)-(1 � 1), (c) Pt(1 1 0)-(1 � 1), and (d) Pt(1 1 0)-(1 � 2). Top views: sites A, B, and C represent the
most probable centers for adsorption of Hupd. Side views: a schematic of platinum atoms surface relaxation, d12
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framework of this paper, however, it is impossible to review the full spectrum of the adsorbate-induced
changes in surface structure on different metals. For our purposes here, we will focus on UHV results for
the interaction of hydrogen, oxygen, and carbon monoxide with Pt(h k l) surfaces, since these molecules
are of most relevance to the electrocatalysis of the related fuel cell reactions discussed in Section 5.

2.2.1. Hydrogen adsorption

Studies of hydrogen adsorption on platinum single crystal surfaces date back to the early 1970s, and it was
one of the first adsorption systems studied with modern UHV surface science tools. However, the results
from that period were very inconsistent, particularly with respect to the energetics of H adsorption on the
(1 1 1) surface. An excellent historic overview is provided by Christmann [16]. Whereas Christmann and
Ertl [17] found a rather low value for the initial heat of adsorption of hydrogen on Pt(1 1 1) (around
50–60 kJ/mol), other groups reported higher values, lying between 70 and 90 kJ/mol [18,19]. It is now
well-established that these higher heats of adsorption correspond to the adsorption of hydrogen on defect
sites, e.g. step sites [16]. As Fig. 2 shows, a linear decrease in the adsorption energy with the hydrogen
coverage, �H, is observed on the Pt(1 1 1) surface [17]. The variation in the heat of adsorption with cover-
age arises mainly from H–H repulsion that comes into play as hydrogen coverage reaches a certain criti-
cal level. Until recently, it has been generally accepted that H atoms are located in the three-fold hollow
sites, presumably due to the tendency of adsorbed hydrogen to occupy highly coordinated sites. The occu-
pation of all three-fold hollow sites would lead to the unusually high coverage of 2 H/Pt. Occupation of all
three-fold next-nearest-neighbor sites minimizes H–H repulsion and leads to a coverage of 1 H/Pt in
agreement with experiment. He atom scattering experiments [20] indicate these are the hcp-type sites
above a second layer Pt atom, site A in Fig. 1a. Very recently, however, using density functional theory
(DFT) within the generalized gradient approximation (GGA), including scalar relativistic effects and
modeling the Pt(1 1 1) surface as a slab, Olsen et al. [21] found that hydrogen preferentially occupies top
sites. Nevertheless, regardless of the preference for the adsorption site, the difference in the adsorption
energy among various sites is very small [21]. It should also be noted that the formation of a hydrogen
monolayer (ML � 1 H/Pt) on Pt(1 1 1) does not induce surface reconstruction, and produces no measura-
ble change in the �d12 interlayer spacing [5]. This is common for systems with a relatively low heat of
adsorption on the close-packed (1 1 1) surface of a metal with an appreciable cohesive energy [16].

Hydrogen adsorption on Pt(1 0 0) is more complex than the adsorption on Pt(1 1 1), complicated by the fact
that the H adsorption deconstructs or “lifts” the “hex” or “hex-rot” clean surface reconstruction. In an early
work, Norton et al. [7] demonstrated that at low temperature upon adsorption of H2 the reconstruction is only
partially lifted by adsorbed hydrogen, site B in Fig. 1b. More recently, Wandelt and co-workers [22] showed
that the “hex” reconstruction is lifted by the adsorption of H2 but not above a threshold temperature, e.g. at
35 K hydrogen adsorption does not bring about lifting of the reconstruction, but after subsequent heating to
100 K the reconstruction is partially lifted. Hydrogen adsorption induced lifting of Pt(1 0 0)-“hex” to (1 � 1)
was also observed by Hu and Lin [23]. On the (1 � 1) surface stabilized with a monolayer of adsorbed hydro-
gen, a surface expansion of �d12 � 3.1% was calculated from the modeling of LEED intensity data. Pasteur
et al. [24] made dynamic measurements of the (1 � 1) island growth. At very low temperatures, the decon-
struction is a very slow process which can be accelerated during a typical thermal programmed desorption
(TPD) experiment. As a consequence, unreconstructed (1 � 1) Pt islands are formed resulting in a large vari-
ety of H binding sites and possibly a strong energetic heterogeneity which must be accounted for in analyz-
ing the TPD data. However, the initial heat of adsorption (�H � 10%), as calculated from TPD, differed only
slightly between the two surface structures, e.g. from �90 kJ/mol on Pt(1 0 0)-(1 � 1) to �98 kJ/mol on
Pt(1 0 0)-“hex” [25]. This unexpected result was attributed to the small effect of steps on the average elec-
tronic coordination for the two (1 0 0) surface structures. The PtˆH bond energy is, however, significantly
higher on either of the (1 0 0) surface structures versus the (1 1 1) [16].
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In contrast to the Pt(1 0 0) surface, the Pt(1 1 0)-(1 � 2) phase is not affected by the adsorption of hydro-
gen, and so no (1 � 2) � (1 � 1) transition is observed for this surface. This is perhaps not too surprising
result. There is a very large difference in the atomic density between the unreconstructed and reconstructed
surfaces. As a result, a much larger thermal energy will be required to displace the respective Pt atoms and
to make them diffuse over greater distances on a more corrugated surface. This larger energy cannot be pro-
vided by the relatively low heat of adsorption of hydrogen on Pt. Although one does not have a structural
phase change to deal with in studying hydrogen on (1 1 1)-(1 � 2), the system is complicated by a large
variety of possible adsorption sites that need to be considered, see Fig. 1d. According to Weinberg and 
co-workers [26], H atoms may initially occupy the deep trough sites in the third Pt layer, and that after further
H uptake less deep sites would be populated. Kirsten et al. [27], however, suggested that initial adsorption
of hydrogen on the missing row (1 1 0) structure takes place on the three-fold hollow sites below the top-
most Pt rows (sites C in Fig. 1c), whereby the initial ca. 15% inward relaxation (�d12) changes into ca. 20%
outward relaxation. With a 20% expansion of the topmost Pt atoms, the average bonding distance of H
atoms in the subsurface three-fold hollow sites becomes �2.1 Å, in very good agreement with the value of
2.08 Å observed in Pt hydride [27]. Further adsorption of hydrogen induced a pronounced decrease in
expansion, attributed to adsorption of hydrogen within the troughs of the missing row structure. The ener-
getics of the Pt(1 1 0)–H interaction was examined initially by Engstrom et al. [26] and more recently by
Lee et al. [25]. The former authors found a complex coverage dependence. Due to an attractive H–H inter-
action for 0 � �H � 0.15, the bond energy increases from 74 to 110 kJ/mol. At higher coverages, however,
the H–H interaction becomes repulsive, so the heat of adsorption decreases continuously and at saturation
reaches a value of only �55 kJ/mol. The latter authors found that the initial heat of adsorption of hydrogen
on Pt(1 1 )-(1 � 2), ca. 73 kJ/mol, is significantly smaller than on an unreconstructed Pt(1 1 0)-(1 � 1) sur-
face, ca. 115 kJ/mol. This difference was not fully explained, but it would appear from the results of Kirsten
et al. [27] that the “trough sites”, which are unique to the (1 � 2) structure and the last to be populated, are
the sites of the weakly adsorbed state with a heat of adsorption of only �55 kJ/mol.

The absolute value of the PtˆH bond energy on Pt surfaces can be obtained from the heat of adsorption
(�HHad

) through the relation

(1)

where Ediss is the dissociation energy of H2, 432 kJ/mol. It can be seen that the PtˆH bond energy (EPtˆH)
varies from about 240 to 270 kJ/mol depending on the specific adsorption site and coverage. This is a 
relatively weak chemical bond. Nonetheless, the dissociation of H2 on Pt surfaces is an activationless
process, i.e. the activation energy is of the order of kT. The relatively weak PtˆH bond makes Had on Pt
a very reactive intermediate in catalytic hydrogenation reactions, but also makes the catalyst very suscep-
tible to poisoning by impurities in the hydrogen that are more strongly adsorbed. As we shall see later, this
is a very important fundamental problem for low temperature fuel cells.

2.2.2. Oxygen adsorption

The adsorption of oxygen is more complex than hydrogen adsorption, since molecular adsorption, disso-
ciative chemisorption, and oxide formation are all possible even in relatively mild conditions of tempera-
ture and pressure (like those employed in UHV studies). Oxygen adsorption on Pt(1 1 1) have yielded
consistent results. Gland et al. [28] characterized three states of oxygen as a function of temperature (dos-
ing with O2 at �10�6 Torr): molecular adsorption predominates below 120 K, adsorbed atomic oxygen
predominates in the 150–500 K temperature range, while subsurface or “oxide” formation may occur in
the range 1000–1200 K. Adsorption into the molecular state does not have substantial activation energy,
and, therefore, the heat of adsorption is approximately equal to the heat of desorption, ca. 37 kJ/mol.

2 Pt H H dissad
E H E

ˆ
� � 	� �
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Molecular oxygen forms a dioxygen species of the peroxo-type (O2
2� ) with a single OßO bond. Heating

the overlayer of molecular oxygen resulted in the formation of atomic oxygen, which interacts more
strongly with the Pt(1 1 1) surface. Gland et al. [28] have suggested that dissociation of O2 molecules pro-
ceeds by sequential population of chemisorbed precursor states, i.e. the so-called molecular precursor
route. Shortly after Gland’s report, Campbell et al. [29] suggested that part of O2 molecules may also
adsorb directly into the atomic state, without previous accommodation in the molecular state. In a later
study, ab initio local-spin-density calculations for the adsorption of O2 on Pt(1 1 1) identified two distinct,
but energetically almost degenerate chemisorbed precursors [30]. A superoxo-like paramagnetic precursor
is formed at the bridge site, with molecular parallel to the surface. A second peoxo-like non-magnetic pre-
cursor is formed in the three-fold hollow, with the atom slightly canted in a top-hollow-bridge geometry.
As for the Pt–H system, an appreciable decrease in the heat of adsorption was observed with increasing
coverage by oxygen, indicative of repulsive long-range interactions between adsorbed oxygen atoms. The
values ranged from about 160 kJ/mol at �O � 0.8�max to about 250 kJ/mol at �O � 0.2�max, where �max

is the absolute oxygen coverage at saturation [28] (Fig. 2). Under relatively low pressures and tempera-
tures (300–500 K), the coverage by atomic oxygen saturates at 0.25 ML (1 ML � 1 O/Pt) in a well-ordered
p(2 � 2) overlayer with the O atoms in three-fold hollow sites [31]. If the surface temperature exceeds
800 K during O2 dosing, a stable “oxide” (subsurface) state is formed which desorbs at a temperature
around 1200 K. At elevated pressures and temperatures, however, coverages higher than 0.25 ML can be
achieved at Pt(1 1 1) [29,32]. According to [29,32], the population of the (1 1 1) surface above 0.25 ML
requires a different (presumably activated) pathway for dissociation than the molecular precursor route.

Oxygen adsorption on Pt(1 0 0) again exhibits more complex behavior than Pt(1 1 1) and previous studies
are in lesser accord. One complicating factor is the reconstruction of the clean Pt(1 0 0), as was the case for
the adsorption of hydrogen. Norton et al. [33] showed that the Pt(1 0 0)-(1 � 1) surface is more reactive 
to oxygen than the Pt(1 0 0)-“hex” surface. On the (1 � 1) surface oxygen dissociates even at 123 K. 
On warming to 240 K, a (2 � 1) LEED pattern is observed that is believed to originate from an oxygen
overlayer on an unreconstructed substrate. On the other hand, because Pt(1 0 0)-“hex” is an energetically
stable and a more chemically inert surface, oxygen is adsorbed entirely in the molecular state with an 
activation energy for desorption ca. 37 kJ/mol [33]. Accordingly, O2 dissociative adsorption would be an
activated process on the “hex” surface, but non-activated on the (1 � 1) surface. Furthermore, while on
(1 � 1) the molecular state serves as a precursor to O2 dissociative adsorption, on the “hex” surface O2 dis-
sociation occurs through a direct mechanism, for details see [34]. However, on either surface the coverage
from low temperature/low pressure dosing saturates at ca. 0.2–0.25 ML, with the underlying Pt structure
being (1 � 1). As with Pt(1 1 1), dosing with oxygen at both higher partial pressures (ca. 10�3Pa) and sur-
face temperatures (570 K) leads to much higher coverages, close to 1 ML. Considerable controversy raged
on the nature of this high coverage state (see [32] for an overview). However, angle-resolved XPS revealed
that there was no significant amount of subsurface oxygen in this state [32], i.e. it is not an “oxide”, as
some had suggested.

Adsorption of O2 on the Pt(1 1 0)-(1 � 2) surface has also been the subject of considerable attention. As
for other two Pt surfaces, the kinetic and dynamic aspects of the adsorption and desorption of O2 on
Pt(1 1 0) surface is dependent on the temperature of the surface and the exposure of oxygen. In general, the
adsorption of oxygen takes place in stages. At very low temperatures, oxygen molecules are first adsorbed
in the valley of the surface, then at higher coverages adsorption on the (1 1 1) microfacets occurs [35].
Schmidt et al. [36] have proposed that at low temperatures oxygen molecules are adsorbed as two differ-
ent peroxo-like molecular species in on-top and two-fold coordinated sites. When the oxygen exposure is
increased, oxygen is additionally adsorbed in superoxo form. Heating the surface above 35 K leads to 
partial dissociation and partial desorption of the oxygen molecules. At about 100 K the superoxo species
desorb completely: desorption of the peroxo species begins at 125 K and is completed at 200 K. At 300 K
oxygen is adsorbed entirely in atomic form. As with Pt(1 0 0), the reconstruction is lifted by higher 
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coverages of atomic oxygen, with low pressure–low temperature dosing producing the highest coverages
of the three low-index surfaces, ca. 0.45–0.5 ML. Very recently, oxygen dissociation on stepped Pt(1 1 1)
surfaces has been studied by using a combined experimental and theoretical approach. Since the Pt(1 1 0)-
(1 � 2) surface consists of three atom wide Pt(1 1 1) terraces separated by monoatomic Pt(1 1 1) steps, 
O binding sites on this surface are most likely identical with the one proposed for Pt {n(1 1 1) � (1 1 1)}
stepped surfaces. In particular, first principle calculations showed that on Pt surfaces vicinal to (1 1 1) O
adatoms are attracted to step edges, gaining 0.2–0.3 eV per nearest-neighbor step-edge Pt atoms, and that
they favor “fcc-like” over “hcp-like” sites by 0.4 eV [37]. STM and thermal energy atom scattering in
combination with DFT supported this view [38] by showing that on the surfaces vicinal to (1 1 1) O2 mol-
ecules dissociate from a molecular precursor state (MPS) on the upper site of the Pt step edges, occupying
“fcc-like” sites. The authors also demonstrated that the transition state (TS) has the key role for the local
reactivity, e.g. the enhanced reactivity at the Pt step sites is not caused by a decrease of the local dissocia-
tion barrier from the MPS but is related to a stabilization of both the MPS and TS [38].

Interestingly, the initial heats of adsorption of (atomic) oxygen do not vary significantly between the three
low-index surfaces. Since oxygen always desorbs in the molecular form, the strength of the PtˆO bond,
EPtˆO, is simply related with the adsorption energy, Ead, and the dissociation energy of O2, Ediss � 497 kJ/mol,
through

(2)

For the initial heat of adsorption, ca. Ead � 250 kJ/mol [39], the strength of the Pt(1 1 1)ˆO bond is close
to EPtˆO � 350 kJ/mol.

2.2.3. Carbon monoxide adsorption

Carbon monoxide is perhaps the molecule whose adsorption properties have been investigated in greatest
detail with modern UHV systems. Blyholder [40] proposed a simple model to explain how CO can bind to
a transition metal surface. It is commonly accepted that chemisorption of CO on transition metals occurs
in molecular form through electron transfer from the 5s orbital of CO to the metal, and back-donation 
of metallic d electrons to the unfilled anti-bonding 2p* orbital of CO. The back-donation weakens 
the CˆO bond, and the amount of back-donation increases as one moves to the left in the periodic table
from (Ni, Pd, Pt). In particular, this model correctly predicts the dissociation of CO on transition metals
depending on their electronic configuration, i.e. their position in the periodic table. CO on Pt(1 1 1) is
adsorbed non-dissociatively with carbon bonded to the surface in both linear and bridged configurations
[39]. At ca. 170 K and at a fractional coverage �CO � 0.33, a (�

–
3 ��

–
3) R30° overlayer structure was

reported. At �CO � 0.5, a sharp c(4 � 2) structure is observed which with increasing coverage transforms
into a compressed hexagonal close-packed complex domain wall structure with �CO � 0.68 [41]. The
heat of adsorption of CO on Pt(1 1 1) at low coverages, i.e. at surface concentrations that are small enough
to rule out energetics owing to mutual interactions between the adsorbates, is ca. 140 kJ/mol [42]. The
change of heat of adsorption for CO on Pt(1 1 1) with surface coverage from the classical work by Ertl 
et al. [42] is shown in Fig. 2. On the single crystal surface, the isosteric heat of adsorption varies with cov-
erage primarily from lateral repulsive interactions, and to a much lesser extent the occupation of different
adsorption sites, e.g. defects or steps. The heat of adsorption shows a sharp decrease as the coverage
increases above ca. 0.5 CO/Pt. Between 0.55 and the saturation coverage of 0.68 CO/Pt, the heat of
adsorption falls from 80 to 40 kJ/mol, presumably due to strong repulsive interaction between adsorbate
molecules at high coverage. A heat of adsorption of only 40 kJ/mol lies at the transition between
“chemisorption” and “physisorption”, hence this high coverage state of COad may be termed as the
“weakly adsorbed” state of CO. As we shall discuss later in this review, we have, in fact, adopted the 

2 Pt O ad dissE E E
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terminology “weakly” and “strongly” adsorbed states of CO in discussing the electrocatalytic oxidation of
CO at the Pt(h k l)–electrolyte interface.

Numerous studies for the Pt(1 0 0)ˆCOad system have shown that the adsorption of CO on the Pt(1 0 0)-
“hex” surface leads to lifting of the reconstruction, resulting in a (1 � 1) phase of Pt covered by CO. On the
basis of Thiel et al. [43] CO removes the Pt(1 0 0) reconstruction by a mechanism in which CO adsorption
on the “hex” phase is followed by migration, cluster formation, rapid “hex” i (1 � 1) conversion of the
local substrate area, and trapping of the CO molecules on the resultant (1 � 1) phase. The difference in the
low coverage heat of adsorption of CO on the “hex” and (1 � 1) phases, 106 kJ/mol versus 156 kJ/mol,
respectively, has been proposed as the driving force for the Pt phase transformation during adsorption. The
CO itself forms a c(2 � 2) overlayer with ideal coverage of 0.5 ML. Beyond �CO � 0.5, the unit cell of 
the adsorbed layer is continuously compressed until the c(4 � 2) adlayer with saturation coverage of
�CO �0.8 is reached [44]. The infrared spectra for this system show a dominant atop band together with a
weaker bridging feature, indicating that the c(4 � 2) adlayer contains predominantly CO in atop sites [45].

The adsorption of CO on Pt(1 1 0) has been studied extensively using a variety of techniques. Many of
these studies focused on the effect of the CO on the (1 � 2) i (1 � 1) surface phase transition. It is now
well-established that the exposure of the Pt(1 1 0)-(1 � 2) structure to CO above 250 K lifts the recon-
struction, forming either a (1 � 1) or (2 � 1)-p1g1-CO phase at saturation depending on the adsorption
temperature [46–50]. Direct observation by STM [48] of the removal of the “missing row” reconstruction
under the influence of COad revealed that at 300 K this process is initiated by homogenous nucleation of
small characteristic (1 � 1) patches. Their further growth is limited by thermal activation, and only at
higher temperatures the enhanced surface mobility leads to the formation of larger, strongly anisotropic
islands. Photoemission studies have shown that the molecular axis of the CO molecules in these islands is
tilted, even at low coverages (�CO � 0.5) [47]. Sharma et al. [50] suggested that the driving force for the
(1 � 2) i (1 � 1) surface phase transition is the increase in the heat of adsorption for on-top CO on top
row atoms compared with second layer atoms, which must exceed the energy difference between two
clean surface phases. Below 250 K, the (1 � 2) reconstruction remains, due to immobility of the Pt atoms
at these temperatures. In the ordered (1 � 2)-plgl-CO phase, the molecules occupy on-top sites on each
top layer Pt, i.e. on the atomic ridges separated by troughs, consistent with a saturation coverage value of
�CO � 1. The strong repulsive interaction between neighboring CO molecules that result from this close-
packed arrangement are overcome by the tilting of alternate molecules by 25° to the surface normal in
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opposite directions; for details see recent paper by King and co-workers [50]. For coverage in the range
0.2 � �CO � 0.5, the isosteric heat of adsorption is 160 � 15 kJ/mol [46].

As a useful summary for later discussions, the isosteric heats of adsorption of oxygen, carbon monox-
ide, and hydrogen on Pt(1 1 1) are all shown as function of coverage in Fig. 2.

3. STRUCTURES AND CHEMISTRY OF Pt BIMETALLIC SURFACES IN UHV

In this section, we review the UHV characterization of the surface structures and compositions of four Pt
alloy systems that have been used as electrodes in electrocatalytic reactions: PtˆRu, PtˆSn, PtˆNi and
PtˆCo. The results of the electrocatalytic studies are discussed in 5.2 and 5.3.

The difference between the surface and the bulk composition of alloys has been the subject of intensive
research, in both theory and experiment, in the last two decades, and a review of the subject is beyond the
scope of this chapter. Excellent reviews of both theory and experiment have been presented by Campbell
[51], and Dowben and Miller [52], and earlier by Sachtler and van Santen [53] and Chelikowski [54]. The
encyclopedia of surface structures by Watson et al. [55] is also an excellent place to find references to a
specific alloy or metal-on-metal system. It is now widely recognized that surface segregation, i.e. the
enrichment of one element at the surface relative to the bulk, is a ubiquitous phenomenon in bimetallic
alloys, and the theory for accounting for and predicting this segregation is well developed. The most reli-
able method for determining the composition of the outermost layer of atoms of a polycrystalline bulk
alloy is by LEIS using inert gas ions like helium and neon. An excellent review of the physics of LEIS is
provided by Heiland and Taglauer [56]. An example from our laboratory of an LEIS spectrum from a
PtˆRu alloy electrocatalyst is shown in Fig. 3a. Details of the analysis are given in [57]. The bulk alloy
composition is 70.2% Pt, but the annealed surface, which is the spectrum shown, has a composition of
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(1 1 –2 0); (- - -) fcc (1 0 0) and hcp (1 0 –1 0); (\\\\) indicates two-phase region of the bulk alloy [57]
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92.1% Pt. The Ru peak, with a �M of nearly 100, is easily resolved with He	 ions even at the low surface
concentration of ca. 8%. The bulk concentrations can be produced on the surface as well by sputtering off
the Pt-enriched layer(s) with argon ions, e.g. The PtˆRu system is a classic example of surface segrega-
tion of the element having the lower heat of sublimation. The equilibrium surface composition of the
PtˆRu system as determined by LEIS [57] is shown in Fig. 3b. A compilation of other surfaces analyzed
by LEIS has been made by Watson et al. [55].

Pt3Sn occupies a special place in both alloy surface chemistry and in alloy electrocatalysis. It is a highly
exothermic alloy, with an enthalpy of formation of �50.2 kJ/g atom [58], that crystallizes in the Ll2
(Cu3Au-type) lattice, as shown in Fig. 4. This alloy played an important role in the development of the broken-
bond model for segregation in highly exothermic, ordered alloys and polycrystalline samples were the
subject of intense experimental examination by Sachtler and van Santen [53] using a variety of methods,
including LEIS. These results with polycrystalline samples appeared to validate the broken-bond model,
since the observed surface composition of ca. 50% Sn is in agreement with the model prediction. In col-
laboration, Bardi and Ross conducted the first studies of segregation with single crystals of Pt3Sn, using
both LEIS and LEED crystallography. These studies are described in a series of papers [59,60], and a
review of the work has already been presented in [61]. The single crystal results revealed that the broken-
bond model does not, in fact, get the details of the segregation quite right. The model correctly predicted
an absence of segregation on the (1 1 1) surface, but incorrectly predicts that the pure Pt(2 0 0) planes are
enriched in Sn by exchange of atoms with the second atomic layer. This does not occur, rather the crystal
is terminated preferentially in the compositionally mixed (1 0 0) plane by the formation of double-height
steps. A similar preferential termination in the compositionally mixed (2 2 0) plane occurs for the
�1 1 0� orientation. Pt3Sn is one of the most active catalyst known for the electrochemical oxidation of
carbon monoxide (CO), and the different low-index surfaces just described have remarkably different
activity for this reaction, as discussed in detail in a later section.

PtˆNi alloys are very interesting from a theoretical perspective because Pt and Ni have essentially
identical surface energies, yet strong enrichment of the surface in Pt was observed by LEIS [62]. By LEED
crystallography, Gauthier et al. [63] found that the near-surface region exhibits a highly structured com-
positional oscillation in the first three atomic layers of the (1 1 1) crystal, as shown in Fig. 5. Such compo-
sition oscillations were previously thought to occur only in highly exothermic alloys, i.e. alloys with a high
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enthalpy of mixing, which are usually ordered in the bulk as well, Pt3Sn being the prime example [53]. The
PtˆNi alloys are disordered in the bulk and have only small enthalpies of mixing. The so-called size
effect, i.e. the tendency for the larger atom to be at the surface [64], must be treated rigorously to account
for the compositional oscillation in this system, as done by Treglia and Legrand [65].

The (1 1 1) and (1 0 0) surfaces of Pt3Co were first studied by Bardi and co-workers [66,67], and later by
Gauthier [68]. Interestingly, the LEED studies showed that the (1 0 0) surface forms an hexagonal recon-
struction quite similar to that on the pure Pt(1 0 0) surface [67,68]. The LEIS studies revealed that for both
the (1 1 1) and (1 0 0) crystals the outermost layer of the clean annealed surfaces are pure Pt, with Pt deple-
tion in the second layer. The compositional oscillation in Pt20Co80(1 1 1) and Pt78Ni22(1 1 1) as determined
by LEED crystallography is shown in Fig. 5a and b, respectively. Bardi et al. [66] also studied adsorption
of these surfaces and found a significant reduction (ca. 10%) in the CO binding energy versus the pure 
Pt surface of the same orientation. This was attributed to an electronic effect of intermetallic bonding of
the Ni/Co-rich second layer with the topmost Pt atoms. We shall demonstrate in a later section that this
electronic effect plays an important role in the electrocatalytic properties of PtˆCo alloys.

4. SURFACE STRUCTURES AND ENERGETICS OF Pt(h k l)
SURFACES IN ELECTROLYTE

A well-defined and clean Pt(h k l) single crystal electrode for the study of the electrochemical surface
processes can be prepared either by conventional UHV sample preparation, e.g. sputtering and annealing
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in UHV [69], or by annealing the single crystal in a hydrogen-air flame. There are several variants to the
latter method, distinguished mainly by the method of cooling: by quenching in water [70,71], or slower
cooling in hydrogen [72], hydrogen/argon mixtures [71], hydrogen/nitrogen mixtures [73], vapor phase of
I2 [74], or in CO/nitrogen mixtures [73]. In early work, determination of the stability of the well-defined
structures in electrolyte was derived from ex situ LEED analysis of emerged surfaces [75–77]. Although
LEED is a well-developed and powerful tool for surface structure determination in UHV, the emersion
process itself may disrupt the structural integrity of Pt(h k l)–electrolyte interface, and may also leave a 
salt deposit on the surface after evaporation of the water. Therefore, establishing the relationship between
the structure of the interface in electrolyte and that observed in UHV was always problematic, and had to
be carefully examined on a case-by-case basis. The development of the flame-annealing method by
Clavilier [70] has become of critical importance in surface electrochemistry. Clavilier’s method along with
the recent advances in the in situ methods of STM [78] and SXS [79–83] have alleviated this “emersion
gap”, and has provided definitive surface structure determination of Pt(h k l) while in electrolyte under
potential control.

4.1. Reconstruction of Pt(h k l) surfaces

4.1.1. Pt(1 1 1)

Examination of the stability of a UHV prepared Pt(1 1 1)-(1 � 1) surface in solution has been the subject
of numerous ex situ experiments. These studies date back to the early 1970s, when it was reported that the
(1 1 1)-(1 � 1) structure remains intact after contact with solution [84,85]. More recently, systematic in situ
SXS and STM studies have demonstrated that well-ordered Pt(1 1 1)-(1 � 1) structures are observed in
solution following preparation by flame-annealing and cooling in different atmospheres. Direct evidence
to support the existence of well-characterized Pt(1 1 1)-(1 � 1) in solution was demonstrated by Itaya’s
group using STM [78,86], Fig. 6. By utilizing SXS, Tidswell et al. [87] showed that cooling in H2 leads to
a well-ordered Pt(1 1 1)-(1 � 1) surface in solution. Kibler et al. [73] confirmed that cooling in H2 indeed
produces flat terraces with straight triangular step edges, indicative of a high surface quality. The latter
authors have also found that when cooling in the presence CO 	 N2 mixtures, the resulting adlayer of CO
provides a protection against surface contamination and produces a defect-free (1 � 1) surface. Besides
probing the ability of the flame-annealing method to produce well-ordered Pt(1 1 1)-(1 � 1)structure, SXS
results unambiguously showed that in aqueous solutions this structure is stable between the hydrogen 
evolution and the “oxide” formation potential region [87]. The important consequence of the structural
stability of the Pt(1 1 1)-(1 � 1) surface is that electrochemical surface processes can be examined on the
geometrically simple surface having well-known adsorption sites.

The current–potential curve of Pt(1 1 1)-(1 � 1) gives a distinctive voltammogram with a broad nearly
flat hydrogen desorption/adsorption peaks between �0.05 � E � 0.375 V in both 0.05 M H2SO4 (Fig. 7a)
and 0.1 M KOH (Fig. 7c), which is indicative of hydrogen adsorption which is not accompanied with con-
comitant anion adsorption. Depending on the pH of solution, this state is generated either from protons or
water molecules

(3)

(4)

For consistency with the current nomenclature used in electrochemistry, the state of hydrogen (atomic),
which is adsorbed onto a metal substrate at a potential that is positive of the Nernst potential for the 

Pt H O e Pt H OH (pH 7)2 upd	 	 	 �� �→ ˆ

Pt H O e Pt H H O (pH 7)3 upd 2	 	 	 	 � → ˆ
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hydrogen electrode reaction (HER), which has the overall stoichiometry

(5)

(6)

will be referred to as underpotentially deposited hydrogen (Hupd).

2H O 2e H 2OH (pH 7)2 2	 	 �� �→

2H O 2e H 2H O (pH 7)3 2 2
	 �	 	 →
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At more positive potentials, the so-called “anomalous” peaks are observed at �0.4 � 0.6 V in sulfuric
acid solution and �0.6 � 0.85 V in alkaline (Fig. 7c) and perchloric acid solutions. These reversible peaks
are now understood to be anion adsorption pseudo-capacitance: in 0.05 M H2SO4 adsorption/desorption 
of (bi)sulfate anions, see Section 4.4.1; in 0.1 M KOH and 0.1 M HClO4 reversible adsorption/desorption
of hydroxyl species, hereafter denoted as OHad. The adsorption of OHad in alkaline solution is just OH�

adsorption with charge transfer

(7)

while in acid solution, the OHad adsorption proceeds according to

(8)

As long as the potential remains between 0 and ca. 0.8 V, the well-ordered (1 1 1) structure remains well-
ordered and (1 � 1), i.e. as long as there is only reversible adsorption of anions, Hupd or reversibly adsorbed
OHad. When the potential is increased to above ca. 1.0 V so as to form “oxide” by place exchange between
OHad and Pt atoms in the first layer [88], the surface becomes irreversibly roughened [89].

4.1.2. Pt(1 0 0)

Considerable effort has been devoted to the question of whether a reconstructed UHV prepared Pt(1 0 0)
surface is stable in contact with aqueous electrolytes. A review of the stability of Pt(h k l) surfaces at
solid–liquid interfaces by Kolb [90] is an excellent place to find references to a specific Pt(h k l)–
electrolyte system. Briefly summarizing, the first ex situ experiments indicated that the Pt(1 0 0)-“hex”

2H O Pt Pt OH H O e2 ad 3	 	 		 �→ ˆ

OH Pt Pt OH ead
� �	 	→ ˆ
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Fig. 7. Cyclic voltammetry of the Pt(1 1 1)-(1 � 1) surface in an electrochemical cell: (a) in H2SO4 and (c) in
0.1 M KOH. The potential was scanned at 50 mV/s. Changes in inter-layer spacing (�d12) measured from the
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structure transforms into the (1 � 1) phase upon contact with aqueous electrolytes, or even when in con-
tact with water vapor or liquid water [77]. On the other hand, using STM Baltruschat et al. [91] reported
that when the irreversibly adsorbed iodine layer (using vapor-phase I2 after the flame-annealing) was des-
orbed from the surface, the Pt(1 0 0) surface reconstructs. Zei et al. [92] also found experimental evidence
that the UHV prepared “hex” structure remains stable in contact with electrolytes, but no evidence of
potential induced reconstruction was ever detected. An important observation in [92] was the stability of
the “hex”-phase within the Hupd potential region. In contrast, using a similar combination of voltammetric
and UHV-based surface sensitive probes, Al-Akl et al. [93] reported that Pt(1 0 0)-“hex-rot” phase is unsta-
ble when a monolayer of Hupd is formed. Apart from controversy about the potential stability of the hex
structure, there is consensus that an initially reconstructed surface is irreversibly transformed into (1 � 1)
phase upon the adsorption [92] or desorption [93] of ions from the supporting electrolytes.

Besides the UHV preparation and characterization of Pt(1 0 0), the structure of this surface prepared by
the flame-annealing method was also studied. For example, closely following the UHV methodology,
Tidswell et al. [82] reported from in situ SXS measurements that a Pt(1 0 0)-(1 � 1) surface is observed in
solution following preparation by flame-annealing a Pt(1 0 0) crystal with cooling in a stream of pure H2 or
H2/argon mixtures. In recent STM measurements, Sashikata et al. [94] and Kibler et al. [73] have confirmed
that hydrogen cooling of a flame-annealed Pt(1 0 0) electrode produces a (1 � 1) phase, (Fig. 8). Kibler 
et al. [73] examined the influence of a CO-cooling atmosphere on the final morphology of the flame-annealed
Pt(1 0 0) surface. In accord with CO-induced deconstruction of the “hex” surface in UHV, the STM results
revealed that cooling in CO led to a flat (1 � 1) surface with large terraces of islands or holes. In situ SXS
results also showed that once formed the Pt(1 0 0)-(1 � 1) surface remains unreconstructed throughout the
hydrogen evolution and “oxide” formation potential regions [82]. Unlike the case of Au(1 0 0) [80,95], there
is no evidence for a potential-induced reconstruction of the Pt(1 0 0) surface from (1 � 1) to “hex”. The weight
of evidence suggests that electrode processes on Pt(1 0 0) electrodes prepared using most flame-annealing
methods should be considered to take place on a Pt(1 0 0)-(1 � 1) surface.

The main characteristic of well-ordered Pt(1 0 0) voltammetry in sulfuric acid, Fig. 9a, is that two well-
delineated peaks at 0.4 and 0.25 V corresponds to the coupled processes of hydrogen adsorption and bisul-
fate anion desorption on (1 0 0) terrace sites at 0.4 and 0.25 V at the step sites produced by lifting the
reconstruction. The relative amounts of charge under the two peaks is extremely sensitive to the quality of
the Pt crystal being used, reflecting the variations in step densities that can be experienced. The main char-
acteristic of well-ordered Pt(1 0 0) in alkaline solution, Fig. 9c, is that the hydrogen adsorption/desorption
and hydroxyl anion adsorption/desorption are not completely decoupled processes, and the desorption of
hydrogen 0.05 � E0.25 V is immediately followed by the reversible adsorption of hydroxyl anions, even
in the Hupd potential region. In the potential range between 0.75 � E � 0.95 V, however, the observed
asymmetry in a current–voltage curve traces between positive and negative sweep directions clearly rep-
resents an irreversible state of adsorption of OHad species, which we shall call “oxide”, hereafter.

4.1.3. Pt(1 1 0)

As was already mentioned in Section 2, clean Pt(1 1 0) undergoes reconstruction in UHV. In the early 
ex situ LEED analyses of UHV prepared Pt(1 1 0)-(1 � 2) electrode, it was found that upon contact with
several solutions the reconstructed (1 � 2) surface remained stable if potential cycling was restricted to
certain potential regions, with the window of stability differing in different reports [76,96]. A voltammet-
ric study concerning the nature of the Pt(1 1 0) surface structure, prepared by flame-annealing, followed by
quenching in water, has been reported by Armand and Clavilier [97]. They suggested that, as for clean
annealed crystals in UHV, the Pt(1 1 0) surface has predominantly a (1 � 2) structure. On the basis of
infrared spectra, and using the same preparation method, Kinomoto et al. [98] proposed that the adsorp-
tion of CO on clean reconstructed Pt(1 1 0)-(1 � 2) induces a (1 � 2) i (1 � 1) surface phase transition. 
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By utilizing the Clavilier method, voltammetric results for the adsorption of CO on Pt(1 1 0), reported by
Morallon et al. [99], suggested that the irreversible adsorption of CO might produce some surface modi-
fications of Pt(1 1 0), but these modifications were different from the (1 � 2) i (1 � 1) surface phase 
transition observed in vacuum. The preparation method of Wieckowski and co-workers [74] involving
flame-annealing followed by cooling in an inert atmosphere over iodine and subsequent replacement of
iodine by CO, seemed to produce the Pt(1 1 0)-(1 � 1) structure. A recent study using STM of the Pt(1 1 0)
surface prepared by this technique confirmed that, after desorption of iodine at negative potentials, the
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(a)

(b)

Fig. 8. (a) STM image (225 nm � 225 nm) of Pt(1 0 0), prepared by flame-annealing and cooling in H2 � N2 mix-
tures, obtained at 0.55 V (versus. the standard calomel electrode, SCE) in 0.1 M H2SO4 with Pt/Ir tip. IT � 2 nA;
UT � 0.10 V (tip negative). (b) STM image (730 nm � 730 nm) in 0.1 M H2SO4 of a Pt(1 0 0) electrode, prepared
by flame-annealing and cooling under a strong H2 stream, W-tip; IT � 10 nA; UT � 0.1 V (tip positive) [73]
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Pt(1 1 0) surface does indeed have the (1 � 1) geometry [100]. Most recently, the stability and structure of
the Pt(1 1 0) surface in several electrolytes was examined by in situ SXS. The experimental details of both
methods of preparation and the electrocatalytic properties of these two surfaces have been discussed at
length in recent publications [101,102]. It was found that depending on the particular flame-annealing pro-
cedure, a reconstructed Pt(1 1 0)-(1 � 2) or an unreconstructed Pt(1 1 0)-(1 � 1) surface can be created.
The inset of Fig. 10 shows a rocking scan (approximately along [h 0 0]) through the (0, 1.5, 0.1) recipro-
cal lattice position. The solid line is a fitted Lorentzian lineshape to the data, which allows the correlation
length of the (1 � 2) unit cell to be derived. From these measurements, and longitudinal scans along [0 k 0]
(not shown), a correlation length of �350 Å was derived along the [1 0 0] direction and �250 Å along the
[0 1 0] direction, where these correspond to the parallel and perpendicular directions to the rows in the
missing row model of the (1 � 2) reconstruction, see Fig. 1c. The (1 � 2) surface reconstruction was sta-
ble over a wide potential range, e.g. even at 1.2 V there was still a strong (1 1 0)-(1 � 2) diffraction pattern.
Upon sweeping the potential negatively, however, the (1 � 2) reconstruction is finally lifted as the surface
atoms move to accommodate the oxide reduction. It should also be noted that the Pt(1 1 0)-(1 � 2) struc-
ture was so stable in aqueous electrolytes that adsorption of CO on this surface did not induce the
(1 � 2) i (1 � 1) transition that is observed in UHV upon adsorption of CO [101,102].

Figure 10 contains representative cyclic voltammograms for the Pt(1 1 0)-(1 � 2) surface recorded in both
alkaline and acid solution. In 0.05 M H2SO4, the voltammetric features are the coupled processes of hydro-
gen adsorption/desorption with the anion deposition/adsorption at 0.05–0.35 V, followed by a double-layer
charging potential region, and the hysteretic peaks associated with oxide formation and reduction at more
positive potentials. As with the (1 0 0) surface, a distinguishing characteristic of Pt(1 1 0) in 0.1 M KOH is
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that on the positive going sweep the desorption of hydrogen, 0.05 � E � 0.375 V is associated with simul-
taneous adsorption of OHad at the step sites. The fact that OHad can be adsorbed even in the Hupd potential
region is a new observation which, as will be discussed in Section 5, has a considerable effect on the kinetics
of the hydrogen oxidation and CO oxidation reactions. Fig. 10c shows that the “Hupd” potential region is fol-
lowed first by the additional reversible adsorption of OH, and then by the irreversible formation of “oxide”.

4.2. Energetics of Pt(1 1 1)ˆHupd and Pt(1 1 1)ˆOHad systems

As with adsorption systems studied in UHV, the energetics of adsorption on Pt surfaces in electrolyte is
derived from measurements of the equilibrium coverage by adsorbates as a function of temperature. The
coverages are usually obtained by measuring the charge transferred through the interface as a function of
potential at different temperatures. For recent overviews see [103,104]. Unfortunately, because of close
coupling of specific anion adsorption with the hydrogen adsorption on Pt(1 0 0) and Pt(1 1 0), an unam-
biguous measurement of the energetics of hydrogen on these two surfaces cannot be obtained by the same
thermodynamic analysis. Furthermore, due to the narrow temperature range available in aqueous solution,
the thermodynamic functions for irreversibly adsorbed CO also cannot be determined at solid–electrolyte
interfaces, as we discuss in Section 5.3.

4.2.1. Pt(1 1 1)ˆHupd system

Thermodynamic state functions on Pt(1 1 1) can be obtained in an unambiguous way from the experimen-
tally measured temperature dependence of Hupd adsorption isotherms (see inset of Fig. 11) when the 
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electrode potential is referenced to the potential of the hydrogen electrode, ERHE, in the same electrolyte at
the same temperature [103,105]. This methodology was adopted from original works by Breiter [106,107]
and Conway et al. [108–110] for the measurements of the thermodynamic state functions on polycrystalline
platinum electrode. For the Pt(1 1 1)–Hupd system, the apparent Gibbs free energy of adsorption as a func-
tion of coverage, �GHupd

(�), is well represented by the general (non-ideal) form of the Langmuir isotherm
[103,109,111–113], where the Gibbs energy of adsorption is assumed to vary linearly with coverage,

(9)
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and �G0
Hupd

is the initial (zero coverage) free energy of adsorption. The interaction parameter, f � r/RT, 
is repulsive for f � 0, and attractive for f � 0, and characterizes the lateral interaction in the Hupd

adlayer. The apparent free energy of adsorption at any given temperature is then characterized by just two
parameters, �G0

Hupd
and f, both of which can be obtained by simple curve fitting. The isosteric heats of

adsorption can be obtained from the temperature dependence of the Gibbs free energy of adsorption from
the relation

(10)

and the entropy of adsorption from the relation

(11)

The resulting values (� � 0) of qst
H � �HHupd

, �SHupd
, �G0

Hupd
and f, and finally the EMˆH bond energies for

three different electrolytes are summarized in Table 1. The values are virtually identical independently of
the anion or the pH of solution. In all electrolytes, the energetics of Pt(1 1 1)ˆHupd follows the UHV-type
of linear decrease with the coverage (Fig. 12), reflecting repulsive lateral interaction in the hydrogen
adlayer. Although the change of isosteric heat of adsorption of hydrogen does not show a sharp decrease
as the coverage increases (Fig. 2), this coverage-dependent lateral interaction may be one of factors caus-
ing that the saturation coverage of Hupd to be much �1 Hupd per Pt, only 0.66 Hupd per Pt, at chemical
potentials equivalent to an H2 partial pressure of 1 atm. A fundamental measure of interest for the
Pt(1 1 1)ˆHupd system is the PtˆHad bond energy at the electrochemical interface, which may be obtained
from the heat of adsorption by applying Eq. (1). The resulting values of the Pt(1 1 1)ˆHupd bond energies
in alkaline and acid solutions are 240–250 kJ/mol, indicating that EM–H is not only independent of the pH
of solution, but also close to the PtˆHad bond energy in UHV [103,105]. This result is consistent with the
weak interaction of water with Pt[1 1 1].
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Table 1. Thermodynamic state functions for Hupd in 0.1 M NaOH, 0.1 M HClO4, and 0.05 M H2SO4, evaluated
using Eq. (3) (see also Figs 3 and 4); r � 40 kJ/mol

T (K) �G��0
Hupd

(kJ/mol) f � r/RT �HHupd
(kJ/mol) �SHupd

(kJ/mol ) EPtˆH (kJ/mol)

0.1 M NaOH
276 �24 16
303 �22 15 �41 ��63 �240
333 �20 13

0.1 M HClO4

276 �28 13
303 �27 12 �42 ��45 �240
333 �25 10

0.05 M H2SO4

276 �29 14
303 �28 13 �42 ��48 �240
333 �27 11
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4.2.2. Pt(1 1 1)ˆOHad system

The thermodynamic analysis of the temperature dependence of the current–potential curves for the OHad

adsorption process is not as straightforward as for the H adsorption process. The interested reader should
consult the original reference for details [114]. For coverages to about 0.5 OH/Pt, the isosteric heat of
adsorption for OHad on Pt(1 1 1) is ca. 200 kJ/mol and is independent of pH of solution, as it was the case
for the isosteric heat of adsorption for Hupd [114]. From the measured isosteric heat of adsorption of 
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OHad in alkaline solution (ca. � 200 kJ/mol) and the tabulated enthalpy of formation of OH radical 
(ca. � 	39 kJ/mol), the Pt(1 1 1)ˆOHad bond energy was estimated to be �136 kJ/mol [114], which is
much less than the PtˆOad bond energy at a gas–solid interface (�350 kJ/mol) [115,116]. Wagner and
Ross [89] studied the thermal decomposition in UHV of anodically formed Pt(OH)4, and found that it
evolved water (2OHad l H2O 	 Oad) and molecular oxygen in two distinct steps, the latter at a tempera-
ture about 300 K lower than for O2. This result is at least qualitatively consistent with the difference in
bond energy between PtˆOHad and PtˆOad. As we discuss in Section 5.3, a relatively weak interaction
of OHad with the platinum surface supports a high catalytic activity of the OHad state in the surface elec-
trochemistry of COad on platinum electrodes. Very recently, DFT has been used to study the adsorption of
hydroxyl on the Pt(1 1 1) surface [128]. At low coverages (from 1/9 to 1/3 ML) OH binds preferentially at
bridge and top sites with a chemisorption energy of ca. 225 kJ/mol. At high coverages (1/2–1 ML) the for-
mation of an OH network causes a 15% enhancement in OH chemisorption energy, and a strong prefer-
ence for OH adsorption at top sites. It would be interesting to see that if the DFT calculations included the
effect of solvating water molecules the calculated PtˆOHad bond strength would approach the experi-
mental value determined in electrolyte. Finally, we mention that although there is no true thermodynamic
information about the PtˆOHad bond strength at the Pt(1 1 0) and Pt(1 0 0) interfaces, the voltammetry in
KOH suggests that the bond strength increases in the order Pt(1 1 1) � Pt(1 0 0) � Pt(1 1 0). The latter two
surfaces appear to have bond energies that are 50–70 kJ/mol higher than on Pt(1 1 1).

4.3. Relaxation of Pt(h k l) surfaces induced by Hupd and OHad

The concept of structural relaxation of surface atoms in UHV can be extended to the Pt(h k l)–electrolyte
interface. The effects of hydrogen adsorption and hydroxyl formation on the Pt(1 1 1) surface structure
were monitored by in situ SXS [82,87,95]. Surface relaxation was probed by measuring the CTRs, which
are rods of scattering and are aligned along the surface normal in the Pt reciprocal space and pass through
bulk Pt Bragg reflections [79–81,117]. Since scattering from Hupd and OHad makes a negligible contribu-
tion relative to the diffraction from the topmost Pt atoms, the CTRs reflect adsorbate-induced changes in
the Pt surface normal structure, i.e. the �d12 interplanar spacing in the insets of Fig. 7, Fig. 9 and Fig. 10.
This method of measuring the potential dependence of the Pt(h k l) surface relaxation in aqueous elec-
trolytes will hereafter be referred to as X-ray voltammetry (XRV) [118,119]. Fig. 7, Fig. 9 and Fig. 10
clearly revealed that close to the hydrogen evolution potential the expansion of surface atoms increases in
the sequence Pt(1 1 1) (1.5%) � Pt(1 0 0) (2.5%) �� Pt(1 1 0) (25%) in both H2SO4 and KOH solutions.
The change in the interlayer spacing upon the adsorption of hydrogen is again very similar to the situation
in UHV. This is a further confirmation that there is rather small difference in the energetics between the
PtˆH bond in the gas-phase and in electrolyte. In contrast, no change in the interlayer spacing is observed
upon the adsorption/desorption of either bisulfate or hydroxyl anions on the Pt(1 1 1) and Pt(1 0 0) sur-
faces. On the other hand, while the (bi)sulfate ions have no effect on the relaxation of Pt(1 1 0)-(1 � 2) sur-
face atoms, an additional expansion of ca. 25% is observed on the surface covered by a monolayer of OHad

species. This could be indicative of adsorption of bisulfate anions at different specific surface sites than
either Hupd or OHad.

It is tempting to try to correlate the relaxation on Pt(h k l) surfaces with other independent observations
of the adsorption sites and/or the adsorption bond energy. In particular, the smallest expansion on the
Pt(1 1 1) surface may arise because this surface is the most densely packed, and thus the Hupd is adsorbed
onto the Pt(1 1 1) surface. To describe the interaction of hydrogen with Pt(1 1 1) surface, Olsen et al. [21]
have performed extensive computational study. Density functional calculations favored the on-top site,
although the differences in adsorption energies are very small. On the (1 0 0) surface, however, some of
Hupd adatoms might sit in deeper wells, e.g. the four-fold hollow sites, and thus be more in the surface than
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on the surface. In the case of Pt(1 1 0)-(1 � 2), the large relaxation possibly indicates that the sites for Hupd

are the three-fold coordinated sites below the topmost (1 1 0) rows of Pt atoms [102], as proposed for the
adsorption of hydrogen on Pt(1 1 0) in UHV, sites C in Fig. 1.

Recent studies using vibrational spectroscopy provide a mixed picture about the adsorption sites of 
the Hupd state. On the basis of IR reflectivity spectra, Nichols reported that hydrogen adsorption on 
Pt(111) (Fig. 11) is quite different from Pt(1 0 0) [120], suggesting different sites for Hupd on the two sur-
faces. Conventional infrared spectra by Ogasawara and Ito [121] found PtˆH bands indicative of 
on-top adsorption sites on both Pt(1 0 0) and Pt(1 1 0) surfaces, but only at potentials very close to the Nernst
potential. It is not clear whether Ogasawara and Ito studied the (1 1 0)-(1 � 2) structure or the (1 � 1)
structure, which can also result from the flame-annealing procedure. The results of Ogasawara and Ito
were similar to an earlier report by Bewick and Russell [122] for polycrystalline Pt. Using visible–infrared
sum frequency generation (SFG), Tadjeddine and co-workers [123–125] reported that the frequencies of
the bands in the 0–0.4 V region corresponded only to terminally bonded hydrogen on all three low-index 
Pt surfaces. The weight of observations favors only terminally bonded hydrogen, considering that the
spectra from conventional IR reflection experiments have relatively poor signal-to-noise and are not 
compelling.

Detailed knowledge about the adsorption/formation of hydroxyl layer on the platinum surface is in a
similarly mixed circumstance. The simplest case to understand, in principle, is the reversible adsorption of
the OH� anion in alkaline solution, which presumably is just adsorption with charge transfer (Eq. (7)), like
Hupd or halide ion adsorption, but this has not been proven. Unfortunately there are no available data on
the binding geometry of OH and O at the Pt(h k l)–solution interfaces. On the basis of the fact that the
relaxation of the Pt (1 1 0)-(1 � 2) surface is the same in both the Hupd and OHad potential regions it was
proposed that the adsorption sites for the reversible adsorption of OHad and Hupd are the same [102], e.g.
the three-fold hollow sites in the troughs (site C in Fig. 1c). Nevertheless, regardless of the true binding
sites, it is now well-documented that the transition from reversible to irreversible adsorption of oxygenated
species on this surface also produces a surface roughening, presumably by the place-exchange mecha-
nism. It is important to note that a transition from the reversible to irreversible adsorption occurs at a
potential at which almost all three-fold hollow sites are occupied by OHad. Therefore, “oxide” starts to
form on the Pt(1 1 0)-(1 � 2) surface by insertion of OHad under the top row of Pt atoms. As for Pt(1 1 0),
there is very little direct evidence for adsorption geometry of OHad on either the (1 0 0) or (1 1 1) surfaces.
On Pt(1 0 0), in the OHad potential region the relaxation of platinum surface atoms is smaller than in the
Hupd region, and on Pt(1 1 1) there is no relaxation at all. On the basis of this fact, we suggested that
reversibly adsorbed hydroxyl is on these surfaces rather than in or below the surface (see [126] for an
overview). Using UHV STM and high-resolution electron energy loss spectroscopy (HREELS), Bedurftig
et al. [127] proposed that on Pt(1 1 1) the hydroxyl molecules occupy on-top sites. However, the interac-
tion of OH with Pt(1 1 1) was also studied by DFT using Pt clusters [128] and found that OH adsorbates
prefer high coordination three-fold sites. Clearly, the geometry of OH adsorption on Pt(h k l) surfaces is
not yet fully understood.

4.4. Surface structures and energetics of anion adsorption on Pt(h k l) surfaces

The adsorption of anions on metal electrodes has been one of the major topics in surface electrochemistry.
Anion adsorption has an important, and generally adverse, effect on the kinetics of fuel cell reactions and
thus needs to be understood in some detail. Most of the progress has come recently from conventional
electrochemical methods in combination with ex situ and in situ surface sensitive probes. Of particular
interest are chemisorbed (also called contact adsorbed or specifically adsorbed) anions, whose adsorption
is controlled by both electronic and chemical forces. The major objectives of these studies were to 
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establish: (i) the potential dependence of surface coverage by anions, sometimes erroneously called the
“adsorption isotherms”; (ii) the energetics of adsorption; and (iii) the structure of the adsorbed anions.
Representative results for the specific adsorption of bisulfate and halide anions on Pt(h k l) are summarized
in this section.

4.4.1. (Bi)sulfate adsorption

In 1990, Yeager’s group [129] provided the first vibrational spectroscopy for sulfuric acid anion adsorp-
tion on Pt(1 1 1) in 0.05 M H2SO4. In the potential region where there is a corresponding large adsorption
pseudo-capacitance, a single absorption band was observed ca. 1200 cm�1 whose intensity changes with
potential is in correspondence with the integrated charge. This band was assigned to SO3 asymmetric
stretching mode of bisulfate anions which are adsorbed on the Pt(1 1 1) sites via the three unprotonated
oxygen atoms, thus strongly interacting with the (1 1 1) symmetry of the substrate atoms. The potential
dependence of simulated bisulfate adsorption integrated band intensity is shown in Fig. 13. Subsequent
studies by other groups have disputed the interpretation of the 1200 cm�1 band as being the asymmetric
stretching mode of bisulfate. Nichols and Bewick [120], and Ito and co-workers [130] pointed out that the
intense 1200 cm�1 band can arise from the symmetric SO3 stretch of bisulfate anions. Nart et al. [131],
however, argued that the infrared data can be interpreted as sulfate adsorption via three oxygens present-
ing a C3v symmetry. To reconcile these two extremes, Faguy et al. [132] suggested that the adsorbate in the
anomalous potential region is H3O

	–SO4
2� species. We consider the issue to be unresolved, and thus refer

to the adsorbing species equivocally as (bi)sulfate.
The IRRAS experiments provide only a qualitative measure of the surface coverage of (bi)sulfate (e.g.

�(H)SO4
) as a function of the electrode potential. Quantitative evaluation of �(H)SO4

versus E relationship
came first from radiotracer measurements [133] and later from chronocoulometric measurements of the
Gibbs excess of sulfate and bisulfate anions [134]. Both measurements are summarized in Fig. 14.
Interestingly, the latter measurements confirm that (bi)sulfate adsorption is indeed two stage process [134],
as suggested by us in earlier studies with other methods [135]. At the first plateau in the � versus E curves,
where � is the surface excess, the coverage is ca. 0.33 ML (one anion for three Pt atoms). The second
plateau corresponds to a total coverage of 0.4 ML, which was significantly higher from the coverage 
found by radiotracer method [133] (inset of Fig. 14). The surface concentration at the first plateau 
correlates very well with the (�

–
3 � �

–
3) R30° surface structure in ex situ LEED measurements by

Wieckowski and co-workers [136] and Ito and co-workers [137]. Very recently, the potential dependence
of the formation of (�

–
3 � �

–
3) R30°-sulfate overlayer was modeled by analytical Monte Carlo tech-

niques [138]. This model was able to reproduce the so-called complex “butterfly” pattern in the voltam-
metry, with the sharp peak at ca. 0.6 V corresponding to an order–disorder transition. However, Stimming
and his co-workers found by in situ STM that the adsorbed ions (at � � 0.22 ML) form an ordered
(�

–
3 � �

–
7) symmetry in the second stage of adsorption between 0.5 and 0.7 V [139]. This 

adlattice was interpreted in terms of the co-adsorption of sulfate anions and water. A modified radioactive
labeling method used by Kolics and Wieckowski [140] demonstrated that the highest surface concentra-
tion of anion is 0.21 ML, which is in agreement with the observed STM structure. The inconsistency
between ex situ versus in situ structures was rationalized by Shingaya et al. [137]. They proposed that the
loss of water under the UHV conditions causes the (�

–
3 � �

–
7) structure to transform to (�

–
3 � �

–
3)

R30°. If this were so the (�
–
3 � �

–
3) R30° domains would have to exist in patches to be consistent with

the fixed coverage. It is not clear that this consequence is consistent with the LEED pattern observed.
Finally, it should be noted that none of the recent results have resolved the issue of bisulfate versus sulfate
as the adsorbed species.

The adsorption of (bi)sulfate anions on Pt(1 0 0) and Pt(1 1 0) is much less studied than on Pt(1 1 1). It is
worth noting, however, that there are two major differences between bisulfate adsorption on Pt(1 1 1) and
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the two other low-index single-crystal platinum surfaces. First, due to the lower work function and thus
lower potential of zero charge (PZC) of Pt(1 0 0) and Pt(1 1 0), anion adsorption on these surfaces is shifted
negatively in potential, and is always concurrent with Hupd desorption. Secondly, the orientation for
adsorbed bisulfate anions on Pt(1 1 0) and Pt(1 0 0) is a markedly different as compared with the (1 1 1)
face [120,141]. Using the symmetry arguments and the surface selection rule, the spectra for the (1 1 0)
and (1 0 0) faces have been rationalized in terms of (bi)sulfate bonding to these surfaces through either one
or two oxygen atoms. These results in a reduced adsorption strength relative to Pt(1 1 1), and consequently
a (bi)sulfate anion interacts more weakly with (1 0 0) and (1 1 0) surfaces than with (1 1 1). No ordered
structures of (bi)sulfate anions nor quantitative measurements of coverage have been reported for the
(1 0 0) or (1 1 0) surfaces.
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4.4.2. Halide adsorption

The interaction of halogen ions with Pt(h k l) surfaces has been studied extensively at the solid–electrolyte
interface, perhaps even more so than at the vacuum interface. The modern in situ structural probes of STM
and SXS have played a significant role in understanding halide ion adsorption on Pt and other noble metal
surfaces. It is now well-established that the adsorption strength increases in the order Fad � Clad � Brad � Iad

for all three low-index surfaces. What we will emphasize in this review is the importance of the surface
geometry in the Pt–halide energetics, and thus in the ordering of the adlayers.

(a) Pt(h k l)ˆchloride system. In early work, the potential dependence of chloride adsorption (denoted
hereafter as Clad) on platinum single-crystal surfaces was investigated by the combination of cyclic
voltammetry and ex situ UHV surface analytical tools such as AES and LEED [135]. On Pt(1 1 1) and
Pt(1 0 0), Clad was clearly seen in the AES spectra of the emerged electrodes from electrolytes containing
Cl� anions. Adsorption of Cl� was found to proceed in two stages, one coupled to Hupd desorption, and a
second stage of adsorption at more positive potential, which is probably concurrent with OHad formation.
The AES “isotherms” clearly showed that the onset of adsorption starts at a more negative potential on
Pt(1 0 0), and that Clad coverage increases with increasing potential more dramatically on the (1 0 0) sur-
face than on Pt(1 1 1). These two observations were rationalized by both the more negative PZC of the
Pt(1 0 0) surface, and the stronger chemical interaction of Clad with (1 0 0) surface geometry then with
(1 1 1) sites [135]. Ex situ AES still left one uncertain as to the true coverages at the surface in electrolyte,
due to the potentially drastic disturbance of the adlayer by emersion and dehydration in UHV.

Recently, much more reliable measures of �Cl versus. E for the Pt(1 1 1)–solution interface were
obtained by in situ SXS [142]. Although no ordered in-plane structures were found over the entire poten-
tial region where completely discharged Clad (the electrosorption valency, g� 1) is present on the surface,
information about the PtˆClad bond lengths and chloride coverages were obtained from analysis of CTR
intensities. At 0.7 V, �Cl � 0.6 ML (1 ML � 1 Clad/Pt) and PtˆCl ion-core separation (�PtˆCl) of 2.4 Å.
These parameters are consistent with the presence of covalently bonded hexagonal closed-packed Clad
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adlayer with an interatomic CladˆClad distance of 3.58 Å. At 0.25 V, the coverage decrease to 0.4 ML, and
�PtˆCl increase slightly to 2.5 Å. The CladˆClad distance increases to 4.39 Å.

Using the purely electrochemical Gibbs excess analytical method, Li and Lipkowski [143] reported the
potential dependence of surface coverage by Clad on Pt(1 1 1) and the PtˆClad bond energy. Fig. 15 shows
that the ��G versus E plots have a number of inflection points, indicating that the character of Clad

adsorption changes with the electrode potential. The maximum surface concentration of Clad amounts to
about 6.5 �1014 ions/cm2, which corresponds to 0.43 ML. The Gibbs free energies of adsorption were also
determined in this study, and are plotted against the electrode potential in Fig. 15. The maximum value is
ca. 173 kJ/mol. Interestingly, the most weakly bound form of Clad has an adsorption free energy,
142 kJ/mol, that is comparable to the OHad adsorption energy, 136 kJ/mol. This explains why OHad and
Clad compete for the Pt surface at potentials near (and positive to) the PZC. The competition between Clad

and OHad may frustrate the formation of an ordered Clad overlayer, at least with reasonably wide domains
that are required for detection by SXS. The potential dependence of the relative coverages of OHad and
Clad at potentials away from the PZC depend on the polarizability of the respective bonds, i.e. how the
bond responds to the surface electron density. At sufficiently positive potentials (electron deficient), Clad

is displaced from the electrode surface by OHad. At more negative potentials (electron excess) OHad is dis-
placed first by Clad and then by Hupd.

(b) Pt(h k l)ˆbromide. The first studies of bromide adsorption on Pt(1 1 1) by ex situ LEED/AES 
emersion experiments were reported by the Hubbard group [69,144]. They observed (3 � 3) and (4 � 4) 
bromide overlayers depending on potential of emersion, the latter having a surface coverage from AES
analysis of 0.44 ML. The (3 � 3) coincidence lattice has four Br atoms in the unit cell. The same (3 � 3)
Brad structure was attained in UHV by dosing with either HBr or Br2. In a more recent ex situ STM study,
Bittner et al. [100] prepared Brad adlayers on low-index platinum single crystals by flame-annealing and
subsequent quenching in bromine vapor, an extension of the “iodine method” developed by Wieckowski
et al. [74]. They assigned the STM image on Pt(1 1 1) attained in air to a (4 � 4) bromide overlayer, but no
in situ STM measurements were reported. The first in situ measurements of bromide adsorption on
Pt(1 1 1) were reported by Lucas et al. [83,142] using SXS measurements. In their report the authors
showed that an incommensurate hexagonal bromide adlayer (�Br � 0.44 ML) is present on the Pt(1 1 1)
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surface in the potential range 0.05–0.65 V. In contrast, between 0.3 and 0.8 V the commensurate Pt(1 1 1)-
(3 � 3) Brad adlayer was later found by Wang et al. [145] also using SXS. In repeating the SXS measure-
ments, Lucas et al. [142] concluded that Brad forms a series of high-order commensurate structures on
Pt(1 1 1) that are poorly ordered unless the size of the unit cell is small. Typical scans along (h 0 0.1)
through the first-order diffraction peak from the hexagonal bromide overlayer at different electrode poten-
tials is shown in Fig. 16b. At 0.2 V, there is a very strong peak due to the (3 � 3) bromide adlayer located
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exactly at the commensurate (3 � 3) position (domain size, D � 100 Å) and an additional peak at slightly
higher wave vector (h � 0.68). Upon stepping to higher potentials, the weak peak gradually emerged at
h � 0.715 and at 0.65 V the unit cell is a (7 � 7) structure with a 7:5 ratio of the Br and Pt lattice param-
eters (�Br � 0.51 ML).

The surface normal structure of the bromide adlayer on Pt(1 1 1) was ascertained from the CTR mea-
surements. These measurements are sensitive to the surface normal electron density profile of the electrode
surface and to adsorbates, even if the adsorbate structure is incommensurate with the underlying lattice
[79,80]. The parameters describing the Brad adlayer gave at 0.2 V �Br � 0.43 ML and �PtˆBr � 2.85 Å,
and at 0.7 V �Br � 0.48 ML and �PtˆBr � 2.61 Å. The PtˆBrad layer spacing (�2.7 Å) is consistent with
Br being covalently bonded to Pt [142]. It was proposed that the interaction between Pt and Brad should be
strong enough to minimize a competitive adsorption with OHad [142], but weak enough to maximize the
mobility of the Brad layer, which is required for the ordering at the Pt(1 1 1) surface.

Quantitative measurements of the coverage by Brad on Pt(h k l) surfaces were obtained by purely elec-
trochemical methods, as described in details in [142]. Briefly, by utilizing the so-called ring shielding
properties of the rotating ring disk electrode (RRDE) [147,148], the authors were able to determine the
potential-dependent surface coverage by bromide and its electrosorption valence (�) on both Pt(1 1 1) and
Pt(1 0 0) surfaces [146]. The electrosorption valence is a measure of the degree of discharge of the ion
upon adsorption, i.e. � � 1 for a univalent ion corresponds to complete discharge. The resulting �Br ver-
sus. E is shown in Fig. 16a. As evident from the shape of curve, the adsorption of Br (gBr � 1) is also two-
step process, the first being a displacement of the Hupd state in a narrow interval of potential, the second a
continuous compression until the close-packed adlayer with maximum surface coverage of 0.44 Br/Pt is
reached at �0.6 V. In a completely different kind of electrochemical determination, the so-called charge
displacements experiments, the coverage reported (only the maximum value is obtained) was very similar,
ca. 0.46 Br/Pt [149]. Putting the purely electrochemical measurements of coverage with the structures
observed by SXS, a reasonable physical picture of adsorption emerges. With increasing potential, Brad

coverage increases incrementally producing disordered or incommensurate adlattices except at “magic
coverages”, where a commensurate adlattice is obtained.

The surface structures and potential-dependent coverages for Brad on Pt(1 0 0) were obtained from the
combination of the RRDE (Fig. 17) and SXS measurements [150]. Inset of Fig. 17 shows the �Br versus
E curve for Pt(1 0 0) deduced from the ring-shielding experiments. It is interesting to note that a small
amount of bromide (�0.01 ML � 5%) is still on the surface even at the hydrogen evolution potential,
which contrasts sharply the Pt(1 1 1) surface, where the desorption of bromide was completed at �0.1 V
more positive potential. This difference may be attributed to the difference in work function (i.e. the poten-
tial of the zero charge) between the (1 0 0) and (1 1 1) surfaces, with the absolute value of the work func-
tion of Pt(1 0 0) being lower than that for Pt(1 1 1). In contrast to Br� adsorption onto Pt(1 1 1), no in-plane
diffraction features were found at any potential for the Pt(1 0 0)ˆBrad system [150]. The absence of bro-
mide structures with long-range order on the Pt(1 0 0) surface is in agreement with the STM results of
Bittner et al. [151]. Information about the surface normal structure and local bonding sites for Brad was
obtained from analyses of the specular and non-specular CTRs [150]. Using the coverages measured in the
RRDE experiments, it was proposed that the observed intensity changes at various “anti-Bragg” positions
on the CTRs as a function of electrode potential may correspond to presence of a mixture of c(2 � 2) and
c(�

–
2 � 2�

–
2) R45° adlattices, noting that the c(�

–
2 � 5�

–
2) R45°adlattice was observed in vacuum depo-

sition studies of Br2/HBr on Pt(1 0 0) [69]. More quantitative information was obtained from modeling the
l-dependence of the CTRs, which included relaxation and disorder of the topmost Pt layer. The best-fit to
the CTR data gave an average PtˆBrad vertical separation of ca. 1.9 Å, indicating that the PtˆBrad bond
is covalent in nature, and the bond is considerably stronger than the Pt(1 1 1)ˆBrad bond [150]. Very strong
bonding on the more corrugated (1 0 0) surface may result in a low mobility of Brad and may frustrate 
long-range ordering.
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(c) Pt(h k l)–Iad system. The Pt(h k l)ˆIad system will be discussed only briefly where a comparison is
being made to the other halides, or a general conclusion about halide adsorption is being drawn or
extended. LEED studies in UHV revealed the presence of three adsorbed structures of iodine on Pt(1 1 1),
depending on the method of preparation and the iodine coverage. Dosing of Pt(1 1 1) with iodine in UHV
lead to formation of two structures: the (��3 � ��3) R30°with the coverage of 1/3, and (��7 � ��7) R19.1°
(hereafter termed the ��7) with a coverage of 0.43 [69]. Adsorption of iodine from KI solution also lead
to the ex situ observation of the ��7 phase and, in addition, a (3 � 3) structure with a slightly higher cov-
erage (0.44 ML). A STM study of Pt(1 1 1)ˆIad in air also showed the presence of both the (3 � 3) and ���7
phases. The proposed ��7 structure is an hexagonal lattice with an IadˆIad distance of 4.24 Å, with two
atoms adsorbed in three-fold hollow steps and one atom at an atop site. The proposed (3 � 3) structure has
two slightly different packing arrangements, either with three of the atoms at bridge sites and one atop site,
or four atoms in asymmetric position close to atop sites [152–154]. Direct evidence of the true Pt(1 1 1)ˆIad

structures in situ was obtained from SXS measurements [142]. Two close-packed commensurate 
structures were observed, a ��7 phase and a (3 � 3) phase that has slightly higher coverage and is formed
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(c) Integrated charges on the disk electrode, Qd, and the ring electrode, Qr/N. The latter value corresponds to
the potential dependent surface coverage by bromide, e.g. �Br � Qr/N � 240 �C cm2 [150]
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at the positive potentials. The strong PtˆIad interaction results in a complete suppression of OHad

co-adsorption, and a low adatom mobility that leads to overly slow kinetics of ordering for both structures.
The �

–
7 phase shows a hysteric effect as a function of the electrode potential (Fig. 18), associated with an

order–disorder transition [142]. In contrast, the diffraction peaks from (3 � 3) phase indicate the structure
is present on the surface at all potentials, (see Fig. 18). More details about the effects of the electrode his-
tory on the potential stability of these two structure can be found in [142].

4.4.3. Summary of anion adsorption on Pt(h k l)

As evident from the above discussion, the differences between the different anion structures are a conse-
quence of two fundamental properties: the strength of interaction, which on all low-index surfaces
increases in the sequence ClO4

� � HSO4
� � Cl� � Br� � I�; the symmetry of the anions and the geom-

etry of surface, e.g. for tetrahedral (bi)sulfate anions the strength of interaction increases from
Pt(1 0 0) � Pt(1 1 0) to Pt(1 1 1), while the spherical halides anions are more strongly adsorbed on (1 0 0)
than on (1 1 1) sites. In the following sections we will show how these fundamental properties of the
Ptˆanion interaction effect the kinetics of the electrocatalytic reactions in different supporting electrolytes.

4.5. Surface structures of UPD and irreversibly adsorbed metals on Pt(h k l) surfaces

Until recently, UHV prepared surfaces had an enormous advantage over the surfaces prepared by electrode-
position methods, because a UHV system equipped with modern surface sensitive techniques provided a
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microscopic structural information in a relatively direct fashion. Recently, however, the emergence of sur-
face characterization techniques like SXS and STM/AFM operating under electrochemical conditions
have allowed electrodeposition method to become equally important in the synthesis of model bimetallic
structures. In this section, we will focus on bimetallic platinum single crystal surfaces which are created
by three different solution phase-methods: underpotential deposition (UPD), irreversible adsorption, and
electrodeposition. Recall that in Section 3, we discussed model bimetallic systems fabricated by conven-
tional metallurgy.

The UPD of a metal is defined as the reversible deposition of a metal onto a dissimilar metal substrate at a
potential that is anodic of the Nernst potential for bulk deposition [155,156]. The deposited adatoms form
stable bimetallic surfaces only in the presence of the corresponding soluble cations. In this way, numerous
metals have been deposited under a very broad range of conditions. For the purpose of this review, only
the UPD of Cu and Pb on platinum surfaces will be summarized, with emphasis on the observed structure
of the adatoms. Contrary to the UPD process, some metals spontaneously and irreversibly adsorb onto the
substrate surface, with the resulting adlayer being stable in environments lacking the corresponding
cation. For example Bi [157], As [158,159], Sb [160,161] and Se [162] exhibit such behavior on Pt single
crystals. Of these, Bi-modified platinum electrodes have been the most widely explored, so this system
will be described in more detail. Ultrathin metal films, e.g. 1–4 ML, can be prepared electrochemically
simply by deposition of the metals close to the Nernst potential [163–168]. As for the irreversible adsorp-
tion, for some metals these films are stable in solutions free of corresponding cation. Results for pseudo-
morphic Pd films on Pt(h k l) surfaces will be summarized as a model ultrathin metal film system.

4.5.1. Cu UPD

The UPD of Cu on platinum single crystals in different acidic electrolytes occupies a special position in
modern interfacial electrochemistry. However, the electrocatalytic properties of Pt(h k l) surfaces modified
by Cuupd are generally very poor, particularly with respect to fuel cell reactions, i.e. Cu2	 in solution is
actually a strongly poisoning species in a fuel cell. The thrust of this relatively short subsection on Pt(h k l)
surfaces modified by Cuupd will be to understand why this is so.

The interpretation of processes associated with the formation of the Cu monolayer on Pt(1 1 1), and the
nature of the Pt(1 1 1)ˆCu structure, have been the subject of considerable controversy. Overviews with
some different perspectives can be find in [169–178]. The RRDE method [147,179] was successfully
applied to investigate the kinetics of Cu2	 deposition and to determine the potential dependent surface
coverage by Cuupd (�Cu(upd)). The fact that the ring current in Fig. 19 mirrors the voltammogram recorded
on the disk is a proof that both UPD peaks are related to the deposition of Cu on Pt(1 1 1). The inset of 
Fig. 19 shows that a near saturation coverage of �0.88 ML (420 �C/cm2) is reached just before the multi-
layer deposition starts, e.g. complete monolayer does not form and 3D deposition begins (�0 V in Fig. 18)
before the Pt surface is completely covered [173]. Note that 1 ML would correspond to one fully dis-
charged Cu adatom (�Cu � 2 [173]) per Pt atom, ca. 480 �C/cm2. Structural details pertaining to Cu UPD
on single crystal electrodes have emerged from a combination of classical electrochemical methods with
both ex situ [170,172] and in situ [174,180] surface structural probes. These measurements have demon-
strated that Cu UPD on platinum single crystals is a multi-stage process which, irrespective of the orien-
tation of surface and/or the nature of specifically adsorbing anions, is governed by a complex interplay of
CuupdˆPt, Cuupdˆanion, and the Ptˆanion energetics. The structure of the adlayer depends strongly on the
anion in the supporting electrolyte. In perchloric acid, the UPD layer on Pt(1 1 1) grows as progressively
larger patches of Cu having the Pt lattice constant, i.e. pseudomorphic adlayer [172]. From the electro-
catalysis standpoint, the CuupdˆClO4

� system is potentially the most interesting, because a true bimetallic
surface exists, where both Pt and Cu atoms can do catalysis. In either sulfuric or the halide acids, a multi-
step deposition occurs with the formation of ordered anion adlattices. A representation of possible
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Pt(1 1 1)ˆCuupdˆanion and Pt(1 0 0)ˆCuupdˆanion structural models as a function of Cuupd coverage is
shown in Fig. 20. This model is very similar to previously proposed models for Cu UPD on Pt(1 1 1) [174]
and Au(1 1 1) [181], and is based on an enhanced adsorption of halide and other anions on Cuupd-modified
Pt sites. Clearly, Cuupd is either sandwiched between the Pt surface and anions or is in contact with anions
adsorbed on the adjacent Pt sites [176]. States 1a and b show a close-packed bisulfate/halide layer which
is present on the Pt(1 1 1) and Pt(1 0 0) surfaces at potentials positive of Cu UPD. States 2a and b refer to
the initial deposition of Cuupd on Pt(1 1 1) and Pt(1 0 0) surfaces where the Cu2	 ion is only partially dis-
charged. At higher surface coverages by Cuupd (0.5 � �Cu � 1), anions are either entirely displaced from
the surface by Cuupd (State 3a) or Cuupd and anions form two-layer structures in which anions are adsorbed
on both Pt as well as Cuupd sites (State 3b in Fig. 20). Note State 3a is representative of an ordered (4 � 4)
ClupdˆClad (Brad) bilayer structure, which is formed in between the Cu UPD peaks in the cyclic voltam-
metry (Fig. 19), each with a coverage of 0.585 ML [180]. The same structure is observed by LEED [182].
The final step in Cu UPD is the filling-in of the Cuupd monolayer to form a bilayer phase: i.e. 
a pseudomorphic (1 � 1) Cuupd monolayer with either a disordered anion adlayer on the top of
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Pt(1 1 1)ˆCuupd [180,183], State 4a, or an ordered c(2 � 2) bilayer CuupdˆClad (Brad) structure on the
Pt(1 0 0) surface [172], State 4b. The c(2 � 2) structure consists of an ordered Br lattice which is formed
on the top of a pseudomorphic Cu layer. The bilayer structures in Cl� and Br� are similar in nature, both
being like the (1 1 1) planes in the respective Cu(I)Cl(Br) crystals, which apart from the differences in
atomic radii have the identical zinc blende structure. Since Cu UPD in the two halide solutions proceeds
via the same intermediate phase, the same physical model applies to both anions, with the differences
between the anions accommodated within the same model. In sulfuric acid solution, however, the same
state on Pt(1 1 1) is representative of the formation of the honeycomb (��3 � ��3) R30° CuupdˆHSO4

structure [183] that consists of both 0.22 ML bisulfate anions and 0.66 ML of Cuupd in the unit cell. 
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The same structure was proposed for the Au(1 1 1)ˆsulfate system [184,185]. The formation of State 2
occurs over a very narrow region of potential. As will be shown in Section 5, the existence of bare platinum
sites in the State 2 ( Fig. 20) is essential for the adsorption of O2 and H2 molecules, and this first-stage for-
mation plays the key role in the activity of the PtˆCuupd interface for the ORR and the HOR.

4.5.2. Pb UPD

As for the Pt(h k l)ˆCuupd system, most of the early structural details pertaining to Pb UPD on single crys-
tal platinum electrodes have derived from ex situ UHV analysis of emersed surfaces, e.g. by LEED/AES
[186–188], XPS [189], and TDS [190]. The recent advances of in situ STM and SXS, in combination with
the RRDE method, have provided important new insight into the structural properties of the Pbupd adlayer
formed on platinum single crystal surfaces. As demonstrated below, the processes associated with the for-
mation of Pbupd layer at the Pt(1 1 1) and Pt(1 0 0) single crystal surfaces are much better understood, and
earlier rather controversial discussions merge into a consistent picture.

For the Pt(1 1 1) surface, the study by El Omar and Durant [191] demonstrated that the Pb UPD on
Pt(1 1 1) in 0.1 M HClO4 proceeds as a step-wise process, with four clearly resolved reversible peaks, 
Fig. 21a. While three of them A2ˆC2, A4ˆC4, A5ˆC5 exhibited a positive shift with an increase of Pb2	

concentration, the position of the A3ˆC3 couple was found to be independent of the concentration of
Pb2	, but strongly dependent on the pH of solution and/or on the presence of strongly adsorbed anion,
such as Cl� [191]. Closely following the El Omar and Durand work, Clavilier et al. [192] suggested that
the A3–C3 couple is a surface process associated with a redox reaction between the irreversibly adsorbed
lead and OH species. The possible interaction of Pbupd with anionic species, such as Oad or OHad was first
discussed by Borup et al. [189] and subsequently by Adzic et al. [193]. The experimental SXS and STM
work by later authors showed that a total coverage of Pbupd, inferred from the rectangular (3 � �

–
3) cell, is

�Pb(upd) � 2/3. The real space model for the (3 � �
–
3) structure is depicted in Fig. 21b. The �Pb(upd) cov-

erage calculated from this structure is slightly higher than the coverage of 0.63 ML predicted for an hexag-
onal closed-packed Pbupd monolayer with a nearest-neighbor spacing equal to the PbˆPb bulk spacing of
3.5 Å. The observed Pbupd layer is uniaxially compressed relative to the hcp monolayer. The CTR model-
ing yielded a PtˆPbupd layer spacing of 2.34 Å and a ca. �Pb(upd) � 0.65 ML. This coverage is in good
agreement with the coverage calculated from the ordered structure, but is considerably different from the
coverage calculated from the total charge under the voltammetry curve (�Pb(upd) � 0.48 ML) [193]. This
apparent discrepancy was resolved by using ion-specific current (ISC) measurements with an RRDE
[194]. The total amount of Pb deposited by integration of the Pb2	 flux was 0.62 � 5%. The electrosorp-
tion valence of Pbupd is � gPb � 2, implying that two electrons per Pbupd adatom are exchanged through
the interface. A close inspection of Fig. 22 indicates that there is another process (�0.2 � E � 0.5 V) in
addition to Pb2	 deposition that occurs in the UPD potential region. The difference in charge between Pb
deposition (ISC) and the total disk charge (TDC) (ca. 100 C/cm2) was assigned to the induced adsorption
of OHad onto Pt atoms adjacent to the Pbupd adatoms. This is an important phenomenon, and will be used
later as an argument to explain the surface processes at the Pt(h k l)ˆBiir interface. The two small peaks
observed at lower potentials are associated with completion of the Pbupd adlayer to form the ordered
(3 � �

–
3) close-packed structure [194].

The UPD of Pb on Pt(1 0 0) has been less studied than on the Pt(1 1 1) surface. Most of the earlier stud-
ies have focused on ex situ LEED and Auger analysis. Using ex situ LEED to study the UPD of Pb onto
Pt(1 0 0) in 0.1 M HClO4, Aberdam et al. [188] reported a c(2 � 2) superstructure of Pbupd with some dif-
fuse background. In SXS/STM studies by Adzic et al. [193], a c(2 � 2) superstructure of Pbupd the authors
has not been found in in situ experiments. The authors suggested that with loss of potential control in ex
situ experiments, evaporation of water and/or cations can effect ordering of Pb adatoms on the Pt(1 0 0)
substrate. The most recent SXS studies [195], however, confirmed the existence of an ordered surface
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structure with a c(2 � 2) unit cell in the potential range 0.15 V � E � 0.35 V, Fig. 23. The total amount of
Pb deposited underpotentially in 0.1 M HClO4 is �0.62 � 5% ML (1 ML equals 1 Pb atom per Pt surface
atom), nearly equivalent to a close-packed monolayer of fully discharged Pb adatoms, e.g. 0.63 ML.

4.5.3. Irreversibly adsorbed Bi

Clavilier et al. [157] provided the first evidence that Bi can be irreversibly adsorbed (hereafter denoted as
Biir) on Pt single crystal surfaces. Since then, a number of groups have studied the surface chemistry of the
Biir adlayer, e.g. [160–162,192,196–207]. Key questions addressed in these studies are: (a) the correlation
between the charge under sharp peaks in the cyclic voltammetry of Pt(1 1 1) and Pt(1 0 0), (Fig. 24a and
Fig. 25a), and the surface coverage by Biir; (b) the valence state of Biir before and after the processes that
are creating the pseudo-capacitive peaks. In the following, a selective overview of the surface chemistry at
the Pt(1 1 1)ˆBiir and Pt(1 0 0)ˆBiir interfaces is presented with the emphasis on results which lead to a
determination of the nature of processes under the sharp peaks.

Many groups [197,199,203,208] have followed the original proposition of Clavilier et al. [157] that the
pseudo-capacitance at 0.68 V on Pt(1 1 1) and at 0.8 V at Pt(1 0 0) is related to a Bi2	/Bi0 surface redox
reaction. In recent independent ex situ XPS studies by Hayden et al. [201] (Pt(1 1 0)ˆBiir), Hamm et al.
[202] and Schmidt et al. [205] it was found that irrespective of the emersion potential, the irreversibly
adsorbed Bi on Pt(1 1 1) does not change its valence state, most notably it remains in a zero valent 
state over the entire potential range. In Fig. 24, the XPS Bi(4f) core level spectra of Pt(1 1 1)ˆBiir are
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illustrated for emersion potentials of 0.06 and 0.8 V. Consequently, the charge under the sharp peaks in
Fig. 24 is not due to a Bi0/Bi2	 surface redox reaction, and the Biir coverage cannot be determined simply
from the charge under the peak, as Clavilier et al. previously proposed. More recently, the Bi surface cov-
erage was determined in situ from the CTR measurements in an SXS study of the Pt(1 1 1)ˆBiir and
Pt(1 0 0)ˆBiir interfaces [209]. For Pt(1 1 1)ˆBiir, the best-fit of a structural model was obtained for a
coverage of �Biir

� 0.34 � 0.01 ML, in agreement with the (��3 � 3) R30° ex situ LEED structure
reported by Hamm et al. [202]. The fact that the surface appears to saturate at a coverage of �1/3 ML is
probably due the large size of the Bi atom, and repulsive forces between the Biir atoms, as already
observed in UHV studies for vapor deposited Bi on Pt(1 1 1) [210,211]. The PtˆBiir spacing was found to
be 2.41 Å, indicating that Biir is primarily occupying Pt three-fold hollow sites [210,211]. In contrast to 
ex situ measurements, however, no diffraction features due to an ordered Bi adlayer could be detected in
SXS measurements. This discrepancy is possibly explained by the inability of SXS to detect patch-wise
structures, i.e. the domain sizes of the (��3 � ��3) R30° may be too small to be detected by SXS. 

Surface science studies of model fuel cell electrocatalysts 315

Pt (1 0 0)
Pt (1 0 0)—Biir

i (
m

A
/c

m
�

2 )
0.0

(a)

In
te

ns
ity

 (
a.

u.
)

In
te

ns
ity

 (
a.

u.
)

(b)

(c)

(d)

(1, 1, 0.4)

(0, 1, 0.4)

(0, 1, 0.4)

6.2

6.0

5.8

2.0

0.0 0.2

E (VRHE)

0.4 0.6 0.8

�4 �2

1.0
�u (degrees)

0 2 4

1.8

1.6

1.4

c (2 � 2)-2Bi
�0.2

�0.4

0.2 0.1 M HCIO4, 50 m V/s

Fig. 25. (a) Base voltammetry of Pt(1 0 0) (dashed line) and Pt(1 0 0)ˆBiir (�Biir � 0.5 ML, solid line) in 0.1 M
HClO4 (50 mV/s). (b) Potential dependence of the X-ray intensity at the (1, 1, 0.4) reciprocal space position. 
(c) Potential dependence of the X-ray intensity at the (0, 1, 0.4) reciprocal space position. (d) Rocking scan
through (0.1, 0.4) lattice point, which gives rise to a c(2 � 2) Biir structure (circles) and fit to Lorentzian 
lineshape (solid line) [351]

I044696-Ch16.qxd  11/21/05  11:28 AM  Page 315



For Pt(1 0 0)ˆBiir, in the cyclic voltammetry oxide formation/reduction at E � ca. 0.8 V. An asymmetrical
peak of 0.8 V is observed, which in comparison to Pt(1 1 1)ˆBiir is characterized by a significant kinetic
irreversibility (�E � 0.05 V). The area under the peak centered at ca. 0.9 V amounts to ca. 200 �C/cm2.
The structure of Bi on the Pt(1 0 0)-(1 � 1) surface was studied with ex situ LEED/XPS by Kizhakevariam
and Stuve [212]. The saturation coverage was found to be 0.5 ML with a c(2 � 2) LEED pattern. In a
recent in situ SXS study, the best-fit of a structural model the CTR measurements was obtained for the
coverage of �Biir � 0.5 � 0.01 ML. Interestingly, a c(2 � 2) X-ray diffraction pattern was also observed
in-plane, in complete agreement with the ex situ LEED observation, (Fig. 25). The potential stability of
the structure was exceptionally wide, e.g. 0 � E � 1.0 V. In the UHV study [212], the authors concluded
that (“strangely”) Bi is not hydrated by co-adsorbed H2O. This was the first indication that the surface
processes under the sharp peaks may not be associated with the Biir/Biir(OH)2 surface redox processes as
originally proposed by Clavilier et al. [157]. In a very recent work by Schmidt et al. [205], as seen in the
Pt(h k l)ˆPbupd systems just discussed, the surface processes under the sharp and reversible peaks were
ascribed to enhanced adsorption of oxygenated species on Pt sites adjacent to Biir.

4.6. Surface structure of thin metal films

The last decade has witnessed a tremendous growth in our understanding of chemical and electronic prop-
erties of thin metal films supported on foreign metal substrates. Modern molecular (atomic) surface 
characterization techniques operating under UHV conditions have revealed that variations in interfacial
bonding and energetic constraints produced between monolayer metal films and their substrates provides
a means for modifying the chemical properties of surfaces [213–216]. While many different metals have
been studied as monolayer films in UHV, in electrochemical studies only thin metal films of Pd have
received significant attention. A so-called “forced-deposition” chemical method in addition to purely 
electrochemical methods were developed for creating well-ordered thin metal films of Pd on Au(h k l) 
and Pt(h k l) [163–168]. The morphology of these overlayers was recently examined by in situ STM 
for Au(h k l)ˆPd films [217,218] and by SXS for Pt(1 1 1)ˆPd films [167,168]. The latter studies 
confirm the expectation that Pd can be deposited on Pt(h k l) from solution as uniform epitaxial metallic
layers having the Pt lattice constant, i.e. pseudomorphic growth. Since the latter study is also the most
detailed study of the structure of a monolayer Pd film deposited electrochemically, we shall focus on those
results here.

Figure 26 (open triangles) shows the (1 0 l) and (0 1 l) CTRs for 1 ML of Pd deposited on Pt(1 1 1) with the
electrode potential held at 0.05 V in 0.05 M H2SO4 (where nominally a monolayer of Hupd, is expected to
be adsorbed). The calculated reflectivity from an ideally terminated Pt(1 1 1) surface is shown by the
dashed curves. This is typically what is measured for the clean Pt(1 1 1) surface in sulfuric acid electrolyte
[87, 118]. The data in Fig. 26, however, differ significantly from the clean Pt model calculations, espe-
cially at the “anti-Bragg” positions midway between the bulk Bragg reflections. At this position the scat-
tering from the bulk of the Pt crystal is effectively cancelled and the scattered intensity is due to the
topmost Pt atomic layer and any adsorbed species. The decrease in the intensity relative to the clean Pt sur-
face, therefore, results from the destructive interference between X-rays reflected from the Pd layer and
the topmost Pt layer. The solid line in Fig. 26 is a calculated best-fit to the data using a structural model in
which the Pd coverage (�Pd), PtˆPd distance (dPtˆPd), relaxation of the PtˆPd surface (�d12), and rough-
ness parameters (�Pt, �Pd) were varied. The best-fit was obtained for Pd adsorbed into the Pt three-fold 
hollow sites, i.e. effectively continuing the ABC stacking of the substrate, with a coverage of
�Pd � 1.0 � 0.1 ML, dPtˆPd � 2.32 Å, expansion of the Pt lattice �d23 � 0.03 � 0.02 Å, �Pt � 0.08 Å,
�Pd � 0.11 Å. Because the inclusion of a second Pd layer did not improve the fit to the data it was con-
cluded that as-deposited Pd forms a pseudomorphic monolayer on the Pt(1 1 1) electrode.
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The voltammetric behavior of the Pt(1 1 1)ˆPd electrode at 298 K in 0.05 M H2SO4 is shown as a solid
curve in Fig. 27. For comparison, the base voltammetry of Pt(1 1 1) obtained under the same experimental
conditions is shown as a dashed curve. Fig. 27 also shows that at the Pt(1 1 1)ˆPd surface the processes
of hydrogen adsorption/desorption and bisulfate desorption/adsorption emerge into a single very sharp
peak around 0.21 V. The collapse of the Hupd peak and the “butterfly” feature into a single sharp peak
implies a strong interaction of bisulfate anions with the Pt(1 1 1)ˆPd surface. The difference between the
total charge in the Hupd potential region (�330 �C/cm2) and the charge deduced for anion adsorption (ca.
80 �C/cm2) equals �240 �C/cm2, implying the Pt(1 1 1)ˆPd surface is covered by 1 ML of Hupd [167,
219]. In the same potential region the maximum charge associated with Hupd on Pt(1 1 1) is, however, only
160 �C/cm2 (0.66 ML). This suggests that the Hupd binding energy on the pseudomorphic Pd layer is
higher than on Pt(1 1 1) possibly because the lateral repulsion between Hupd is reduced relative to the
Pt(1 1 1)ˆHupd system [113]. As will be demonstrated in Section 5.1, this change in the energetics of Hupd

plays a dominant role in the kinetics of the HER/HOR on Pt(1 1 1)ˆPd.

5. ELECTROCATALYSIS AT WELL-DEFINED SURFACES

The term electrocatalysis was coined by Kobosev and Monblanova [220] at the beginning of 1930s.
However, it has been only in the last 30 years or so that this terminology is commonly employed to
describe the study of electrode processes where charge-transfer reactions have a strong dependence on the
nature of the electrode material [221,222]. Not surprisingly, virtually every electrochemical reaction,
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where chemical bonds are broken or formed is electrocatalytic, and the kinetics vary by many orders of
magnitude for different electrode materials. This is true even for the simplest electrochemical reaction
where chemical bonds are broken, the hydrogen evolution/oxidation reaction (HER/HOR) and for the
more complex reactions such as the oxygen reduction reaction (ORR), and certainly, for bimolecular 
reactions such as the oxidation of carbon monoxide. While largely different in nature, the kinetics of elec-
trochemical reactions involving either inorganic or organic compounds is governed by the same electro-
catalytic law: while the reaction rate passes through a maximum for metals adsorbing reaction
intermediates moderately, the kinetics is very slow on metals which adsorb intermediates either strongly
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or weakly, i.e. the Sabatier principle. The establishment of more quantitative relationships between the
energetics of intermediates and the rate of electrochemical reaction is somewhat difficult owing in part to
the absence of directly measured values for the surface-intermediate bond energy, and in part to the fact
that an electrocatalytic reaction occurs on an electrode surface modified by adsorption of “spectator”
species rather than on pure metal surfaces. Therefore, for the future development of electrocatalysis as a
science, it is essential that these difficulties/complexities be overcome in order to progressively link the
atomic/molecular-level properties of the electrochemical interface to the macroscopic kinetic process.

The aim of this section is to summarize recent developments in electrocatalysis on well-defined pure Pt
and Pt bimetallic surfaces whose structure and surface chemistry was described in previous sections. The
preponderance of electrocatalytic reactions studied on these surfaces are those related to development of
fuel cell technology viz the HER/HOR, the ORR, and CO oxidation, since there is no other energy tech-
nology whose development into a commercially useful device is so tight to electrocatalysis as is the fuel
cell technology. In what follows, the results selected primarily from the authors’ laboratory will illustrate
the remarkable insight into the effect of electrode structure on the kinetics of electrocatalytic reactions that
has been obtained by the study of Pt(h k l) surfaces. Furthermore, by focusing on the mechanism of action
in bimetallic electrocatalysis, we demonstrate that the ability to make a controlled and well-characterized
arrangement of the two elements in the electrode surface and even near-surface region presages a new era
of advances in our knowledge of electrocatalysis.

5.1. HER/HOR

The intrinsic kinetic rate of the hydrogen reaction, termed the exchange current density, i0, is defined as
the rate at which the reaction proceeds at the equilibrium (zero net current) potential. Attempts to corre-
late the exchange current density of the HER with the properties of the electrode substrate date back sev-
eral decades. A breakthrough with regards to the relationship between log i0 and physical properties of the
electrode substrates was achieved when Conway and Bockris demonstrated a linear relationship between
log i0 and the metal’s work function, �, and attributed this to the relation between � and the metal–hydrogen
interaction energy [223]. In the meantime, Parsons [224] and Gerischer [225] independently established
from the classical TS theory the relation between log i0 and the Gibbs energy of adsorbed hydrogen
(�G0

Had
). The general form of this relation possesses a “volcano” shape and appears to be valid for both

metals and non-metals [226,227]. The exchange current density for the HER varies by 5–6 orders of mag-
nitude depending on the electrode material [227]. Because the highest exchange current density is exhib-
ited by Pt, the major theme in the electrocatalysis of the hydrogen reaction has been to understand the rate
dependence on the atomic scale morphology of platinum single crystal surfaces. A number of reviews of
this topic that are more detailed than that given here have appeared recently, and should be consulted for
further information: these will be cited where appropriate.

5.1.1. Structure sensitivity on Pt(h k l) surfaces

Early kinetic studies of the HER/HOR were carried out either on polycrystalline platinum electrodes [228]
or on platinum single crystals that had poorly defined surface structures [229]. The first reports for the
HER on well-ordered Pt(h k l) found that the kinetics of the HER in acid solutions was insensitive to the
crystallography of the surface [230–232]. However, only recently, it was clearly demonstrated, first by
Marković et al. [113,233] and then by Conway and co-workers [234,235], that the HER/HOR on Pt(h k l)
is indeed a structure-sensitive reaction. The comparison of the polarization curves in Fig. 28 clearly show
that in both alkaline as well as acid solution the activity increases in the order (1 1 1) � (1 0 0) � (1 1 0). The
order of activity, derived from the Tafel relationships (Fig. 29), reported by Conway and co-workers is
slightly different from one shown in Fig. 28a, i.e. Pt(1 0 0) � Pt(1 1 1) � (5 5 1) � (1 1 0) [235]. In any
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case, regardless of this rather small disagreement, there is now reasonable consensus that the HER/HOR
are structure-sensitive processes. This is confirmed from the values of the apparent activation energy, dis-
cerned from the Arrhenius plots [113], which increase in the sequence 9.5 kJ/mol for Pt(1 1 0), 12 kJ/mol
for Pt(1 0 0) and 18 kJ/mol for Pt(1 1 1), (Fig. 30a). These differences in the activation energies with crys-
tal face were attributed to structure-sensitive heats of adsorption of the active intermediate, whose physi-
cal state is still uncertain. The authors have proposed that the mechanism of the hydrogen reaction is
controlled by the interaction between this unknown state and the well-known adsorbed state of hydrogen,
Hupd, whose adsorption energy is strongly structure-sensitive [126].
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The mechanism for the HOR on a platinum electrode in acid electrolytes [228,236,237] is usually
assumed to proceed by an initial adsorption of molecular hydrogen, which involves either dissociation of
H2 molecules into the atoms, (Eq. (12)), or dissociation into the ion and atom, (Eq. (13)), followed by fast
charge-transfer step, (Eq. (14)):

(12)

(13)

(14)H H ead ↔ 	 �	

H H H erds
ad2 →

	 �	 	

H H2
rds

ad→ 2
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i.e. historically referred to in some accounts as the Tafel–Volmer (steps (12) and (13)) and Volmer–
Heyrovsky (steps (13) and (14)) sequences, respectively. The reaction pathways of the HER/HOR in alka-
line solution are similar to those in acid solution except that hydrogen is discharged from H2O rather than
from hydronium ions (H3O

	). For the purpose of distinguishing the different possible states of adsorbed
hydrogen (Had), it is convenient to employ a thermodynamic notation, referring to the Hupd state as the (rel-
atively) strongly adsorbed state which forms on the surface at potentials positive of the Nernst potential,
and a more reactive intermediate, Hopd, a (relatively) weakly adsorbed state [113,233,238], which forms
close to or negative to the Nernst potential. Both Conway and co-workers [239] and ourselves have pro-
posed that the Hopd state is the reactive intermediate on Pt surfaces, although its physical state is uncertain.
The two groups do, however, have different perspectives on the role of Hupd in the reaction.

The authors have proposed [113,126,233] that in the vicinity of the Nernst potential, the Hupd state may
have two modes of action on the kinetics of the HER/HOR: Hupd and Hopd compete for the same sites; and
Hupd alters the adsorption energy of Hopd on the bare Pt sites adjacent to Hupd. This model may seem to con-
flict with the case of the Pt(1 1 0)-(1 � 2) surface, where the kinetic rate of the HER/HOR is the highest even
though the electrode is covered by 1 ML of Hupd. The key to resolving this seeming contradiction is in the
structure model for Hupd and Hopd depicted in Fig. 28. If the Hupd state is adsorbed only in the troughs of the
surface, the top sites are available for H2 adsorption and bond breaking/making to form Hopd. The kinetic
model that appears to rationalize the results for the HER/HOR on Pt(1 1 0) is one which follows application
of the ideal Langmuir adsorption isotherm for Hopd, and the ideal dual-site rate equation for the Tafel–Volmer
sequence [113]. The HER/HOR on Pt(1 0 0) also occurs on the surface which is “fully” covered by Hupd. On
the geometrically homogenous Pt(1 0 0) surface, if there is only one type of site for the adsorbed hydrogen,
then a (1 0 0) surface covered by 1 ML of Hupd should be completely inactive for the hydrogen reaction. The
implication is that unoccupied Pt sites, required for the formation of Hopd, can only be created if some amount
(unknown) of the Hupd adatoms sit in deeper potential wells on the surface, freeing some top-sites to serve as
adsorption centers for Hopd, and/or the active centers are defect sites. Although the number of these active sites
near 0 V is unknown, it appears that this number is very small and that the Pt(1 0 0) is active for the
HER/HOR due to very high turnover rate at these sites. On the basis of the kinetic analyses of the polariza-
tion curves in the vicinity of the Nernst potential, the single-site Heyrovsky–Volmer sequence was proposed
to be operative, with the ion-atom reaction step being the rds [1 1 3]. Finally, on the densely packed Pt(1 1 1)
surface Hupd is adsorbed on the surface (Section 4.3), having a strongly negative effect on the reaction rate of
the HER/HOR. As mentioned earlier, Hupd on Pt(1 1 1) may alter both the number of Pt-free sites (blocking
effect) and/or the interaction of Hopd with the surface (electronic effect). The relatively high activation energy
for the hydrogen reaction on Pt(1 1 1) implies a strong repulsive interaction between Hopd and Hupd, as found
for HupdˆHupd interaction itself, (Section 4.2.1). By analyzing the kinetic parameters for the HER/HOR
[113], however, the reaction mechanism cannot be resolved in a definitive way, as discussed in [113].

The HER/HOR was also found to be structure-sensitive in alkaline solution. In fact, the first indication
that the rate of the HER/HOR is structure-sensitive arise from the measurements in alkaline solution [233].
At relatively low temperature (273–298 K), the same order of the activity as in acid solution was observed,
(Fig. 28b). As for the acid solution, the ordering in the activity is mirrored by the apparent activation ener-
gies, which increase from 18 kJ/mol for Pt(1 1 0) to 36 kJ/mol for Pt(1 1 1) [240], Fig. 30b. However, the
activation energies in alkaline solution are doubled relative to the values obtained in acid solution, produc-
ing exchange current densities on all three surfaces that are dramatically lower in alkaline versus acid solu-
tion. A similar pH effect for the HER/HOR kinetics on polycrystalline Pt was reported some time ago by
Osetrova and Bagotsky [241]. The reason for this effect has never been adequately explained. Very recently,
Schmidt et al. [242] proposed in alkaline solution the kinetics of the HER/HOR even close to the Nernst
potential may be affected by OHad, since OHad appears to be present deep into the Hupd potential region, see
4.2 and 5.3. OHad may either block active sites required for the adsorption of H2 molecules and/or change
the energetics of the adsorbed states, e.g. change reactive Hopd into unreactive Hupd [240]. An obvious
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inhibiting effect of OHad on the HOR can be seen in the potential region, where OHad formation is clearly
resolved in the cyclic voltammetry, e.g. E � 0.4 V. As shown in Fig. 28b, the order of activity in the OHad

potential region, E � 0.6 V, increases in order Pt(1 0 0) � Pt(1 1 0) � Pt(1 1 1) and closely follows the
nature of the Pt(h k l)ˆOHad interaction and the potential dependent surface coverage by OHad [233].

Adsorption of halide anions in acid solution has also a strong inhibiting effect on the HER/HOR kinet-
ics as OHad in alkaline. The base voltammogram in Ar-purged solutions and the HER/HOR polarization
curves for pure H2SO4 and HClO4 with and without added Cl� are shown in Fig. 31 for Pt(1 1 1) and
Pt(1 0 0). The equality of the rate at the Pt(1 1 1) electrode in the Cl�-free and Cl�-containing solutions is
consistent with the absence of co-adsorption of Cl� with Hupd on this surface. On the other hand, due to
the co-existence of Hupd and Clad (Cl� adsorption starts at ca. 	30 mV of the Nernst potential), the kinetics
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of the HOR onto the Pt(1 0 0) surface is strongly inhibited. As shown in Fig. 31b, pure diffusion currents
are observed in very narrow potential range, and at higher overpotentials decrease in kinetic activity of the
HOR is almost a mirror image of the curves recorded at low overpotentials. It is interesting to note that the
“bell-shape” of the polarization curves implies that the adsorption of Clad suppresses the catalytic activity
in nearly the same way as OHad does on Pt(1 0 0) in alkaline solution (Fig. 28b).

5.1.2. HOR on Pt(h k l) surfaces modified with Cuupd, Pbupd, and Biir

For Cu UPD and Pb UPD systems, only the HOR can be studied since in solutions containing Cu2	 and
Pb2	 bulk metal deposition occurs simultaneously with the HER. A sample of results is shown in Fig. 32.
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One observation evident from this figure is that the HOR is strongly inhibited on all three admetal-
modified surfaces. There is, in general, a disinclination to report negative results, except as part of a study
of systematic trends in activity with a variation in some characteristic of the catalysts, in which case the
results are quite valuable. However, the mechanism of action of these admetals, even though an inhibiting
action (“poisoning”), is closely related to one of the central issues of this volume: the role of the energet-
ics of adsorption on the catalytic activity of an electrochemical reaction. Therefore, we proceed with fur-
ther discussion of these interesting inhibiting effects.

A close inspection of Fig. 32 indicates that at low overpotentials the order of activity of the HOR
decreases in sequence: Pt(1 1 1)ˆBiir � Pt(1 1 1)ˆPbupd � Pt(1 1 1)ˆCuupd. On the other hand, at high
overpotentials the most active Pt(1 1 1)ˆBiir surface become the least active for the HOR, due presumably
to enhanced formation of OHad on adjacent Pt sites that are active for the HOR. The most straightforward
explanation of this observation is that the activity for the HOR increases in the same order as the avail-
ability of Pt sites for the adsorption of molecular H2, i.e. a purely site blocking effect. At low overpoten-
tials, the Biir-modified Pt(1 1 1) surface is the least poisoned because for coverages of �Biir

� 0.34 ML
there are still sites available for dissociative adsorption of H2 to take place. The number of these sites is
relatively small, and thus the diffusion limiting currents were not reached on the Pt(1 1 1)ˆBiir electrode.
In contrast, the rate of reaction on the UPD-modified Pt(1 1 1) surface mirrors the anodic stripping of the
Pbupd and Cuupd on a one-to-one basis. In this case, the admetals do not appear to influence the kinetics via
a change in the energetics of the adsorbed hydrogen, but rather with the availability of bare Pt sites.
Therefore, due to the strong enhanced adsorption of anions on Cuupd-modified Pt(1 1 1) (Section 4.5.1, Fig.
20, State 2) this surface is the least active for the HOR. Note that in the entire potential range Cuupd is cov-
ered by anions, (bi)sulfate in sulfuric acid solution and Clad in solution containing Cl�. For more details
the readers are referred to [243] and [350].

5.1.3. HER/HOR on Pt(1 1 1)-modified with a pseudomorphic Pd film

Theoretical studies of the dissociative adsorption of H2 on transition metals have suggested that electron
transfer from the metal into the s* anti-bonding orbital of the H2 molecule plays an important role in the
breaking of the HˆH bond by lowering the activation energy associated with the process. Transition 
metals, such as pure Pd, are good electron donors, and dissociation of H2 on these surfaces occurs readily
at room temperature. In contrast, at room temperature no dissociation of H2 is observed on the
Re(0 0 0 1)ˆPd, and Nb(1 1 0)ˆPd overlayer systems because the charge transfer from the Pd overlayer
to the substrate causes the local d-band on Pd to shift down [213]. The development of theoretical tools to
describe and understand adsorption on thin metal films has been quite parallel to the experimental devel-
opments. A number of concepts have been introduced to describe both “electronic” and “geometrical”
effects in gas-phase catalyses of H2 on ultrathin metal films. For an overview of the key theoretical aspects
of adsorption on ultrathin metal surfaces, the readers are referred to the review of Hammer and Norskov
[215,216,244]. In general, the results indicate a clear correlation between the d-band center of the over-
layer metal atoms and the hydrogen chemisorption energy.

Following the example of these interesting UHV studies, the adsorption and catalytic properties of
pseudomorphic Pd films supported on single crystal metal surfaces has also received some attention in 
surface electrochemistry. Comparison of the HER/HOR at Pt(1 1 1) and Pt(1 1 1)ˆPd electrodes in 
Fig. 33 clearly reveals that the kinetics of the HER/HOR is significantly enhanced on the Pd-modified
Pt(1 1 1) surface. The activation energy for the hydrogen reaction obtained from kinetic analyses of polar-
ization curves on Pt(1 1 1)ˆPd is ca. 9 kJ/mol, which is half the activation energy obtained for the 
hydrogen reaction on Pt(1 1 1). In line with discussions of the HER/HOR on Pt(h k l), the kinetics of 
the hydrogen reaction may be enhanced either by introducing defect sites or by lowering the energy of the
transition state on the Pt(1 1 1)ˆPd surface compared to the unmodified Pt(1 1 1) surface. Although still
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uncertain, it appears that the change in the adsorption energetics has the more important role in the
enhanced kinetics on the Pd-modified Pt(1 1 1) surface. Close to the Nernst potential, the HER/HOR on
Pt(1 1 1)ˆPd occurs on a surface, which is completely covered by Hupd (� 1 H/Pt), in contrast to Pt(1 1 1),
which is only partially covered by Hupd (0.67 H/Pt). Again, the key to resolving the paradoxical activity of
the Pt(1 1 1)ˆPd surface for the HER/HOR is to be found in understanding the nature of Hupd (Section
4.6) and how this state may effect the formation of Hopd. The fact that a full monolayer of Hupd can be
formed on the Pt(1 1 1)ˆPd surface suggests that Pt(1 1 1)ˆPdˆHupd interaction is much stronger and/or 
the HupdˆHupd repulsive interaction is weaker than for Pt(1 1 1). Consequently, some amount of Hupd

might sit in deeper potential wells of the three-fold hollow sites, and thus be more in the surface than on
the surface. Along the same lines of argument we used for Pt(1 1 0)-(1 � 2), the HER/HOR can occur on a
geometrically homogenous Pt(1 1 1)ˆPd surface fully covered by Hupd only if some amount of the Hupd

indeed is in the subsurface state, allowing adsorption of Hopd on free Pd top-sites. An alternative explana-
tion may be that at high coverages by Hupd, the hypothetical transition form an unreactive Hupd layer into
a reactive Hopd layer is facilitated on the Pt(1 1 1)ˆPd surface due to high coverages by Hupd.
Nevertheless, the change in the energetics of adsorption would be attributed to the electronic effect of
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intermetallic bonding between the Pd overlayer and the Pt substrate. Clearly the electronic effect is an
extremely important fundamental parameter in electrocatalysis.

5.2. ORR

The ORR is more complex than the HER/HOR, but is an equally important electrocatalytic reaction. In
this case, there is no electrode material for which there is even a measurable current from oxygen reduc-
tion at the equilibrium potential, 1.23 V versus the normal hydrogen electrode (NHE). Even for the most
catalytically active electrode materials, again platinum group metals, measurable currents are obtained
only below 1 V. It is customary, therefore, in kinetic studies of the ORR to use the current density at a fixed
potential, e.g. at 0.9 V, as a measure of the reaction rate instead of the exchange current density. The exper-
imental relation between the current density, i, and electronic properties of metals known to influence the
heat of adsorption of oxygen, e.g. d-orbital vacancies, have also produced “volcano-type” curves. As with
the HER, the platinum group metals are at or near the top of the “volcano” plot. The volcano relationship
for the ORR appears to be valid for alloys as well as for pure metals, showing variations in reaction rates
by 5–6 orders of magnitude [245]. In such plots, however, the scale for the reaction rate is usually a loga-
rithmic scale, where rates differ by orders of magnitude. On a finer scale, additional factors must be
accounted for to explain the full range of catalytic response on different surfaces. The optimization of an
electrocatalyst for the ORR must, therefore, accommodate many contributing factors, including the rate
dependence on the geometry of surface atoms. For the purpose of this review, it will be shown that the
elimination of surface heterogeneity and the enhancement of the resolution in the voltammetry that results
from a single crystal geometry can bring new insight into our understanding of the reaction pathway of the
ORR on platinum electrodes in aqueous electrolytes.

5.2.1. Reaction pathway

The ORR is a multi-electron reaction that may include a number of elementary steps involving different
reaction intermediates. Of various reaction schemes proposed for the ORR [246], the simplified version of
the scheme given by Wroblowa et al. [247] appears to be the most effective one to describe the compli-
cated reaction pathway by which O2 is reduced at metal surfaces:

On the basis of this reaction scheme, O2 can be electrochemically reduced either directly to water with
the rate constant k1 without intermediate formation of H2O2,ad (the so-called “direct” 4e� reduction) or to
H2O2,ad with the rate constant k2 (“series” 2e� reduction). The adsorbed peroxide can be electrochemically
reduced to water with the rate constant k3 (“series” 4e� pathway), catalytically (chemically) decomposed
on the electrode surface (k4) or desorbed into the bulk of the solution (k5). Although a number of impor-
tant problems pertaining to the interpretation of the reaction pathway for the ORR on Pt(h k l) have yet to
be resolved, recent studies from our laboratory [248–250] suggest that a series pathway via an (H2O2)ad

intermediate may be operative on all Pt and Pt bimetallic catalysts. This can be considered as a special case
of the general mechanism, where k1 is essentially zero, i.e. there is no splitting of the OˆO bond before 
a peroxide species is formed. Peroxide, on the other hand may (k5 � 0) or may not (k5 � 0) be further

k1

k2
O2 O2,ad H2O2,ad

H2O2

H2O
k3

k4 k5
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reduced to water. In either case, the rate determining step appears to be the addition of the first electron to
O2,ad. The rate expression is then [249,251,252],

(15)

where n is the number of electrons, K the rate constant, cO2
the concentration of O2 in the solution, �ad the

total surface coverage by anions (�anions) and OHad (�OHad
), x is either 1 or 2 depending on site requirements

of the adsorbates, i the observed current, E the applied potential, b and g are the symmetry factors (assumed
to be 1/2), and r a parameter characterizing the rate of change of the apparent standard free energy of adsorp-
tion with the surface coverage by adsorbing species, e.g. as in UHV (Section 2.2.2), the adsorption energy
decrease with increasing �OHad

. In deriving Eq. (15), it is assumed that the reactive intermediates, (O2
�)ad and

(HO 2
�)ad, are adsorbed to low coverage, i.e. they are not a significant part of �ad. Therefore, the kinetics of

O2 reduction is determined either by the free platinum sites available for the adsorption of O2 (1 � �ad term
in Eq. (15)) and/or by the change of Gibbs energy of adsorption of reaction intermediates with �OHad

(r�OHad

term in Eq. (15)). In the following sections, we will use this reaction pathway and rate expression to analyze
the effects of various factors on the kinetics of the ORR on Pt(h k l) surfaces.

5.2.2. Structure sensitivity on Pt(h k l) surfaces

Studies of the ORR on Pt(h k l) date back to the late 1970s, where essentially the same activity for the ORR
was reported on all three low-index single-crystal surfaces [253]. Recently, however, the results obtained by
RRDEs showed unambiguously that the kinetics of the ORR on Pt(h k l) surfaces vary with the crystal face
in a different manner depending on the electrolyte [254,255]. The authors have proposed that not only does
structure sensitivity arise because of the sensitivity of the adsorption energy of the reactive intermediates to
site geometry, but also from the sensitivity to site geometry of the adsorption of spectator species, such as
HSO4(ad) [256], Clad [250], and Brad [249]. Within the limited scope of this volume, it will not be possible to
review all of these results. Rather we will show, using selected examples, the kind of information that can be
used to improve the interpretation of the role of the local symmetry of platinum surface atoms in the ORR.

There are two general observations concerning the structure sensitivity of the ORR: (i) the structural
sensitivity is most pronounced in electrolytes in which there is strong adsorption of anions; (ii) the same
activation energy in both acid (at the reversible potential ca. 42 kJ/mol [248]) and alkaline solution (at
0.8 V ca. 40 kJ/mol [240]) has been found for all three Pt(h k l) surfaces. In solutions containing HSO4

�

[256], Cl� [250], and Br� [249] ions, a single Tafel slope of ca. 120 mV/dec is deduced from the kinetic
analyses of the results for ORR on Pt(h k l). This appears to be consistent support that the standard free
energies of adsorption of the reaction intermediates are not affected by the adjacent anions and thus, at the
Pt(1 1 1)ˆHSO4(ad), Pt(h k l)ˆClad, and Pt(h k l)ˆBrad interfaces, the term r�OHad

becomes negligible. As
a consequence, the structure sensitivity in the solution containing bisulfate and halide anions is completely
determined by the (1–�anions) pre-exponential term.

The order of activity of Pt(h k l) for the ORR in H2SO4 increases in the sequence Pt(1 1 1) �
Pt(1 0 0) � Pt(1 1 0), (Fig. 34a). An exceptionally large deactivation is observed at the Pt(1 1 1) surface.
This is due to the strong adsorption of the (bi)sulfate anion from the symmetry match between the 
fcc (1 1 1) face and the C3v geometry of the oxygen atoms of the sulfate anion, (Section 4.4.1). The fact that
the activity of all three low-index platinum planes is significantly higher in HClO4 [126] does, however,
suggest that adsorption of (bi)sulfate anions effects the kinetics of reduction on all three surfaces, and has
a particularly strong effect on Pt(1 1 1) [257]. It should be noted that although bisulfate adsorption onto
Pt(h k l) surfaces inhibits the reduction of molecular O2, probably by blocking the initial adsorption of O2,
it does not affect the pathway of the reaction, since no H2O2 is detected on the ring electrode for any of the
surfaces in the kinetically controlled potential region.
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The Pt(h k l)/KOH system is the most direct probe of the effects of OHad on the rate of the electrode
reaction, since no other anions are co-adsorbed with hydroxyl species. Fig. 34b shows that in the potential
range, where O2 reduction is under combined kinetic-diffusion control (E � 0.75 V), the order of activity
of Pt(h k l) in 0.1 M KOH increase in the sequence (1 0 0) � (1 1 0) � (1 1 1). The structure-sensitivity of
the ORR in this potential region arises due to the structure-sensitive adsorption of the hydroxyl species,
i.e. the most active (1 1 1) surface has the lowest coverage by OHad and weakest PtˆOHad interaction.
Although at the same overpotential the surface coverage by adsorbed OHad on Pt(1 1 0)-(1 � 2) is similar,
if not slightly higher, than on Pt(1 0 0), the activity of Pt(1 1 0) is higher than the activity of Pt(1 0 0). If on
the fcc (1 1 0) surface the adsorption of hydroxyl ion is predominantly in the “trough” positions, as pro-
posed for Hupd (Fig. 28), then the top atoms may serve as active centers for the ORR even when the
Pt(1 1 0) surface is nominally “fully” covered with OHad [258]. It is important to note that the Tafel slope
on different single crystal surfaces in KOH (HClO4) may deviate significantly from 120 mV/dec [126],
similar to what was found in the literature for the O2 reduction on polycrystalline electrodes [251,252,259].
The change in the slope has been attributed either to the change from Temkin to Langmuirian conditions
(the effect of �OHad

term in Eq. (15)) for the adsorption of reaction intermediates, or to a change in the sur-
face coverage by OHad, e.g. the effect of (1 � �OHad

) term in Eq. (15). Very recently, Marković et al. [249]
developed a theoretical model which showed that the best-fit of the Tafel slopes in KOH and HClO4 can
be obtained simply by introducing both blocking and energetic components in Eq. (15).
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As shown in Fig. 34, in the potential region where Hupd is adsorbed, the rate of the ORR becomes
strongly structure-sensitive, with activity decreasing in the order Pt(1 1 0) � Pt(1 0 0) � Pt(1 1 1). Note
that the same order of activity was observed for the HOR, (Fig. 27). Following the discussion for the struc-
ture-sensitive kinetics of the HOR in the preceding section, it is reasonable to propose that the structure
sensitivity of the ORR in the Hupd potential region arises mainly due to the structure-sensitive adsorption
of the Hupd state [255,256,258]. In acid solution, once the OˆO bond is broken, protonation to water is
extremely rapid, and Hupd is not an intermediate in the rate determining step. However, the ORR on
Pt(1 1 1) is strongly inhibited by Hupd because Hupd blocks the pairs of sites which are required for the
OˆO bond breaking. In the case of Pt(1 0 0), the active centers for the OˆO bond breaking are primarily
the defect/step sites created by “lifting” the hex reconstruction. For Pt(1 1 0)-(1 � 2), the active sites are the
top-rows of Pt atoms since Hupd is adsorbed in the “troughs” of the surface (Fig. 28), thus leaving the top-
sites available for O2 and H2O2 adsorption, and consequent cleaving of the OˆO bond [256].

The strong adsorption of halide anions, may or may not change the reaction mechanism. Apparently, 
the Pt(1 1 1)ˆClad system has the same effect on the ORR as bisulfate anions, i.e. although Clad inhibits the
initial adsorption of O2 molecules, it does not affect the pathway of the reaction, (Fig. 35a). In contrast, the
ORR at the Pt(1 1 1)ˆBrad interface is always accompanied quantitatively by H2O2 production because
the number of Pt pair-sites required for adsorption of O2 and the breaking of OˆO bond are reduced on
the Pt(1 1 1)ˆBrad surface, (Fig. 35b). This difference in the catalytic activity can be understood simply
from the stronger Pt(1 1 1)ˆBrad than Pt(1 1 1)ˆClad interaction, see Section 4.4.2. The adsorption
isotherms for Brad and Clad reflect this stronger interaction, with a lower coverage for Clad at most potentials,
and displacement of Clad by OHad above ca. 0.5 V, i.e. a generally “looser” adlayer with open pair-sites for
breaking of OˆO bond. However, on Pt(1 0 0), a stronger interaction of Clad with (1 0 0) versus the (1 1 1)
surface causes the reaction to go through the series pathway via solution phase peroxide (Fig. 35c).
Unfortunately, the adsorption isotherm is not available for this surface, but the presumption is that there
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are higher coverages of Clad on the (1 0 0) surface and loss of active sites that are required for breaking of
the OˆO bond [250].

5.2.3. ORR on Pt(h k l) surfaces modified with UPD metals

Studies of the kinetics of the ORR on platinum single crystal electrodes modified by UPD metal adatoms
are of interest primarily from a fundamental science perspective. Since one can start the study from a clean
Pt(h k l) surface, where the ORR is well-known, the change in both rate and reaction pathway with the
addition of another metal to the surface, usually in a highly structured manner, can provide some insight
to the ORR on metals that are otherwise difficult to study, e.g. Cu, Pb and Bi. Only the results on Cuupd-
modified surfaces are reviewed here. The first result for the ORR on the Pt(1 1 1)ˆCuupd electrode was
published by Abe et al. [175]. By using STM and hanging meniscus rotating disk electrode (HMRDE)
methods, the authors demonstrated a close correlation between the inhibition of the ORR with the
microstructure of Cuupd adlayer. In sulfuric acid solution, three-fold hollow platinum sites are still acces-
sible for O2 adsorption inside the honeycomb (�

–
3 � �

–
3)R30° structure that forms at ca. 0.5 V, but the

reduced geometry favors 2e� reduction to peroxide versus 4e� reduction to water. More recently, the cor-
relation between the surface structure of Cuupd and the kinetics of the ORR was re-examined by using a
combination of RRDE and SXS measurements [243]. In contrast to previous work, these measurements
showed that there is no correlation between the ORR kinetics and the ordered Cuupd surface structures irre-
spective of the nature of the specifically adsorbing anions [243]. The analyses of the RRDE data ( Fig. 36)
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also revealed that the mechanism for the ORR on Cuupd-modified electrodes is the same as on unmodified
Pt(1 1 1) and Pt(1 0 0), i.e. proceeds mostly as a 4e� reaction pathway with negligible solution phase per-
oxide formation (ca. 3%). It is surprising, however, that a relatively small amount of Cuupd has such a dev-
astating effect on the rate of ORR. This anomalously large inhibition by a very small amount of Cuupd is
attributed to an enhanced anion adsorption on platinum atoms adjacent to Cuupd atoms [243], see Section
4.5.1 and Fig. 20. A predominate role of anions in the rate of ORR on Cuupd-modified platinum single
crystal surfaces is supported by the fact that the activity of the ORR decreases in the same sequence as the
Cuˆanion bond strength increases: PtˆCuupdˆHSO4,ad �� PtˆCuupdˆCl�. The model which rational-
ize these results is one where the active sites for the adsorption of molecular O2 are the small number of
platinum “islands” created in State 2 in Fig. 20 [243].

5.2.4. ORR on the Pt(1 1 1)-modified with a pseudomorphic Pd film

Figure 37 summarizes a family of polarization curves for the ORR on the Pt(1 1 1)ˆPd electrode in O2–
saturated 0.05 M H2SO4, 0.1 M HClO4, and 0.1 M KOH solutions along with representative polarization
curves recorded in the same solutions but on unmodified Pt(1 1 1). Fig. 37a shows that in 0.05 M H2SO4,
the ORR is strongly inhibited at the Pt(1 1 1)ˆPd surface. The decrease in the rate of the ORR at the disk
electrode parallels the increase in the peroxide oxidation currents on the ring electrode, implying that the
mechanism on the Pt(1 1 1)ˆPd electrode is different from one found for the Pt(1 1 1) electrode. On the
other hand, although the activity of the ORR on Pt(1 1 1)ˆPd in 0.1 M HClO4 is somewhat lower than on
unmodified Pt (Fig. 37b), probably due to stronger interaction of Clad with the Pd film than with an unmod-
ified Pt(1 1 1) electrode [167], no peroxide has been detected on the ring electrode at low overpotentials,
indicating that a pair of Pd sites are always available for the breaking of the OˆO bond. This implies that
the direct 4e� path is operative in this potential region.

However, somewhat surprisingly the Pt(1 1 1)ˆPd electrode has a uniquely high catalytic activity for
the ORR in alkaline solution. The rate of the ORR on the Pt(1 1 1)ˆPd electrode is improved by factor 
of 2 relative to unmodified Pt(1 1 1), (Fig. 37c). Keeping in mind that the Pt(1 1 1) electrode in KOH was
the most active catalyst for the ORR, the catalytic improvement observed on the Pt(1 1 1)ˆPd surface 
is an extremely important new observation which may help in the quest for developing better ORR 
catalysts. The fact that the activity of Pt(1 1 1)ˆPd electrode is significantly higher in KOH than in HClO4

and H2SO4 implies that the lower activity in acid electrolytes probably arises from greater adsorption of
Clad (an impurity in HClO4) and (bi)sulfate anions on the Pd versus the clean Pt surface. This increased
anion adsorption is determined by the modification of surface electrochemical properties (the work 
function and thus the PZC) caused by charge redistribution upon forming the PtˆPd bond. More 
details about the ORR on the Pt(1 1 1)ˆPd surface, including the effects of Hupd on the kinetics, may be
found in [167].

5.2.5. ORR on Pt alloy surfaces

Several investigations have been carried out to determine the role of alloying in the electrocatalytic activ-
ity of Pt for the ORR (detailed review in [245]). A definitive determination, however, remains elusive.
Luczak et al. [142,260,261], e.g. found an increase in mass activity of a factor 1.5–2.5 when using PtCoCr
or PtCr instead of pure Pt whereas Beard and Ross [262] and Glass et al. [263] found no change for PtCo
and PtCr, respectively. Furthermore, Mukerjee and Srinivasan [264] showed that five binary PtˆM alloy
electrocatalysts (M � Cr, Mn, Co, and Ni) supported on carbon produced some enhancement in the kinet-
ics (factor of 3–5) of the ORR relative to “standard” supported Pt catalyst. By utilizing in situ X-ray
absorption spectroscopy (XAS) the principle explanation for the enhanced ORR activity could 
be enumerated as being due one or more of the following effects: (i) modification of the electronic struc-
ture of Pt (5d orbital vacancies); (ii) change in the physical structure of Pt (PtˆPt bond distance and 
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coordination number); (iii) adsorption of oxygen containing species from the electrolyte onto the Pt or
alloying element; and/or (iv) redox type processes involving the first row transition alloying elements.

It is unclear, however, whether there is any alloy of Pt that is more active than Pt itself. Most of the stud-
ies reporting improved activity have been done on supported catalysts, where the kinetic measurements
themselves are subject to considerable uncertainty. One of the difficulties in determining the effect 
of alloying components using supported catalysts is that the activity of a pure Pt supported catalysts can
have a wide range of values depending on its microstructure and/or method of preparation. The intrinsic
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activity of Pt for the ORR depends on both particle shape and size [105,246], i.e. there is not a single value
of the specific activity even when normalized by Pt surface area. Since the alloyed Pt catalysts particles
may not have either the same particle size or shape as the Pt catalysts to which they are compared, a sim-
ple comparison of activity normalized either by mass or surface area is insufficient to identify a true alloy-
ing effect. A more detailed discussion of this point, specifically in the case of PtˆCo catalysts, can be
found in [265]. These complexities of supported catalysts reinforced the need for using well-characterized
materials to identify the fundamental mechanisms at work in electrocatalysis.

Most recently, the intrinsic catalytic activity of Pt3Ni and Pt3Co alloy catalysts was studied in our labo-
ratory with model bulk alloys characterized in UHV (see the summary in Section 3). Figure 38 summarizes
results for the ORR on UHV prepared and characterized bulk Pt3Ni and Pt3Co alloy catalysts in 0.1 M
HClO4. Pure Pt is also shown as a reference. As shown in Fig. 38, the activity at 293 K decreases in the order
Pt3Co � Pt3Ni � Pt, the catalytic activity of Pt3Co alloy being ca. factor of two higher than on pure Pt. 
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The order of activity in sulfuric acid solution is slightly different, e.g. Pt3Ni � Pt3Co � Pt, emphasizing
again the importance of anion adsorption on the rate of the ORR. The Tafel slopes and the activation ener-
gies (ca. 21–25 kJ/mol at 0.8 V) for Pt3Ni and Pt3Co bimetallic surfaces are almost the same as those
obtained with pure Pt. This implies that the reaction mechanism on Pt3Ni and Pt3Co alloy surfaces is 
the same as one proposed for pure Pt, e.g. a “series” 4e� reduction. As discussed for the ORR on Pt(h k l), the
constancy of activation energy for the ORR on pure Pt, Pt3ˆNi, and Pt3Co surfaces may suggest that 
the small difference in the kinetics of the ORR observed in Fig. 38 is determined with the (1 � �ad) term
in Eq. (15). Here, �ad refers to the coverage by spectator anion and/or OHad species, and thus a significant
improvement of the ORR catalysis on PtˆNi and PtˆCo alloy surfaces implies an inhibition of the OHad

formation above 0.8 V. The true effects of Ni and Co sites in alloy on the adsorption properties of Pt atoms
and the formation OH adlayer are still lacking. In general, Ni and Co may change the distribution of ensem-
bles of Pt which otherwise retain its reactivity (the ensemble effect), but it may also change the local bond-
ing geometry (the structure effects), or directly modify the reactivity of the platinum atoms (the electronic
effects). Although it is very difficult to separate these three effects, for the PtˆNi and PtˆCo alloys it is
reasonable to propose that the electronic effects may play the major role in the PtˆOHad energetics, thus in
the reactivity of platinum surface atoms. Theoretical aspects of the relationships between the electronic
structure and reactivity are, however, required in order to understand the trends in atomic/molecular
chemisorption energies of oxygen containing species on PtˆNi and PtˆCo bimetallic surfaces.

5.3. Electrooxidation of CO

Carbon monoxide is the simplest C1 molecule that can be electrochemically oxidized in a low temperature
fuel cell at a reasonable (although not necessarily practical) potential. It thus serves as an important model
“fuel” for fundamental studies of C1 electrocatalysis. Furthermore, as we shall see in later sections, the
oxidation of CO and other C1 molecules like methanol and formic acid all provide the formation of the
same intermediate, adsorbed carbon monoxide, denoted hereafter as COad. Thus, the chemistry of COad on
Pt(h k l) electrodes has been a subject of extensive study as a model adsorbate applicable to many impor-
tant fuel cell reactions. In the first subsection below, we review these studies of COad, many very recent,
that have exploited the advances in in situ methods. In a second subsection, we discuss the kinetics of the
electrochemical oxidation of CO (gas), and present a kinetic model that incorporates the role of COad as
elucidated from the in situ studies.

5.3.1. Surface structures of COad on Pt(h k l) surfaces

The first ex situ determination of COad structure at the Pt(1 1 1) surface was reported by Wieckowski 
and co-workers [74,266]. Two COad structures, (�

–
3 � �

–
3)rect (�CO � 0.68 ML) and (�

–
3 � �

–
5)rect

(�CO � 0.6 ML), have been identified by LEED. The important observation from this study is that at the
emersed electrode the saturation coverage by COad is higher than that observed in the gas phase at room
temperature. Very recently, by means of ex situ RHEED measurements, Lin et al. [267] found that COad

layer exhibits (�
–
3 � �

–
3)R30° COad layer, hereafter denoted as �

–
3 structure, with an average domain

diameter of ca. 2.3 nm. Following the early ex situ measurements, an increasing number of in situ studies
have continued to appear in this area. STM has gained a certain prominence among the other methods. The
first STM structure of compressed adlayer on Pt(1 1 1) in aqueous acidic solution has been documented by
Oda et al. [268]. Four different structures were observed depending on the electrode potential and 
COad coverages. At COad saturation, �CO � 0.65 ML, a complex (4

1 
1
5) structure and a (3 � 1) structure

�CO � 0.6 ML were found at the electrode potential of 0.55 (versus NHE). At lower coverages, the
(�

–
3 � �

–
3)R30° structure, observed in UHV (Section 2.2.3) and recently in ex situ measurements [267],

was found at 0.55 V (versus NHE). A periodic domain structure based on �
–
3 symmetry was also observed
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at 0.3 V (versus NHE). By means of in situ STM Villegas and Weaver [269,270] observed an hexagonal
closed packed (2 � 2)-3CO adlayer structure at potentials below 0.25 V (versus SCE), with a CO coverage
of �CO � 0.75 ML. The z-corrugated pattern evident in STM images indicated the presence of two three-
fold hollow and one atop CO per unit cell. At potentials above 0 V (up to the onset of CO oxidation) 
a markedly different adlayer arrangement was formed, having (�

—
19 � �

—
19)R23.4° � 13CO unit cell, here-

after denoted as �
—
19structure, with �CO � 13/19. Another CO adlayer structure, having (�

–
7 �

�
–
7)R19.1° unit cell, hereafter denoted as �–

7 structure, was observed at potentials below 0.2 V after the
removal of solution-phase CO.

Besides STM studies, structural information about the Pt(1 1 1)ˆCO system was obtained by means of
SXS [118, 271]. The representative SXS results along with CO stripping voltammetry in 0.05 M H2SO4 are
summarized in Fig. 39. As for the Pt(h k l)ˆHupd systems, the CTRs yield information about a surface relax-
ation as the electrode potential is changed and the coverage by COad changes, producing what we call an
XRV for Pt(h k l)ˆCOad [118]. The potential dependence of the Pt(1 1 1) surface relaxation induced by 
COad at 0.05 V is represented by the results in Fig. 38b; the XRV measurements for COad-free Pt(1 1 1) are
also shown as a reference. Recall that the top Pt layer expands ca. �2% (0.05 Å) of the lattice spacing away
from the second layer when Hupd reaches its maximum coverage. Following the adsorption of CO at 0.05 V,
in the same potential region the expansion is an even larger ca. 4%. The difference in relaxation of the
Pt(1 1 1) surface covered with Hupd and COad probably arise from the difference in the adsorbate-metal bond-
ing, the Pt(1 1 1)ˆCOad interaction being much stronger than the Pt(1 1 1)ˆHupd interaction [271]. 
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Fig. 39. (a) CO stripping voltammetry on the Pt(1 1 1) surface in argon purged solution. (b) (—) Scattering
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through the (1/2, 1/2, 0.2) position. (e) Ideal model for the p(2 � 2)-3CO structure. Sweep rate 2 mV/s [277]
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At 0.05 V, no change in the relaxation of the Pt surface atoms was observed after replacement of CO with
nitrogen, indicating that COad is indeed irreversibly adsorbed on the Pt(1 1 1) surface. Upon sweeping the
potential positively from 0.05 V, the oxidation of COad in the so-called pre-oxidation potential region [271,
273] (Fig. 39a) is mirrored with a small contraction of the Pt surface layer. Above ca. 0.6 V, the top layer
expansion is reduced significantly, contracting above 0.7 V to the same nearly unrelaxed state the Pt(1 1 1)
surface has without COad. It is important to note that a significant change in the surface relaxation occurs with
the removal of a relatively small fraction of the saturation coverage, ca. 15%. When CO (gas) is present in
solution, i.e. when there is CO present to be re-adsorbed, the oxidative removal of COad is shifted positively
by �0.25 V, as shown in [271]. Under this condition the onset of surface contraction is also shifted positively,
confirming that relaxation of Pt surface atoms is linked to the oxidative removal of COad.

Direct information regarding the COad structure was obtained by searching in the surface plane of recip-
rocal space for diffraction peaks characteristic of an ordered adlayer. While holding the potential at 0.05 V
and with a continuous supply of CO to the X-ray cell, a diffraction pattern consistent with a p(2 � 2) sym-
metry was observed [118]. Once formed the structure was stable even when the CO was replaced by nitro-
gen. Fig. 39c shows that the potential range of stability of the p(2 � 2)-3CO phase is strongly affected by
the oxidation of a small fraction (15%) of the saturation coverage. Upon the reversal of the electrode
potential at ca. 0.6 V, the p(2 � 2)-3CO structure is not re-formed, confirming that the structure is cover-
age-dependent and not just potential dependent. However, with a constant overpressure of CO in the X-ray
cell, the SXS experiments revealed a reversible loss and re-formation of the p(2 � 2)-3CO structure, with
the p(2 � 2)-3CO structure re-forming as the potential was slowly (1 mV/s) swept below 0.2 V, (Fig. 40a).
After a careful search for diffraction peaks due to �

–
1
–
9, �

–
7, and �

–
3 phases of COad in 0.1 M HClO4

reported in previous studies [270], such superlattice peaks were not found in SXS measurements at any
partial pressure of CO or in any aqueous electrolyte [118 and 270]. Lucas et al. [118] concluded, therefore,
that the p(2 � 2)-3CO structure is the only structure present with long-range order. Very recently, it was
found that the (2 � 2) ↔ �

—
19 potential transformation in CO-saturated HClO4 solution is sensitive to the

defect/step density on Pt(1 1 1) [274]. This is consistent with the conclusion from SXS that on a well-
ordered Pt(1 1 1) the p(2 � 2) structure is the only structure with long-range order. The derived structural
model is shown schematically in Fig. 39, which consists of three CO molecules per p(2 � 2) unit cell. A
rocking scan through the (1/2, 1/2, 0.2) position is shown in Fig. 39 together with the fit of a Lorentzian
lineshape (solid line) to the data. From the width of this peak and from the result of similar fits to other
p(2 � 2) reflections a coherent domain size in the range of 80–120 Å for the CO adlayer was deduced by
Lucas et al. [118,271].

Infrared reflection absorption vibrational spectroscopy (IRRAS) has provided a valuable complement 
to the structural detail about COad on Pt(1 1 1) obtained from STM and SXS. The pioneering studies 
by Villegas et al. [269,270] are especially noteworthy in this regard. As shown in Fig. 40b and c, the spec-
tra for COad on Pt(1 1 1) in CO-saturated perchloric acid solution have three characteristic PtˆCO stretch-
ing frequencies, near 2070, 1780, and 1840 cm�1 (while the spectra shown are from Rodes and co-workers
[275] they do not differ in any significant way from the spectra of Villegas et al. [270]). The frequency at
2070 cm�1 is usually assigned to COad at the atop sites, that near 1780 cm�1 is assigned to multi-coordinated
COad, and that near 1840 to the bridge site. At saturation coverage, the intensity ratios of atop to multi-
coordinate are ca. 2:1. However, examination of the real-space model of the p(2 � 2)-3CO structure in
Fig. 39, deduced from the STM and SXS studies, shows that about 1/3 of the COad occupy atop sites, and
2/3 are in three-fold hollow sites. The stronger atop signal observed with IR spectroscopy can be explained
by “intensity stealing” by which the higher-frequency atop mode gains intensity over the lower frequency
hollow-site mode [276]. Thus, changes with IR intensities with potential as seen in the spectra of Fig. 40
must be interpreted with caution. Quantitation of the intensity changes to fractional coverages can only be
done with modeling of the dipole coupling, and even then would entail assumptions about the
COadˆCOad coordination as the coverage changes [276]. Qualitatively, it is clear from Fig. 40b that the
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order–disorder transition in the CO adlayer is mirrored by the disappearance of COad from the three-fold
hollow sites, and the relaxation of the remaining COad into a combination of bridge sites and atop sites.
Recall that in the SXS studies the disordering transition is governed by electrooxidation of a relatively
small amount of COad, ca. 15% [271]. Fig. 40a also provides a plot of quantitative measure of CO2 forma-
tion from the asymmetric OˆCˆO stretch at 2343 cm�1. Compared with Fig. 40b, CO2 production
occurs simultaneously with the binding site occupancy change, indicating that structural transformation in
the COad layer is triggered by oxidative removal of COad, as in Eq. (16). As we shall discuss in Section
5.3.2 the more reactive COad adlayer is the one consisting of three COad per p(2 � 2) unit cell located 
in the atop and three-fold hollow sites. Fig. 40 shows that oxidation of the COad in the three-fold hollow
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sites and relaxation of the remaining COad into bridge sites and atop sites apparently disrupts the long-
range ordering in the remaining adlayer, as the Bragg peak intensity for the p(2 � 2)-3CO structure
decreases rapidly in this potential region (Fig. 40a).

Anions in the supporting electrolyte do affect the stability of the p(2 � 2)-3CO structure. Combined
SXS/IRRAS data for the Pt(1 1 1)ˆCOad system in alkaline solution (Fig. 41) and in perchloric acid 
solution containing Br� (Fig. 42) are representative examples. Clearly, in alkaline solution the oxidation
of CO (production of CO3

2� in Fig. 41a) begins as low as at 0.3 V, concurrent with the loss of COad at 
three-fold hollow sites and the development of COad at bridge sites, (Fig. 41b). The oxidation of CO at
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very low potentials in alkaline solution reduces the potential range of the stability of the p(2 � 2)-3CO
structure, 0.05–0.35 V in KOH versus 0.05–0.7 V in HClO4. We shall argue in the section on kinetics
below that COad is oxidatively removed by OHad adsorbed at the defect/step sites on the Pt(1 1 1) surface.
As emphasized in Section 5.3, the adsorption of OH onto these sites is facile in alkaline solution. In solu-
tion containing Br�, however, these defect/step sites are blocked with Brad, and consequently the potential
stability of the p(2 � 2)-3CO structure is extended to higher potential than even in perchloric acid, up to
ca. 0.9 V, (Fig. 42). It is also worth mentioning that besides tuning the fine balance between atop and multi-
fold coordinated COad, the domain size of the COad structure is significantly affected by the nature of
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anions. For example, Fig. 43 shows that the domain size of the p(2 � 2)-3CO structure increases from
KOH (ca. 30 Å), to HClO4 (ca. 140 Å) to HClO4 	 Br� (ca. 350 Å), i.e. the less active the surface is
toward COad oxidation, the larger is ordered domains of the p(2 � 2)-3CO structure. As we shall see in the
next section, a self-consistent explanation for this result is that both the stability and domain size of 
the ordered COad adlayer is determined by the competition between OHad and spectator anions for the
defect/step sites on the Pt(1 1 1) surface [114].

In contrast to the Pt(1 1 1) surface, no ordered structures of COad were found on either Pt(1 1 0)-(1 � 1),
Pt(1 1 0)-(1 � 2), and Pt(1 0 0)-(1 � 1) surfaces. There are some important observations for the interaction
of CO with these surfaces, however, which are worth discussing. In situ X-ray scattering (SXS) studies
have shown that both the Pt(1 1 0)-(1 � 2) and Pt(1 1 0)-(1 � 1) surfaces are stable in the potential region
between 0 and 1.0 V. Adsorption of CO even to full coverage on the (1 � 2) surface in solution does not
induce the (1 � 2) l (1 �1) transition that is observed in UHV upon adsorption of CO [47–50]. In fact,

Surface science studies of model fuel cell electrocatalysts 341

Intensity
0.3 a.u.

Intensity
0.04 a.u.

In
te

ns
ity

 (
a.

u.
)

Intensity
0.002 a.u.

0.1 M HCIO4 � Br�

0.1 M HCIO4

0.1 M KOH

(c)

�2.0 0 2.0

(a)

(b)

�� (degrees)

Fig. 43. A rocking scan through the (1/2, 1/2, 0.2) position for the p(2 � 2)-3COad structure formed at 0.05 V
Pt(1 1 1) in (a) 0.1 M HClO4 � 10�3M Br�, (b) 0.1 M HClO4, and (c) 0.1 M KOH

I044696-Ch16.qxd  11/21/05  11:29 AM  Page 341



the (1 � 2) surface reconstruction was stable over the entire potential range in which COad was present on
the surface, even at an open circuit potential. Although ordered structures were not observed in-plane on
either the Pt(1 1 0) and Pt(1 0 0) surfaces, it appears that COad is relatively well-ordered in the surface nor-
mal direction because the modeling of the CTR intensity was possible only by inclusion of COad layer with
a single PtˆCO bond length. In the modeling of the CTR, relaxation of platinum surface atoms was also
a very important fitting parameter. In particular, upon the adsorption of CO on (1 1 0)-(1 � 2) surface at
0.05 V, the top layer expansion is reduced relative to the surface covered with a monolayer of hydrogen
(Fig. 44a), but at about 0.4 V the top layer is actually more expanded than in the absence of COads at the
same potential [102]. We have explained these relaxations in terms of the structural models for Hupd and
CO [102], e.g. the Hupd sites in the three-fold hollow sites “in” the surface causing significant expansion
of the topmost rows of Pt atoms. IRRAS shows that COad is only linearly bonded to the topmost rows. At
a potential where Hupd is not adsorbed, e.g. 0.4 V, the surface with COad on it is more expanded than with-
out, (Fig. 44a). Above 0.45 V, however, the expansion decreases continuously up to �0.8 V due to oxida-
tive removal of COad. Above 0.8 V, the process reverses and the top layer expansion increases with
potential, presumably due to accumulation of OHad (an increase in the expansion also occurs in the same
potential region in the solution free of CO). Surprisingly (in light of the UHV observations), the surface
maintains (1 � 2) symmetry throughout this 0.05–1.0 V cycle either with or without full coverage of COad.

The potential dependence of the Pt(1 0 0) surface relaxation induced by the pre-adsorbed COad at 0.05 V
and/or Hupd is represented by the results shown in Fig. 44b; the effect of Hupd on a surface relaxation (no
CO present) is also shown as a reference. Following the adsorption of CO at 0.05 V, the expansion is even
larger, ca. 4%. Upon sweeping the potential positively from 0.05 V, the oxidation of COad layer in nitrogen
purged solution is mirrored by a continuous contraction of the Pt surface layer, as shown in Fig. 44b.
Above ca. 0.65 V, the top layer expansion is reduced significantly, and the measured X-ray intensity above
0.7 V drops to value below that observed for the unrelaxed Pt(1 0 0) surface without COad, which is differ-
ent from the results observed for the Pt(1 1 1)ˆCOad system. This can be explained by some roughening
of the Pt(1 0 0) surface caused by the potential excursion to 0.8 V.

5.3.2. Energetics and kinetics of CO electrooxidation on Pt(h k l) surfaces

Just as in heterogeneous catalysis, the ultimate challenge in electrocatalysis science is to relate the micro-
scopic details of adsorbed states of intermediates to the macroscopic measurement of kinetic rates. There
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are many strategies that may be employed in this endeavor. The authors have pursued, for the present time
at least, a relation via the energetics of adsorption and reaction and classical TS rate theory. Unfortunately,
this approach has an intrinsic difficulty. Given that CO adsorption on Pt(h k l) at near ambient temperature
is an irreversible process, and due to the narrow temperature range available in aqueous solutions, the heat
of adsorption of CO cannot be determined at Pt electrodes. However, one can use the values of thermody-
namic functions which are obtained from UHV measurements and test them in the electrochemical system
for consistency. Two general features in the energetics of the COad/Pt system clearly emerge from the
UHV studies: that the heat of adsorption of CO on Pt(h k l) is strongly coverage-dependent [42]; that the
coverage dependence on single crystal surfaces arises primarily from adsorbate–adsorbate repulsive inter-
actions rather than surface heterogeneity [42]; and that the heats of CO adsorption are relatively insensi-
tive to the surface structure of the substrate [25,43]. From these general observations, we suppose that at
the Pt(h k l)/solution interface the heats of adsorption at saturation coverage of COad are close to �1/3 of
the initial value [277], e.g. a heat of adsorption of CO at Pt(h k l) aqueous electrolytes may vary from
�150 � 15 kJ/mol at low coverages to �65 � 15 kJ/mol at saturation. We show below that using only this
supposition one can develop a very reasonable relation between the microscopic details of COad and the
kinetics of CO electrooxidation on Pt(h k l) electrodes.

Two forms of COad species can be distinguished thermochemically on Pt(1 1 1) in an electrochemical
environment [271]: (i) COad with a low heat of adsorption is characterized as the “weakly adsorbed” state,
and (ii) COad with a relatively high enthalpy of adsorption is characterized as the “strongly adsorbed”
state. It should be emphasized that at steady-state the weakly and strongly adsorbed states of COad as
defined do not co-exist on the surface. Therefore, at high coverages (�CO � 0.65 ML) all COad molecules
on the surface are in the weakly adsorbed state due to repulsive interactions. When the �CO is reduced by
oxidative removal of COad, the remaining COad molecules relax into a COad layer, which is characterized
as the strongly adsorbed CO adlayer. As we discuss below, these concepts for COad energetics, and the
transition from the COad,w layer into the COad,s state, are the keys to understanding the surface electro-
chemistry and interfacial structures of COad on the Pt(h k l).

Figure 45 shows representative polarization curves for the oxidation of dissolved CO in solution on plat-
inum single crystal surfaces in 0.05 M H2SO4. According to Fig. 45, two potential regions can be distinguished
in the current versus potential relationship during COb oxidation: a potential region of the electrooxidation via
the weakly adsorbed state of CO (the so-called pre-ignition or pre-oxidation potential region [272,273]) 
and the potential region of the oxidation via the strongly adsorbed state of COad (the ignition potential region).
The term “ignition potential” is analogous to the term “ignition temperature” in gas-phase oxidation. It is the
potential at which the rate becomes entirely mass transfer limited (rate of COb diffusion to the surface). In line
with the previous section, the macroscopic characterization of a weakly adsorbed state is linked microscopi-
cally to a saturated CO adlayer consisting of three COad molecules per p(2 � 2) unit cell located in atop and
three-fold hollow sites of the Pt(1 1 1) surface. Clearly, in the pre-ignition potential region the rate of CO oxi-
dation varies with the crystal face, with activity increasing in the order: Pt(1 1 1) � Pt(1 1 0) � Pt(1 0 0). It is
important to note that a reduction of CO partial pressure produces a decrease in the rate of COb oxidation in
the pre-ignition potential region, insets of Fig. 45, indicative of a positive reaction order for COb oxidation with
respect to the partial pressure of CO. On the other hand, if the partial pressure of CO is reduced, the ignition
potential shifts negatively versus that for pure CO, consistent with a negative reaction order for the oxidation
of COb. Although the nature of COad changes with electrode potential, the authors have proposed that the
mechanism for COad oxidation on Pt(h k l) is independent of a electrode potential: that COad reacts with OHad,
through a Langmuir–Hinshelwood (LˆH) type reaction [271]

(16)

COad and OHad may or may not compete for the same sites on the Pt surface. The competitive adsorption
of COad and OHad on identical sites leads to a negative reaction order in CO, whereas the non-competitive

CO OH CO H ead ad 2	 	 		 �→
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adsorption of COad and OHad at uniquely different sites leads to a positive reaction order. In the pre-
ignition potential region, the positive reaction order is consistent with non-competitive adsorption of
COad,w and OHad. At the ignition potential, the negative reaction order is indicative of competitive adsorption
of COad,s and OHad in this potential region. In the ignition potential region, the coverage by both COad,s and
OHad change dramatically with potential, with an inverse potential dependence consistent with competi-
tive adsorption.

Other research groups have proposed different models for CO oxidation. By analyzing and modeling the
CO current transients, Bergelin et al. [278,279] suggested that in the pre-ignition potential region CO oxida-
tion cannot proceed through the LˆH mechanism, but rather through an Eley–Rideal (EˆR) mechanism,
i.e. reaction between COad and “activated” water molecules in the electrical double-layer. Rather than debate
the interpretations here, the interested reader is referred to the original references for details.
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Fig. 45. Potentiodynamic COb oxidation current densities on (a) Pt(1 1 1)-(1 � 1), (b) Pt(1 0 0)-(1 � 1), and 
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The role of anions in the supporting electrolyte on the kinetics of COb electrooxidation can be seen by
comparing the polarization curves for COb oxidation on Pt(1 1 1) in different electrolytes, e.g., alkaline
solution, perchloric acid solution and perchloric acid solution containing Br�. Figure 46 shows that the
activity of Pt(1 1 1) increases in the sequence: Br� �� HClO4 �� NaOH. In the latter case, the onset of
the pre-ignition region is in what is generally considered to be the Hupd potential region (!). We had pointed
out what a surprising result [114] this is, e.g. how can a mono-metallic surface be both reducing (hydro-
genating) and oxidizing at the same potential. If the LˆH mechanism is operative, the catalytic activity in
the Hupd potential region implies that in alkaline solution OHad is adsorbed even at potentials below ca.
0.2 V (RHE). This would translate into an increase in the PtˆOHad bond energy by ca. 70–80 kJ/mol,
from 136 kJ/mol in acidic solution to ca. 206–216 kJ/mol. We had proposed that adsorption of OHad with
this higher bond energy occurs at the defect/step sites in the Pt(1 1 1) surface [114]. The low defect den-
sity on this surface explains the relatively low rate of reaction achieved in this potential region. On the
Pt(1 0 0) surface, where the defect density is high due to the lifting of the reconstruction, the activity in the
same potential region is much higher than on Pt(1 1 1) [280]. Therefore, our explanation for the remark-
able effect of pH on the rate of COb oxidation on Pt(h k l) is the “pH-dependent” adsorption of OHad at
defect/step sites. The adsorption of OHad at defect/step sites is in agreement with studies of CO oxidation
in UHV which have shown that the oxidative removal of COad takes place between oxygen chemisorbed
preferentially on the step sites and COad on the terrace sites [281]. The reason why OHad is excluded from
active sites in acid solutions was given in the previous section. e.g., the dipole moment at defect/step sites
is intrinsically attractive to anions, and in acid solution these anions (HSO4,ad, Clad, Brad, etc.) are spectator/
blocking species, but in alkaline solution OHad are in fact the oxidizing species (!) [114]. The supposition
that the active centers are the defect/steps sites is fully consistent with the recent results for the electroox-
idation of CO on stepped Pt[n(1 1 1) � (1 1 1)] electrodes. Lebedeva et al. [282] showed that the onset
potential of dissolved CO oxidation increases in the sequence Pt(5 5 3) � Pt(5 5 4) � Pt(1 1 1). For more
details regarding the structure sensitivity of CO electrooxidation on Pt(h k l) in both pre-ignition and igni-
tion potential region, the readers are referred to details in [277].
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From the study of the CO electrooxidation on Pt(h k l) electrodes, we have concluded that there are two
key concepts for the design of a new CO oxidation catalyst: (i) there exists a weakly bonded state of COad

on Pt surfaces that will “turnover,” i.e. be oxidized continuously, even though the coverage by COad is very
high. Since this weakly adsorbed state is created by the COadˆCOad repulsive interaction, new Pt-based
catalysts should be able to enhance repulsion among the adsorbed COad, thus leading to even weaker
PtˆCOad interaction and presumably higher reactivity; (ii) the platinum surface should be modified with
a more oxophilic adatom which ideally does not adsorb CO and can insure the formation of reactive
hydroxyl adsorbed species at low potentials.

5.3.3. Surface chemistry of CO on Cuupd, Pbupd, Snupd, and Biir-modified Pt(h k l) surfaces

Cuupd, Pbupd, Snupd and Biir have been studied in some detail as possible modifiers of Pt(h k l) surfaces that
might enhance COb oxidation kinetics for the reasons just cited above. The structure of these modified sur-
faces in solutions not containing COb was discussed in Section 4.4. In an early work by Chang and Weaver
[197], the influence of Cuupd and Biir layers on the binding geometry of COad on Pt(1 1 1) and Pt(1 0 0) was
studied by means of in situ FTIR spectroscopy in the CˆO stretching region. The saturated COad layer was
formed by sparking the solution with COb for a few minutes, followed by nitrogen purging so as to remove
the solution COb. Under these experimental conditions, it was proposed that an intermixed BiirˆCO layer is
formed throughout the �CO range on both Pt(1 1 1) and Pt(1 0 0), where Biir occupies primarily bridge sites.
By contrast, at saturation COad in the presence of a Cuupd adlayer on Pt(1 1 1) were reported to form segre-
gated domains, as evidenced by the an absence of any shift in the CˆO stretching frequency due to Cuupd.
Corresponding data for COad and Cuupd on Pt(1 0 0), however, were consistent with an intermixed structure,
as indicated by the marked decreases in the terminal COad frequency for larger Cuupd coverages [197].
However, the effect of these adatoms on the kinetics of COb oxidation were not reported.

Very recently, RRDE/SXS measurements were performed during the co-adsorption of several UPD
metal atoms with COb on both the Pt(1 0 0) and Pt(1 0 0) surfaces. The results presented here are selected
from a large database in order to highlight three main conclusions drawn from these experiments. The
effects of UPD metals on surface (electro)chemistry of CO on Pt(h k l) surfaces were studied for four sys-
tems: Cuupd, Pbupd, Biir, and Snupd. This sequence represents an increasing Pt–metal interaction energy, i.e.
Cuupd � Pbupd � Biir � Snupd, and also incorporates atomic size effects, e.g., Pb, Bi � Cu, Sn. Metal
monolayers were formed on the Pt(1 1 1) and Pt(1 0 0) surfaces by holding the electrode potential just pos-
itive of the Nernst potential for bulk metal deposition before CO (gas) was introduced to the solution. Both
the specific ion flux measurements with the RRDE and the SXS measurements showed that Cuup and Pbupd

were nearly completely displaced from the Pt(1 1 1) and Pt(1 0 0) surfaces by COad, partial displacement
of the Biir adlayer was observed, and only for the Snupd was displacement not observed. Although these
results may be somewhat surprising, and would not be observed in UHV studies, metal displacement can
be understood from a simple thermodynamic analysis by calculating the apparent Gibbs energy change
(�G) for the component steps of the process. Namely, by calculating �G for the UPD process and com-
paring the value of �G for the adsorption of COad, it was possible to predict the spontaneous displacement
of Cuupd and Pbupd by COad from the Pt surface, the driving force being the resulting negative shift in the
Gibbs surface free energy [283]. The consequences of the observed displacement phenomenon is that 
the kinetics of the electrooxidation of CO on single crystal surfaces in Cu2	 (Pb2	)-containing solution is
the same as in Cu2	 (Pb2	)-free solution [283].

Insight into the displacement phenomena is obtained by using SXS to study the structural changes on
the microscopic scale. For example, CO adsorption at 0.05 V has a dramatic effect on a (3 � �

–
3) struc-

ture of Pbupd (Section 4.5.2). Figure 47 shows a rocking scan through the (4/6, 1/6, 0.2) position, where 
scattering from the (3 � �

–
3) structure occurs in CO-free solution. The main part of Fig. 47 shows the

time dependence of the peak intensity as CO is introduced in solution at t � 200 s. The presence of COb in
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solution initially caused a large increase in intensity due to the (3 � ��3) phase. It was proposed that ini-
tial increase in the (3 � ��3) scattering signal is caused by displacement of Pbupd from Pt defect/step sites
by COad, and by formation of segregated domains of COad and the (3 � ��3) structure. Due to a continu-
ous displacement of Pbupd by COad, however, the intensity of (3 � ��3) peak decreases until, at t � 3000 s,
it has almost disappeared.

Due to a stronger Pt–adatom interaction than in the Cu or Pb cases, in solution containing Bi3	 the
reversible formation of a Bi c(2 � 2) adlayer structure (inset of Fig. 48) on the Pt(1 0 0) surface is unaf-
fected by the presence of COb. In solutions containing Bi3	, formation of the Bi c(2 � 2) structure is gov-
erned by both Biupd and Biir states. A rocking curve through the (3/2, 1/2, 0.1) reflection is shown in the insert
to Fig. 48. The potential range of stability of the c(2 � 2) structure in was studied by monitoring the scat-
tering signal at (3/2, 1/2, 0.1) as the electrode potential was changed. As demonstrated in Fig. 48, the c(2 � 2)
structure undergoes a potential-dependent order–disorder transition over the range 0.3–0.4 V. Saturating the
solution with CO had absolutely no effect on either the reversibly (UPD) or irreversibly adsorbed Bi. By
contrast, saturation of the electrolyte with CO and subsequent potential cycling lead to displacement of Biir
from the Pt(1 1 1) surface in solution free of Bi3	 and the appearance of X-ray diffraction due to a p(2 � 2)-
3CO adlayer which has previously been observed on the unmodified Pt(1 1 1) electrode, Fig. 49. This obser-
vation explains why with time the catalytic activity of COb electrooxidation at the Pt(1 1 1)ˆBiir surface
approaches the catalytic activity of clean Pt(1 1 1) under the same experimental conditions [205,271].

Unfortunately, the fact that COad can displace many metals from the Pt surface strongly suggests that the
formation of bimetallic surfaces either by a reversible (UPD) or even an irreversible adsorption from solution
is not a practical way to create CO electrooxidation catalysts. From an electrocatalysis perspective, the most
positive results from the metal UPD systems studied were with Snupd. However, much better enhancement is
observed with the PtˆSn alloy system, and these results are presented in the next section.
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5.3.4. Surface chemistry of CO on Pt bimetallic alloy surfaces

In general, the catalytic enhancement by bimetallic surfaces can be ascribed to one or more of the following:
(i) bifunctional effects, where the second component provides one of the necessary reactive intermediates;
(ii) ligand (electronic), effects where the promoter alters the electronic properties of the catalytically active
metal; (iii) ensemble (morphological) effects, where the dilution of the active component with the catalyti-
cally inert metal changes the distribution of active sites, thereby opening different reaction pathways. While
most studies of electrocatalysis by Pt alloys reported so far invoke the bifunctional effect, information on the
corresponding electronic and ensemble effects are more difficult to find. All of these factors may in general
operate simultaneously, so that separating these effects and assessing their relative importance in the reaction
mechanism is very difficult. For some systems, however, it has been demonstrated that the catalytic effect of
the admetal on the kinetics of COb oxidation and oxidation of H2/CO mixtures is consistent with the bifunc-
tional mechanism of action. The concept of bifunctional catalysis was initially established in the field of the
gas-phase catalysis [284] and predates the appearance of the concept in the electrochemical community by
about two decades. The bifunctional model in electrocatalysis was introduced some time ago by Watanabe
and Motoo for the oxidation of bulk (dissolved) COb on a Pt surface modified by electrodeposited Ru [285].
This concept is fairly straightforward: modify the surface of Pt with an admetal that is more oxophilic than
Pt and shift the potential for OH formation (on the adatom site) negatively by (hopefully) a few tenths of a
volt. The practical realization of this concept is, however, not straightforward. For example, the surface com-
position of alloys is, in general, different from composition of the bulk due to the surface segregation that is
ubiquitous in bimetallic alloys. A detailed discussion of surface segregation in the Pt alloy systems of inter-
est here was presented in Section 3. In this section, we present selected results for the electrooxidation of COb

and/or H2/CO mixtures on Pt bimetallic surface that have been well-characterized in UHV using a variety of
surface sensitive tools such as AES, XPS, and ion-scattering spectroscopy (ISS) [286,287]. The surface
preparation and characterization in-UHV was followed by clean transfer to a standard electrochemical cell.
To simulate the steady state reaction conditions encountered in an envisaged fuel cell application, the flux of
reacting gases was controlled in a predictable fashion by use of the rotating disk electrode (RDE) method in
different electrolytes and at various temperatures [288–290].

Figure 50 shows the potentiodynamic (1 mV/s) oxidation currents for pure COb oxidation on a UHV-
prepared Pt3Sn(h k l) single crystal alloy surfaces, a PtˆRu polycrystalline bulk electrode and a pure Pt 
electrode. Clearly, the ignition potential for COb electrooxidation on Pt3Sn(1 1 1) and Pt3Sn(1 1 0) single
crystals in acid solution is dramatically reduced in comparison with PtˆRu and Pt, e.g. by ca. 0.7 V com-
pared to pure Pt(1 1 1). Furthermore, Fig. 50 shows that the ignition potential for CO oxidation on the
Pt3Sn(1 1 1) surface is 0.1 V lower than for the sputtered Pt3Sn(1 1 0) surface having (nearly) the same sur-
face composition, demonstrating an unusually large structural effect. The large difference in kinetics
between the (1 1 1) and (1 1 0) surfaces was explained by an increase in the mobility of COad on the (1 1 1)
versus (1 1 0) sites [290], in an analogy with the rate of CO oxidation on pure Pt(1 1 1) and Pt(1 1 0)-(1 � 1)
surfaces [102]. Therefore, although there are large differences in activity, the mechanism of action is the
same on all these surfaces, viz the LˆH mechanism, Eq. (16). On the basis of this reaction mechanism,
two classes of catalysts for CO oxidation can be distinguished:

(i) The first class has a pseudo-bifunctional mechanism of action, as in the case of PtˆRu and PtˆRe
[291], where CO is adsorbed on both the Pt and Ru(Re) sites. The second metal does not serve exclusively
to adsorb OHad, e.g. for the PtˆRu system,

(17)

The kinetics of reaction (17) is strongly dependent on the partial pressure of the dissolved CO. Gasteiger 
et al. [289] showed that the ignition potential increases with the partial pressure of COb in the CO/Ar 
gas mixtures, reflecting a negative reaction order for PtˆRu (Fig. 51a). This behavior is consistent 

Pt Ru CO Ru OH CO H ead ad 2ˆ ˆ ˆ	 	 		 �→
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with a competitive LˆH mechanism, were COad and OHad compete for the same site. Recently, using a
simple kinetic model for CO electrooxidation Koper et al. [292] suggested that CO mobility is vital for 
the PtˆRu surface to be electrocatalytically more active than the pure elements Pt and Ru. In addition to
COad mobility, simply from looking at the bifunctional mechanism of action one can see that intermixing of
the Pt and admetal atoms in the surface is an extremely important fundamental parameter. Iannielo et al.
[293] showed that the IRRAS spectra of COads on PtˆRu alloys have a single vibrational (CˆO stretch)
band whose frequency (linearly bonded) is in between that on the pure metals. This is rather easily
explained as vibrational coupling between identical states of COad on individual atoms if they are atomi-
cally mixed. On the other hand, if there is clustering of Ru atoms (ca. 3 nm islands), then one expects to see
at least two different stretching frequencies for the COad. In fact, the latter is exactly what first Friedrich 
et al. [294] and later Lin et al. [295] reported for Ru electrodeposited on Pt(1 1 1). Both groups found three
separate stretching frequencies, corresponding to COads on the Ru “islands,” on the Pt “ocean”, and at the
PtˆRu boundaries (the “beaches”), as shown in Fig. 52 for CO oxidation on Ru, Pt and Ru electrodeposited
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on Pt(1 1 1) at nominally 0.75 ML coverage [295]. Thus, one would expect to see fundamentally different
catalytic properties of the three differently prepared surfaces of the same PtˆRu bimetallic system: sput-
tered bulk alloy, annealed bulk alloy, and submonolayer Ru deposited on Pt. We shall see in the subsequent
sections that in fact this is the case for other C1 reactions.

(ii) The second class has a pure bifunctional mechanism of action, as in the case of the PtˆSn [146,290]
and PtˆMo [296–299] systems. In the case of PtˆSn, it is unlikely that CO is adsorbed at Sn sites (it does
not do so even in UHV [300]), while it is very likely that here is the formation of OHad at Sn sites. From
ex situ XPS analyses, it is known that there is OHad on Mo sites at all potentials [298]. Hence, it is rea-
sonable to conclude that CO is exclusively adsorbed on the platinum sites and oxygen containing species
are attached to the second element;

(18)

In contrast to PtˆRu system, the reaction order on Pt3Sn with respect to the concentration of COb in solu-
tion on PtˆSn is positive, as shown in Fig. 51b. The positive reaction order is consistent with a non-
competitive LˆH reaction mechanism in which there is no competition between OHad and COad for the
same adsorption sites [290]. In the case of Pt3Sn, this system is known to have strong intermetallic bond-
ing that lowers the heat of adsorption of CO at saturation coverage by about 20% [300]. Closely following
the assignments of the nature of COad at the platinum single crystal surfaces in Section 5.3.2, the uniquely
high activity of Pt3Sn alloy surfaces arise due to the formation of a weakly adsorbed state of COad on plat-
inum sites, having a weaker adsorption energy than the weakest bonded COad,w formed on platinum. The
COad,w state formed at the Pt3Sn interfaces is probably highly mobile on the surface, in particular at the
Pt3Sn(1 1 1), and thus is very reactive. Unfortunately, the high reactivity of PtˆSn alloy surfaces is
observed at relatively positive potentials, e.g. at ca. 0.2 V, so the currents for COb oxidation are very small
below this potential, see inset of Fig. 50. It is interesting that in the same potential region PtˆRu electrode
is more active than PtˆSn (see arrow in the inset of Fig. 50), suggesting that below 0.1 V small, but con-
tinuous oxidation of CO takes place on the PtˆRu electrode. As we shall see below, it turns out that this
small activity is an important property for a CO-tolerant catalysts.

From the practical standpoint, the electrooxidation of pure CO is of less interest than the electrooxida-
tion of an H2/CO mixture, e.g. produced by steam reforming of a hydrocarbon fuel. Of the various possi-
ble compositions, the electrooxidation of H2 containing 0.1% of CO is used here to provide the benchmark
case. As illustrated in Fig. 53, some very dramatic improvements in activity have resulted from the con-
trolled addition of Ru, Re, Sn, and Mo to the platinum surface, with the order of activities (at low overpo-
tentials) increasing in the sequence PtˆSn � PtˆRe � PtˆRu � PtˆMo. Although there are large
differences in activities, the mechanism of action is the same on all these surfaces. Namely, a second metal
added to the platinum serves to nucleate OHad species at lower potentials than on a pure Pt electrode, lead-
ing to the oxidative removal of COad on Pt sites nearby, freeing Pt sites for the hydrogen oxidation reac-
tion (the non-Pt metals have intrinsic activities for the HOR that are more than an order of magnitude
lower than Pt). While the mechanism of action of the admetal may follow this simple concept, the details
of the reaction are very complex, with many factors contributing.

Fig. 53 shows that the most promising for electrooxidation of reformate (H2/CO mixtures) is the Pt77Mo23

alloy. Grgur et al. [297] suggested that the superior catalytic properties of the Pt77Mo23 surface relative to Pt,
or relative to the other catalysts in Fig. 53, is due to the unique reactivity of the MoOOH oxyhydroxides states
for the oxidative removal of COad in this potential region. More detailed studies on the mechanism of 
action of Mo atoms in the alloy surface is summarized in [296–298]. There is one outcome from these mech-
anistic/modeling studies that is important to emphasize here. The only form of COad that can be oxidized
(turned over) from the Pt sites at low potentials is the weakly adsorbed state, discussed at length in Section
5.3. Unfortunately, this is a small fraction of the total COad on the Pt sites and thus only a small number of
holes are created for oxidation of the hydrogen even on the best catalyst, the PtˆMo alloy. From a practical
standpoint, this means a large amount of catalyst must be used to achieve the high current densities required

Pt CO Sn(Mo) OH CO H ead ad 2ˆ ˆ	 	 		 �→
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in a fuel cell. How much catalyst? That depends on the preparation of high surface area, e.g. nanocrystalline,
PtˆMo catalyst and the catalytic properties of PtˆMo in this form. In addition to the studies of the well-
characterized solid bimetallic surfaces, there have been several studies on the kinetics of electrooxidation of
H2/CO mixtures on Pt nanocluster bimetallic catalysts supported on carbon [301,303]. Additional details,
including experimental procedure and the characterization of supported catalysts for the PtˆSn and PtˆMo
alloys specifically, can be found in two recent review papers by the authors [104,304].

5.4. Oxidation of formic acid on Pt(h k l) and bimetallic surfaces

The mechanism of formic acid electrooxidation on Pt and selected Pt-group metal surfaces in acid solu-
tion is reasonably well-established, via the so-called “dual-pathway” originally suggested by Capon and
Parsons [305]. A reaction scheme, expressed as 

(1)

[active intermediate]

(2)

(3)

(4)

(5)

kd

kOH

HCOOHad H2O

�H2O

CO2 � 2H� � 2e�
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COad � OHad � H� � e� CO2 � H� � e�
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HCOOH
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kA
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includes most of the known surface process, which are occurring during the electrooxidation of formic
acid. While numerous details remain uncertain, this reaction scheme involves the adsorption of HCOOH
(kad), followed by the (non-faradic) dehydration of HCOOH, and the formation of chemisorbed “poison”
(reaction (2)) in competition with the direct dehydrogenation path via one or more reactive intermediates
(often referred to as HCOOad or COOHad, reaction (1)) [305]. As we shall see below, the rate of this step
is determined by the surface coverage of Hupd, anions (Aad), OHad, and “poisoning” species. It would not
be an exaggeration to say that the study of this reaction on Pt by in situ IR spectroscopy is one of the most
successful uses of spectroscopic methods in modern electrochemistry. The major “poisoning” species was
identified clearly as adsorbed CO [306,307]. These studies are well documented in reviews written by
some of the pioneers in this field, e.g. Beden and Lamy [308] and Bewick and Pons [309]. Besides being
a “poison,” COad may also act as an intermediate, where some fraction of the COad can be further oxidized
to produce CO2 (reaction (4)). The active surface oxidant is most likely adsorbed OH (or “activated water,”
H2Oad) as proposed in Section 5.3 for COad oxidation on platinum single crystals. Following the reaction
scheme for oxidative removal of COad, the adsorption of oxygenated species is in a strong competition
with anion adsorption (kA), and consequently the rate of reaction (4) (kox) is determined by the delicate
balance between the rate constants k2, k3, and kA. Schmidt et al. [240] proposed that the interdependence
of the reaction steps in reactions (1)–(4) and the competition for adsorption sites among the reaction part-
ners and intermediates usually leads to complex surface processes, which, under certain experimental con-
ditions may even trigger a transition from linear to non-linear kinetics. The latter systems exhibit an
unexpected wealth of dynamic instabilities, often leading to oscillatory behavior. The classical example is
electrooxidation of formic acid on the Pt(1 0 0) single crystal, Fig. 54. The discussion of oscillations in
electrochemical oxidation is out of scope of this review. An impressive compilation of all the relevant
papers up to 1999 as well as the theoretical principles of temporal and spatial pattern formation in elec-
trochemical systems can be found in the review paper by Krischer [310].

The electrochemical oxidation of formic acid on platinum single crystal surfaces is often used as a
model system for the oxidation of C1 oxygenates [311]. The sensitivity of formic acid oxidation to surface
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structure has been the subject of several papers [312–321], but there is still no consensus on the order of
activity. This is due in part to the fact that these activity assignments frequently rely on cyclic voltamme-
try, which, as we demonstrate below, is only a qualitative measure of reactivity. Nevertheless, regardless
of the inconsistencies, it is now well-established that even the most active Pt single crystal faces in Fig. 55
are severely poisoned by the accumulation of COad on the surface. Pt(1 1 1) is the least active surface ini-
tially, but the activity has a lower rate of decay than the other faces. The self-poisoning behavior of
Pt(1 1 1) was nicely documented by in situ FTIR studies [314,316,318]. In particular, the formation of
COad from HCOOH dehydration (reaction (2)) begins at 0.15 V, followed by monotonic increase of the
COad coverage up to ca. 0.4 at 0.45 V, where it reaches its maximum coverage of �CO � 0.35 CO/Pt [318].
Neither dehydration nor dehydrogenation of HCOOH are possible at potentials below 0.15 V. Schmidt 
et al. [240] proposed that below ca. 0.15 V the adsorption of HCOOH (kad) is completely inhibited by Hupd,
in accord with the proposal by Bagotzky and Vassilyev [322] that the adsorption of small organic mole-
cules on Pt surfaces is inhibited by Hupd. Note, the effect of Hupd on the adsorption of organic molecules is
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the same as we proposed in 5.1 and 5.2 for the HOR and the ORR, i.e. that Hupd is blocking the adsorption
of molecular H2 and O2. As expected from this premise, the appearance of COad parallels the desorption
of Hupd, so the maximum current is observed on the surface free of Hupd. The FTIR observation that COad

reaches a maximum coverage at ca. 0.45 V is in accord with the supposition that the oxidative removal of
COad (reaction (4)) starts well below potentials, where the OH adsorption is clearly seen in cyclic voltam-
metry. At higher potentials, when excess OHad (not consumed in reaction (3)) accumulates on the surface,
OHad also becomes a “site blocking” species, as was the case for the HOR and the ORR. It appears there-
fore that the maximum rate of oxidation of HCOOH is obtained at potentials at which the oxidative
removal of COad is optimized by the optimum surface coverage of OHad. The above discussion one can sug-
gest that: besides being a “poison” at low overpotentials, in the potential region where OHad is present on
the surface, COad is also a reaction intermediate in the oxidation of HCOOH; OHad has two effects in elec-
trocatalysis of HCOOH, a catalytic role at low potential, and an inhibiting at high overpotentials; finally,
Hupd and anions of supporting electrolytes have only a blocking role, inhibiting the adsorption of both
formic acid and OHad.

The introduction of monoatomic steps in the structure of Pt(1 1 1) decreases its activity (Fig. 56) due to
an increase in the “poison” formation at the step sites. Hence, this is not a way to increase the catalytic activity
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of Pt(1 1 1). Another generally more successful method is to create bimetallic surfaces that will (ideally)
optimize the adsorption of HCOOH while oxidizing COad with a minimum surface coverage by OHad, e.g.
the nearly autocatalytic oxidation of COad. The most extensively studied bimetallic catalysts for HCOOH
oxidation are Pt surfaces modified either by UPD adatoms [312] or by irreversibly adsorbed metal atoms
[159,161,206,323,324]. Many examples of these studies (prior to 1988) have already been discussed by
Parsons and VanderNoot [325]. In line with previous sections in this volume, we will focus on discussion
of representative results from one system, which has been well studied, the kinetics of formic acid on the
Biir-modifed Pt(1 1 1). The Pt(h k l)ˆBiir system occupies a special position in the electrocatalysis of 
formic acid on Pt-modified surfaces. To our knowledge, Adzic et al. [312] were the first to show that
HCOOH oxidation is activated on Pt(h k l) surfaces modified with Bi adatoms. Clavilier et al. [159,196, 
323,326,327] found that Biir-modified platinum single crystal surfaces can also increase the reactivity
toward HCOOH oxidation roughly 40 and 20 times on Pt(1 1 1)ˆBiir and Pt(1 0 0)ˆBiir electrodes, respec-
tively. Following this work, many other groups confirmed that HCOOH oxidation is catalyzed on Biir-mod-
ified platinum single crystal surfaces [204,206,324,328]. A significant catalytic enhancement by Biir was
interpreted either via a “third-body effect”, or via the electronic effect, or sometimes through an interplay
of these two mechanisms. The “third-body effect” in (electro)catalysis is neither well-understood nor means
the same thing to different researchers. Most explanations of the thirdbody effect in formic acid electro-
catalysis are similar to the so-called ensemble effects in hydrocarbon catalysis [329], although the explana-
tions have rarely been put in that form in the electrochemical literature. One of the rare exceptions is the
elegant study by Chang et al. [328], who used in situ FTIR spectroscopy to study the formation of COads on
Pt(1 1 1) and (1 0 0) surfaces modified by Bi adatoms. These studies showed directly that Biir reduced the
steady-state coverage of COads, with the effect being especially dramatic on the (1 0 0) surface, where the
coverage by COads was essentially nil at the optimum Bi coverage. This result was consistent with an
“ensemble effect” by Biir on the formic acid adsorption/decomposition reactions, with apparently a larger
ensemble of contiguous Pt sites required for dehydration than for dehydrogenation. In contrast to the
ensemble effect, Herrero et al. [159] proposed an electronic effect as the reason for the reduced “poison”
formation reaction on Pt(1 1 1)ˆBiir. This is consistent with a very simple model for the electrocatalysis of
formic acid oxidation on the Pt(1 1 1)ˆBiir electrode recently presented by Leiva et al. [330]. Very recently,
Smith and Abruna [204,324] suggested that it is likely that the enhancement of HCOOH oxidation on Biir-
modified stepped single crystal platinum surfaces is determined by some combination of both ensemble and
electronic effects. While the study by Smith and Abruna [204,324] made some progress in clarifying an
ensemble effect, interpretation of an electronic effect was still illusive.

Recent work from our laboratory has attempted to clarify and to distinguish the ensemble/electronic
effects of Biir on Pt(1 1 1). Schmidt et al. [205] proposed two modes of action of Biir: (i) an inhibiting effect
due to blocking of active Pt sites for adsorption of HCOOH (kad); (ii) a catalytic effect due to enhanced
adsorption of OHad on Pt sites adjacent to Biir and a consequently increased rate of oxidation of the inter-
mediate COad (kox). As discussed in Section 4.5.3, the enhanced adsorption of OHad arises due to the elec-
tronic modification of the Pt surface by adsorbed Bi, i.e. a shift in the local PZC [205]. The opposing action
of (i) and (ii) (slowly) leads the system into a steady-state activity that in terms of long-term performance
shows little or no difference in the overall activity between Pt(1 1 1) and Pt(1 1 1)ˆBiir (see Fig. 57 for
303 K). Therefore, the Pt(1 1 1)ˆBiir system does not represent a catalytically active system of technolog-
ical relevance. The same conclusion is true for the other UPD metal-modified Pt surfaces as well.

The studies of oxidation of HCOOH on Pt bimetallic surfaces modified by other than UPD or irre-
versible adsorption of metal adatoms are relatively scarce. One exception is the study of HCOOH oxidation
on UHV-prepared polycrystalline Pt ˆRu alloy surfaces. Fig. 58 shows the potentiostatic current densities
at 0.4 V on sputter-cleaned Pt ˆRu alloys. After a short induction time (tind in insert of Fig. 58) that was
inversely proportional to the Ru surface concentration of the respective alloy electrode, formic acid 
oxidation current increases by almost 1 order of magnitude. The current density at 0.5 V (RHE) on the
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most active electrode (46 at.% Ru surface composition) was ca. five times larger after 15 min than on a
pure Pt electrode. Interestingly, the optimal surface composition for HCOOH oxidation was the same
found for COad oxidation [287,331,332], implying that the mechanism of action of Ru in these reactions
is the same. This mechanism of action of Ru in the Pt surface on HCOOH oxidation can be rationalized
by a bifunctional mechanism. As for pure COad oxidation, Ru sites nucleate oxygen-containing species at
lower potentials than on the pure Pt surface: the adsorbed COad is preferentially oxidized at these sites by
surface diffusion from sites where adsorption occurs. The enhancement in the rate is due to an enhanced
rate (kox) of COad oxidation at PtˆRu pair sites, which changes COad from a mere spectator species 
(a poison for HCOOH dehydrogenation) to a reaction intermediate [331,332]. The reaction path on the
alloy surface occurs consequently via both pathways, a true parallel reaction path with the branching ratio
still very high, i.e. Pt-like, but the total rate is accelerated. The principal effect of opening the dehydration
channel at steady-state (via the presence of Ru in the surface) is to lower the coverage of COad and permit
the dehydrogenation path to increase in rate.

5.5. Oxidation of methanol on Pt(h k l) and bimetallic surfaces

Methanol is probably the most studied of the C1 compounds because of its potential as a logistical fuel 
and a feedstock for fuel cells. As for oxidation of formic acid, an analogous dual-pathway was frequently

358 Fuel Cells Compendium 

1

lo
g 

i (
m

A
/c

m
�

2 )

�1

0.65 V

0.5 V

(a)

(b)

0 5 10 15 20

Time (min)

0.1 M HCIO4 � 0.05 M HCOOH

303 K

Pt(111)
Pt(111)-Biir

Fig. 57. Comparison of the potentiostatic formic acid oxidation on Pt(1 1 1)- and Pt(1 1 1)-modified with irre-
versibly adsorbed Bi in 0.1 M HClO4 at 0.5 and 0.65 V. Rotation rate 900 rpm [205]

I044696-Ch16.qxd  11/21/05  11:29 AM  Page 358



proposed (see [325,333] for the history) for methanol oxidation, again with COad as a spectator species,
i.e. a poison, but now from the dehydrogenation of methanol, and an unknown intermediate was responsi-
ble for the direct oxidation to CO2, e.g.

This reaction scheme is almost identical with one proposed for the HCOOH oxidation pathway, again
emphasizing the importance of competition between the reactive intermediates and spectator species.
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Much effort, particularly with in situ IR spectroscopy, has been expended in trying to identify the unknown
“direct” intermediate, and to date none has been identified. Note that the Hupd state is again excluded from
the scheme, although Hupd blocks the adsorption of methanol in the same way as in the adsorption of
HCOOH. As shown in Fig. 59, anions of supporting electrolytes have a strong inhibiting effect on the rate
of methanol oxidation on both the Pt(1 1 1) and Pt(1 0 0) surfaces [135]. The effect is particularly strong in
Cl�-containing solutions, requiring three orders of magnitude higher concentration of sulfuric acid to
achieve the same inhibiting effect. In contrast to anions and Hupd, COad and OHad are either spectators (poi-
soning), blocking the adsorption of methanol (kad) or “intermediates” which can be further oxidized with
rate constant kox. In situ IR spectroscopy has also played an extremely important role in refining our under-
standing of this reaction, and in producing a different concept of the role of COad in the reaction, namely
that of intermediate versus poison. As was the case in gas-phase catalysis, the study of the reaction 
on alloy catalysts has helped to redefine our understanding of the reaction path and the role of COad. 
There have been many important studies of methanol adsorption on Pt electrodes by in situ IR 
spectroscopy, which are not discussed in this chapter. These studies have been so extensive, and have such
a long history with many twists and turns that a thorough review of the subject would be a full chapter in
itself. There have been far fewer studies of methanol adsorption on bimetallic surfaces using in situ IR
spectroscopy, and it is those that we will summarize in this chapter.
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Fig. 60 shows the COad coverages at room temperature on polycrystalline Pt, Pt90Ru10, and Pt50Ru50 sur-
faces following immersion at 0.06 V in 0.1 M HClO4 containing 0.05 M CH3OH. Also shown is the corre-
sponding anodic current as a function of potential. The details are given in [332]. Only linearly bonded
COad, as evidenced by the CˆO stretch feature at 2040–2080 cm�1, was observed on these surfaces and
only CO2, evidenced by the sharp asymmetric stretch at 2343 cm�1, was observed in solution as the oxida-
tion product at all potentials, i.e. there was no detectable amount of adsorbed formyl species nor were any
partial oxidation products such as formic acid or methyl formate observed. Only a single CˆO stretch was
observed even though the frequencies for pure Pt and pure Ru differ by ca. 50 cm�1. This result is similar
to that reported by Ianniello et al. [293] and Lin et al. [295] for COad from direct COb adsorption on the
PtˆRu alloy surfaces, and is attributed to the vibrational coupling between COad molecules adsorbed on
adjacent atoms. On the Pt and Pt90Ru10 surfaces, a bell-shaped functionality of CO coverage versus poten-
tial is observed with the onset of the IR signal for COad at about 0.1 V, e.g. at the potential, where desorp-
tion of Hupd is observed in cyclic voltammetry. No CO2 is observed until about 0.45 V. All of the current on
the first sweep from 0.06 V should then correspond to COad formation from the dehydrogenation reaction,
and integration of this current was consistent with this result (assuming 4e� per COad). The onset of
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methanol oxidation to CO2 begins at 0.45 V, and is accompanied by a decrease in COad coverage. In the
potential region between 0.5 and 0.7 V, the rate of methanol oxidation on the Pt90Ru10 surface is more than
30 times that for pure Pt. Referring to Fig. 60, 0.5 V is exactly the potential, where COad begins to be oxi-
dized on the Pt-rich surfaces, giving indication that COad is an intermediate in the reaction. Referring again
to the discussion of COad oxidation in methanol-free solution [287,331], the rate of this step is maximized
at 50% Ru, and thus a significant lowering of the COads coverage on this surface should be expected. The
COads coverage observed on this surface is more than significantly lowered, the coverage is below 0.1 ML
(!), suggesting that oxidation of methanol proceeds via a series mechanism, e.g., kad l kp l kox l CO2.
Note that in spite of the fact that the 50% Ru surface is essentially free of adsorbed intermediates, i.e.
“unpoisoned” in the language of the dual-pathway, the most active surface is 7–10 at.% Ru. If one takes into
account that at room temperature methanol adsorption does not occur on Ru sites, then the series pathway
helps us understand the way Ru alters the balance between the relative rates kad, kp and kox. Increasing Ru
content in the surface increases kox, which is maximized at 50% Ru, but decreases kad. The fact that COad

coverage is relatively high on Pt-rich surfaces but falls to near zero for 50% Ru suggests that there is a tran-
sition in the rate determining step with increasing Ru content, from the oxidation of COad (kox) to the
adsorption/dehydrogenation of methanol (kad/kp).

Gasteiger et al. [334] used this series pathway to develop a quantitative model of the dependence of the
oxidation rate on the Ru content in the surface. This model is summarized in Fig. 61. A bifunctional role
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Fig. 61. (a) Schematic representation of sputter PtˆRu alloy surfaces with 10 and 50 at.% Ru. (b) Geometric
arrangement of atoms around a three-fold methanol adsorption site for an hexagonal surface face (fcc (1 1 1)
face). (c) Probability distribution for the occurrence of a three-fold Pt site surrounded exactly one Ru atom for
different low-index crystal face geometries as a function of the Ru surface composition [334]
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of Pt and Ru atoms was assumed, with methanol adsorption/dehydrogenation occurring at an ensemble of
Pt atoms and OHads nucleation occurring at Ru sites. Using statistical analysis, it was shown that the max-
imum concentration of active ensembles, viz three-fold Pt sites adjacent to exactly one Ru atom, occurs
near 10% Ru, exactly where the maximum in rate is observed. Further support for the model was found in
experiments conducted at higher temperature [335], where it was found that methanol adsorption/dehy-
drogenation occurs on Ru sites as well as on Pt sites, and that the maximum in total rate moves to higher
Ru content, towards 50%. This shift towards 50% Ru as the most active surface is consistent with the
change in ensemble configuration, where now (at higher temperature) any three surface sites can serve to
dehydrogenate methanol, and the rate determining step becomes oxidative removal of COad (k4) for all sur-
face compositions.

The effects of thermal activation on the oxidation pathway of methanol on bulk PtˆRu alloy catalysts
has recently been studied by Korzeniewski and co-workers [336] using “high temperature” FTIR spec-
troscopy. The IR spectra shown in Fig. 62 confirm the previous observation [335] that on Ru-rich surfaces
the dissociative chemisorption (dehydrogenation) of methanol is inhibited on Ru sites at temperatures
below 330 K; the faradic current for methanol oxidation was low, and only small quantities of adsorbed CO
and CO2 production [336] were detected between 0.2 and 0.8 V. At 353 K, however, strong infrared bands
from CO2 and atop coordinated COad appeared at potentials above ca. 0.2 V. These IR results, therefore,
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Fig. 62. Potential difference infra red spectra of a PtˆRu alloy (xRu � 0.9) electrode in 0.1 M HClO4 contain-
ing 1 M CH3OH at (A) 25 and (B) 70°C. The spectral region for atop coordinated was held at 0.0 V in 0.1 M
HClO4 while methanol was added. The cell was maintained at 0.0 V with methanol present in solution for a
total of 7 min prior to spectra acquisition. Spectra were recorded in sequence as the potential was stepped 
positive from 0.0 V. Data acquisition at each potential required (�2.7 min. The background spectra was recorded
at 0.0 V [336]
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nicely show that methanol adsorption (dehydrogenation) “turns on” at Ru sites at elevated temperatures,
shifting the optimum Ru coverage from only 10 to 30 at.% so that methanol adsorption/dehydrogenation is
in balance with simultaneous fast oxidative removal of COad. While the serial reaction path and the ensem-
ble model of Gasteiger et al. provide a reasonable explanation for the role of Ru in enhancing the activity
of Pt for methanol oxidation, there is still much to be learned about this reaction on Pt surfaces, to say noth-
ing of other Pt-group metals and their alloys.

The serial reaction pathway together with current knowledge of the dehydrogenation reaction on Pt pro-
vide a sound framework both for further fundamental study and for practical development of methanol
oxidation catalysts. With respect to the latter, the PtˆRu alloy remains the most active catalyst known for
methanol electrooxidation in spite of more than 20 years of study of alternative catalysts since the seminal
study of Pt bimetallic catalyst by the group at Batelle [337]. These studies have included, at one time or
another, the modification of the Pt surface by electrodeposition and/or adsorption from solution of nearly
every element in the periodic table that can be deposited in this manner. There are only two of these mod-
ifications, which have proven to have any significant stable enhancement of the activity of the Pt surface,
and these are Ru and Sn. In the case of Ru-modified surface, it is not clear that one achieves the same result
if the Ru atoms are in the surface, as in the bulk alloys, or on the surface. Chrzanowski and Wieckowski
[338] and Chrzanowski et al. [339] demonstrated that catalytic activity of either polycrystalline Pt or Pt
single crystals toward methanol oxidation was enhanced by irreversibly adsorbed Ru. The most active sur-
face was Pt(1 1 1) covered by ca. 0.2 ML of Ru (or 1 Ru for every 5 Pt). On the other hand, Iwasita et al.
[340] compared catalytic activities of methanol oxidation on UHV-cleaned PtRu bulk alloys, UHV-evap-
orated Ru onto Pt(1 1 1), and irreversibly adsorbed Ru on Pt(1 1 1). At room temperature, it was found that
the activity of the PtRu bulk alloys between 10 and 40% is up to factor of 10 higher than activity of the
Ru-modified Pt(1 1 1) surfaces. Further study appears to be needed to resolve this important fundamental
question.

There has been a kind of folklore in electrocatalysis that a catalyst with high activity for methanol oxi-
dation would also have a high activity for COb oxidation and vice versa. One might suspect, from the dis-
cussion in Section 3 on COb oxidation, that the PtˆSn alloy is the catalyst of choice for methanol
electrooxidation. It is interesting and informative to understand why this turns out not to be the case. Wang
et al. [341] showed that Sn adsorbed on Pt from solution has a higher activity for methanol oxidation than
the alloy Pt3Sn, the latter actually being less active than Pt [342,343]. This apparently paradoxical result
can be explain in terms of the need to balance the adsorption of methanol on Pt sites and the oxidative
removal of COad. At 298 K the enhancement is maximized at a very low coverage of Sn, e.g. about 0.1 ML,
consistent with an absence of adsorption of methanol on Sn adatoms and blocking effect of Sn on the Pt
ensemble needed for dehydrogenation. As we described in Section 3, the surface concentration of Sn in
Pt3Sn is at least 33% Sn (only on the (1 1 1) face, the other faces are 50% Sn), which are too Sn-rich for
methanol dehydrogenation. Besides the issue of Sn coverage, Wang et al. [341] also argued that COad

formed from dehydrogenation of methanol also has an unique inhibiting effect on the rate of methanol oxi-
dation and is not the same as COad formed during the oxidation of COad formed from adsorption in a solu-
tion saturated with CO. In particular, there are differences in the nature (coverages) of COad produced from
the two sources: the coverage from methanol dehydrogenation is much lower, thus it forms what was
assigned in Section 5.3 as the strongly adsorbed state of COad, which is a relatively inactive state. With oxi-
dation of dissolved CO in solution, the COad adsorbs on Pt sites to high coverage forming the more reac-
tive weakly adsorbed state. In the bulk Pt3Sn alloy, Sn atoms nucleate OHad at low potential, and thus the
COb reaction can proceed even though the Pt sites are completely covered by COad.

The fundamental studies of methanol oxidation, while they have not yet produced new catalysts, have
revealed some important lessons for catalyst development. The very strong ensemble effect observed with
Ru- and Sn-modified surfaces means that one needs to control the surface composition when exploring
new systems, which is why the authors put so much emphasis in this chapter on surface analysis and the
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science of surface enrichment. It is possible that some promising Pt bimetallic systems have been missed
because there was too much of the admetal present on the surface.

6. FUTURE DEVELOPMENTS

Recent careful studies of the kinetics of oxygen reduction on pure Pt conclude that the intrinsic activity of
Pt for the ORR depends on both the particle shape and size [105,246], i.e. there is not a single value of the
specific activity even when normalized by the surface area. While kinetic results from Pt(h k l) single crys-
tals identify a structure sensitivity of the reaction, detailed comparison with results from supported cata-
lyst fail to account for the effect of both particle size and shape on the activity. The situation is even more
complicated for bimetallic catalysts. In the case of PtˆMo catalysts for the oxidation of H2/CO mixtures,
detailed comparison of results from well-characterized bulk alloy surfaces with supported catalysts failed
to account for the behavior of the supported catalysts [296,297]. A similar conclusion was reached in the
cases of supported PtˆNi and PtˆCo catalysts for the ORR [344]. With supported bimetallic catalysts,
in addition to exposing different crystal faces with differing sizes/shapes, each face may have a unique 
surface composition, as may the edges/points at the intersections of faces. Such possibilities are clearly
illustrated in the Monte Carlo simulations of Strohl and King [345] for cubo-octahedral binary clusters of
Pt and Group Ib elements. Reactions, where the ensemble effect is very important, such as for methanol
and formic acid electrooxidation, would be expected to show very strong dependence on bimetallic parti-
cle shape/size. Systematic experimental determinations of the effect of the bimetallic particle shape/size
on the kinetics of methanol and formic acid electrooxidation are needed. One important aspect of the
Monte Carlo simulations that needs experimental testing is that the {1 0 0} facets of the cluster contain no
Pt, i.e. they are composed entirely of the Group Ib element (the surface enriched element). Since both
methanol and formic acid electrooxidation kinetics vary significantly with crystal face on Pt(h k l) sur-
faces, the exclusion of the alloying constituent from the {1 0 0} facet would have a profound effect on the
activity of the supported catalyst. It is clear that issues of this kind are further evidence that solid surfaces,
even when their surfaces are well-characterized, are not adequate models for real catalysts.

What are better model systems for real, i.e. supported, electrocatalysts? There is, we think, no simple
answer to this question. Nor is there any single system that will model all the aspects of real catalysts, par-
ticularly in the exact configuration they are used in electrolytic cells. Regular arrays of metal particles fab-
ricated by lithographic methods [346,347] will be useful for addressing some issues. Since particles will
all have the same size, composition and shape, conventional surface analytical tools can be used to char-
acterize the size/shape/composition and a conventional (macroscopic) kinetic measurement can be made.
Unfortunately, the size of the particles created by lithographic methods are limited to relatively large sizes,
e.g. �50 nm. How much lower the “feature size” can be reduced in the future is unclear. Chemical meth-
ods using “protecting shells” can create monodisperse metallic clusters in solution [348], and in the
1–10 nm size range we need, but putting the clusters on a support and removing the protecting shells pro-
duces a distribution of sizes/shapes that reduces their utility as “model” systems. Gas-phase ion cluster
beam methods like those pioneered by Haberland et al. [349] may also prove to be a useful synthesis tool
with some further improvements. Whatever synthesis technique is chosen, there still remains the challenge
to analyze not only the size and shape of the bimetallic particles, but also the surface composition. One
wants not only the average or integrated surface composition, but also the variation in composition across
the particle, i.e. the composition on each facet. The technique which most obviously comes to mind is indi-
vidual nanoparticle STM. The challenges to such measurements are obvious. One needs atomic resolution
and elemental sensitivity while scanning the facet on a particle that may only be weakly attached to the
substrate, i.e. in contact mode will the tip push the particle. Other microscopies and/or spectromicro-
scopies will probably have to be developed specifically to address these challenges.

Surface science studies of model fuel cell electrocatalysts 365

I044696-Ch16.qxd  11/21/05  11:29 AM  Page 365



The very promising results described here for ultrathin films of Pd on Pt(h k l) substrates suggest possi-
ble new directions for electrocatalysts based on a “skin” particle structure, i.e. a monolayer “skin” of one
metal covering a core of another. Some binary alloy systems may actually form such 3D structures in
nanoparticles as a result of equilibrium surface segregation when there is strong surface enrichment in one
metal, e.g. AuˆNi and AuˆPt [345]. More generally, one would have to synthesize non-equilibrium
structures to achieve the desired highly structured arrangement of metals. Raft geometries seem attractive
for such structures, where one metal selectively wets the substrate (support) and the second metal selec-
tively wets (“paints”) the other. Clearly, to begin pursuing any of these highly structured nanoparticle con-
cepts, one needs to develop some model systems, where surface characterization can be applied, and the
understanding of the various interactions controlling the structure can be developed.

Finally, it appears certain that quantum chemical and classical Monte Carlo computational methods will
play an increasingly important role in the study of model electrocatalyst systems in the future. This will be
especially true for the nanocluster types of catalysts. In our view, however, there are important tradeoffs to
be considered in the application of these methods in the near future. Because of the shear size of the cal-
culation, it does appear likely one can produce a highly accurate calculation on both sides of the
metal/solution interface simultaneously. A calculation, which has a very accurate representation of the
solution side, including, e.g. ion–water solvation and the hydrogen bonding in water, cannot also have a
highly accurate representation of the metal electronic structure, including simultaneously metal–metal,
metal–water and metal–ion interactions. Another way of saying this is that the effect of electrode poten-
tial cannot be represented rigorously in current electronic structure calculations of the metal/solution 
interface. Nonetheless, the computational methods will be important tools in identifying trends in electro-
catalytic properties of future novel materials and structures. There are also certain to be surprises in the
future, particularly in the area of electrolyte effects in electrocatalysis, which have proven to be difficult to
study with the current arsenal of surface analytical tools.
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83. C. Lucas, N.M. Marković and P.N. Ross. Surf. Sci. 340 (1996) L949.
84. R.M. Ishikawa and A.T. Hubbard. J. Electroanal. Chem. 69 (1976) 317.
85. E. Yeager, W.E. O’Grady and M.Y.C.H.P. Woo. J. Electrochem. Soc. 125 (1978) 348.
86. S. Tanaka, S.-L. Yua and K. Itaya. J. Electroanal. Chem. 396 (1995) 125.
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195. N.M. Marković, B.N. Grgur, C. Lucas and P.N. Ross. J. Chem. Soc., Faraday Trans. 94 (1998) 3373.
196. J. Clavilier, A. Fernandez-Vega, J.M. Feliu and A. Aldaz. J. Electroanal. Chem. 261 (1989) 113.
197. S.C. Chang and M.J. Weaver. Surf. Sci. 241 (1991) 11.
198. L. Dollard, R.W. Evans and G.A. Attard. J. Electroanal. Chem. 345 (1993) 205.

370 Fuel Cells Compendium 

I044696-Ch16.qxd  11/21/05  11:29 AM  Page 370



199. R.W. Evans and G.A. Attard. J. Electroanal. Chem. 345 (1993) 337.
200. E. Herrero, J.M. Feliu and A. Aldaz. J. Catal. 152 (1995) 264.
201. B.E. Hayden, A.J. Murray, R. Parsons and D.J. Pegg. J. Electroanal. Chem. 409 (1996) 51.
202. U.W. Hamm, D. Kramer, R.S. Zhai and D.M. Kolb. Electrochim. Acta 43 (1998) 2969.
203. S.P.E. Smith and H.D. Abruna. J. Phys. Chem. B 102 (1998) 3506.
204. S.P.E. Smith and H.D. Abruna. J. Electroanal. Chem. 467 (1999) 43.
205. T.J. Schmidt, R.J. Behm, B.N. Grgur, N.M. Marković and P.N. Ross Jr. Langmuir 16 (2000) 8159.
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291. B.N. Grgur, N.M. Marković and P.N. Ross. Electrochim. Acta 43 (1998) 3631.
292. M.T.M. Koper, J.J. Lukkien, A.P.J. Jansen and R.A. van Santen. J. Phys. Chem. B 103 (1999) 5522.
293. R. Ianniello, V.M. Schmidt, U. Stimming, J. Stumper and A. Wallau. Electrochim. Acta 39 (1994) 1863.
294. K.A. Friedrich, K.-P. Geyzers, U. Linke, U. Stimming and J. Stumper. J. Electroanal. Chem. 402 (1996) 123.
295. W.-F. Lin, M.S. Zei, M. Eiswirth, G. Ertl, T. Iwasita and W. Vielstich. J. Phys. Chem. B 103 (1999) 6968.
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Chapter 17

Proton-conducting polymer electrolyte membranes 
based on hydrocarbon polymers

M. Rikukawa and K. Sanui

Abstract

This paper presents an overview of the synthesis, chemical and electrochemical properties, and poly-
mer electrolyte fuel cell applications of new proton-conducting polymer electrolyte membranes based
on hydrocarbon polymers. Due to their chemical stability, high degree of proton conductivity, and
remarkable mechanical properties, perfluorinated polymer electrolytes such as Nafion®, Aciplex®,
Flemion®, and Dow membranes are some of the most promising electrolyte membranes for polymer
electrolyte fuel cells. A number of reviews on the synthesis, electrochemical properties, and fuel cell
applications of perfluorinated polymer electrolytes have also appeared during this period. While per-
fluorinated polymer electrolytes have satisfactory properties for a successful fuel cell electrolyte mem-
brane, the major drawbacks to large-scale commercial use involve cost and low proton-conductivities
at high temperatures and low humidities. Presently, one of the most promising ways to obtain high per-
formance proton-conducting polymer electrolyte membranes is the use of hydrocarbon polymers for
the polymer backbone. The present review attempts for the first time to summarize the synthesis,
chemical and electrochemical properties, and fuel cell applications of new proton-conducting polymer
electrolytes based on hydrocarbon polymers that have been made during the past decade.

Keywords: Proton; Electrolyte; Poly(4-phenoxybenzoyl-1,4-phenylene); Poly(ether-etherketone); Fuel
cell; Sulfonation; Conductivity
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1. INTRODUCTION

1.1. Polymer electrolyte fuel cells

The idea of using an organic cation exchange membrane as a solid electrolyte in electrochemical cells was first
described for a fuel cell by Grubb in 1959. At present the polymer electrolyte fuel cell (PEFC) is the most prom-
ising candidate system of all fuel cell systems in terms of the mode of operation and applications. As shown in
Fig. 1, a PEFC consists of two electrodes and a solid polymer membrane, which acts as an electrolyte. The
polymer electrolyte membrane is sandwiched between two platinum-porous electrodes such as carbon paper
and mesh. Some single cell assemblies can be mechanically compressed across electrically conductive separa-
tors to fabricate electrochemical stacks. In general, PEFCs require humidified gases, hydrogen and oxygen 
(or air) as a fuel for their operation. The electrochemical reactions that occur at both electrodes are as follows:

Anode: H2 → 2H� � 2e�

Cathode: 1/2O2 � 2H� � 2e� → H2O

Overall: H2 � 1/2O2 → H2O � Electrical Energy � Heat Energy

In recent years, PEFCs have been identified as promising power sources for vehicular transportation and
for other applications requiring clean, quiet, and portable power. Hydrogen-powered fuel cells in general
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have a high–power density and are relatively efficient in their conversion of chemical energy to electrical
energy. Exhaust from hydrogen-powered fuel cells is free of environmentally undesirable gases such as
nitrogen oxides, carbon monoxide, and residual hydrocarbons that are commonly produced by internal
combustion engines. Carbon dioxide, a greenhouse gas, is also absent from the exhaust of hydrogen-
powered fuel cells. Thus, transportation uses, especially fuel cell electric vehicles (FCEV), are on attrac-
tive and effective application because of not only clean exhaust emissions and high-energy efficiencies but
also effective solution to the coming petroleum shortage. While FCEV might provide the greatest societal
benefits, its total impact would be small if only a few FCEVs are sold due to lack of fueling infrastructure
or due to high vehicle cost. The major obstacles for the commercial use of FCEV are expensive materials
and low performances at high temperatures (over 100°C) and low humidities.

1.2. Solid polymer electrolyte membranes

In general, proton-conducting polymers are usually based on polymer electrolytes, which have negatively
charged groups attached to the polymer backbone. These polymer electrolytes tend to be rather rigid and
are poor proton conductors unless water is absorbed. The proton conductivity of hydrated polymer elec-
trolytes dramatically increases with water content and reaches values of 10�2–10�1S cm�1.

The first PEFC used in an operational system was the GE-built 1 kW Gemini power plant [1]. This sys-
tem was used as the primary power source for the Gemini spacecraft during the mid-1960s. The perfor-
mances and lifetimes of the Gemini PEFCs were limited due to the degradation of poly(styrene sulfonic
acid) membrane employed at that time. The degradation mechanism determined by GE was generally
accepted until the present time. It was postulated that HO2 radicals attack the polymer electrolyte mem-
brane. The second GE PEFC unit was a 350 W module that powered the Biosatellite spacecraft in 1969.
An improved Nafion® membrane manufactured by DuPont was used as the electrolyte. Figure 2 shows 
the chemical structures of Nafion® and other perfluorinated electrolyte membranes. The performance and
lifetime of PEFCs have significantly improved since Nafion® was developed in 1968. Lifetimes of over
50,000 h have been achieved with commercial Nafion®120.

Nafion® 117 and 115 have equivalent repeat unit molecular weights of 1100 and thicknesses in the dry
state of 175 and 125 �m, respectively. Nafion® 120 has an equivalent weight of 1200 and a dry state thick-
ness of 260 �m. Ballard Technologies Corporation showed the possibility of the application of PEFC 
for electric vehicles by using experimental perfluorinated membranes developed by Dow Chemical.
Development of PEFC has been accelerated year by year after the report of Ballard Technologies
Corporation. The Dow membrane has an equivalent weight of approximately 800 and a thickness in the
wet state of 125 �m. In addition, Flemion® R, S, T, which have equivalent repeat unit molecular weights
of 1000 and dry state thicknesses of 50, 80, 120 �m, respectively, were also developed by Asahi Glass
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Nafion® 117  m � 1; n � 2; x � 5–13.5; y � 1000
Flemion® m � 0; 1; n � 1–5
Aciplex® m � 0, 3; n � 2–5; x � 1.5–14
Dow membrane  m � 0; n � 2; x � 3.6–10
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Fig. 2. Chemical structures of perfluorinated polymer electrolyte membranes
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Company [2]. Asahi Chemical Industry manufactured a series of Aciplex®-S membranes, which have
equivalent repeat unit molecular weights of 1000–1200 and dry state thicknesses of 25–100 �m.

These perfluorinated ion exchange membranes including Neosepta-F® (Tokuyama) and Gore-Select®

(W. L. Gore and Associates, Inc.) have been developed for chlor-alkali electrolysis. The water uptake and
proton transport properties of this type of membrane have significant effects on the performance of
PEFCs. These membranes have water uptakes of above 15 H2O/–SO3H, and maximizing membrane water
uptake also maximizes the proton conductivity. In general, conductivities can reach values of
10�2�10�1S cm�1. All of these membranes possess good thermal, chemical, and mechanical properties
due to their perfluorinated polymer backbones.

A limiting factor in PEFCs is the membrane that serves as a structural framework to support the electrodes
and transport protons from the anode to the cathode. The limitations to large-scale commercial use include poor
ionic conductivities at low humidities and/or elevated temperatures, a susceptibility to chemical degradation at
elevated temperatures and finally, membrane cost. These factors can adversely affect fuel cell performance and
tend to limit the conditions under which a fuel cell may be operated. For example, the conductivity of Nafion®

reaches up to 10�2 S cm�1 in its fully hydrated state but dramatically decreases with temperature above the
boiling temperature of water because of the loss of absorbed water in the membranes. Consequently, the devel-
opment of new solid polymer electrolytes, which are cheap materials and possess sufficient electrochemical
properties, have become one of the most important areas for research in PEFC and FCEV.

Proton-conducting polymer electrolyte membranes for high performance PEFCs have to meet the fol-
lowing requirements, especially for electric vehicle applications [3]:

1. low cost materials;
2. high proton conductivities over 100°C and under 0°C;
3. good water uptakes above 100°C;
4. durability for 10 years.

The challenge is to produce a cheaper material that can satisfy the requirements noted above. Some sac-
rifice in material lifetime and mechanical properties may be acceptable, providing cost factors are com-
mercially realistic. Good electrochemical properties over a wide temperature range may help the early
marketing of PEFCs. Presently, one of the most promising routes to high-performance proton-conducting
polymer electrolyte membranes is the use of hydrocarbon polymers for polymer backbones. The use of
hydrocarbon polymers as polymer electrolytes was abandoned in the initial stage of fuel cell development
due to the low thermal and chemical stability of these materials. However, relatively cheap hydrocarbon
polymers can be used for polymer electrolytes, since the lifetime of electrolytes required in fuel cell vehi-
cles are shorter when compared to use in space vehicles. Also, catalyst and fuel cell assembly technolo-
gies have improved and brought advantages to the lifetimes of PEFCs and related materials.

There are many advantages of hydrocarbon polymers that have made them particularly attractive:

1. Hydrocarbon polymers are cheaper than perfluorinated ionomers, and many kinds of materials are
commercially available.

2. Hydrocarbon polymers containing polar groups have high water uptakes over a wide temperature
range, and the absorbed water is restricted to the polar groups of polymer chains.

3. Decomposition of hydrocarbon polymers can be depressed to some extent by proper molecular design.
4. Hydrocarbon polymers are easily recycled by conventional methods.

Based on numerous works by other authors and our own research group, we review the syntheses of new
proton-conducting polymer electrolyte membranes based on hydrocarbon polymers. The characteristics of
these new materials which determine their potential applications, are discussed in detail. A review of elec-
trochemical properties, water uptake, and thermal stability makes possible a comprehensive understand-
ing of the proton conduction mechanism and physical state of absorbed water in these systems.
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2. PROTON-CONDUCTING POLYMER ELECTROLYTE MEMBRANES 
BASED ON SULFONATED AROMATIC POLYMERS

2.1. Materials

Over the last decade new proton-conducting polymer electrolyte membranes have been developed. These
new membrane concepts include partially fluorinated membranes, composite membranes, and also aromatic
polymer membranes. This section will give a brief overview on sulfonated, aromatic polymer membranes.

Poly(styrene sulfonic acid) is a basic material in this field. In practice, poly(styrene sulfonic acid) and the
analogous polymers such as phenol sulfonic acid resin and poly(trifluorostyrene sulfonic acid), were fre-
quently used as polymer electrolytes for PEFCs in the 1960s. Chemically and thermally stable aromatic poly-
mers such as poly(styrene) [4,5], poly(oxy-1,4-phenyleneoxy-1,4-phenylenecarbonyl-1,4-pheneylene)
(PEEK) [6–9], poly(1,4-phenylene) [10–13], poly(oxy-1,4-phenylene) [14], poly(phenylene sulfide) [15], and
other aromatic polymers [16–19], can be employed as the polymer backbone for proton-conducting polymer
electrolytes. These chemical structures are illustrated in Fig. 3. These aromatic polymers are easily sulfonated
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by concentrated sulfuric acid [20], by chlorosulfonic acid [21], by pure or complexed sulfur trioxide [16,22,
23], and by acetylsulfate [24]. Sulfonation with chlorosulfonic acid or fuming sulfuric acid sometimes causes
chemical degradation in these polymers. According to Bishop et al. [25], the sulfonation rate of PEEK in sul-
furic acid can be controlled by changing the reaction time and the acid concentration, and can thereby provide
a sulfonation range of 30–100% without chemical degradation or cross-linking reactions [26]. However, this
direct sulfuric acid procedure cannot be used to produce truly random copolymers at sulfonation levels of less
than 30%, because dissolution and sulfonation in sulfuric acid occur in a heterogeneous environment due to the
increase of viscosity of reactant solutions. For this reason, the dissolution process was kept short, for less than
1 h, in order to produce a more random copolymer. Sulfonation levels in PEEK and poly(4-phenoxybenzoyl-
1,4-phenylene) (PPBP) [13] as a function of reaction time at room temperature are presented in Fig. 4. Since
sulfonation is an electrophilic reaction, its application depends on the substituents present on the ring.
Electron-donating substituents will favor the reaction, whereas electron-accepting substituents will not.
Indeed, with PPBP the terminal phenyl ring of the substituent can be sulfonated under mild conditions as good
as PEEK, although poly(4-benzoyl-1,4-phenylene) containing an electron accepting substituent in the ring
cannot be sulfonated under the same conditions. The sulfonation of PPBP and PEEK occurred to almost
80 mol% within 100 h. The level of sulfonation of PPBP became saturated at 85 mol% per repeat unit, whereas
the level of sulfonation of PEEK reached 100 mol%. This is because the viscosity of PPBP in sulfuric acid was
so high that entanglements of pendant groups prevented further sulfonation. Bailly et al. [9] and Jin et al. [20]
showed that the sulfonation of PEEK in sulfuric acid cannot produce a random copolymer especially below
sulfonation of 30 mol% due to the heterogeneous nature of the reaction. In our studies, heterogeneous reac-
tions were also confirmed in the case of both PPBP and PEEK. Since it is important for fuel cell applications
to produce highly sulfonated polymers, this sulfonation method with sulfuric acid is one of the most suitable
routes for preparing polymer electrolytes of PEFCs.

In the case of sulfonated PEEK (S-PEEK), S-PEEK having 30% or more sulfonation was soluble in N,
N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO), or N-methyl-2-pyrrolidinone (NMP); above
70%, the polymer were soluble in methanol and at 100%, in water. PPBP was dissolved in common chlo-
rine containing solvents such as chloroform and dichloromethane, whereas sulfonated PPBP (S-PPBP)
was insoluble in the same solvents, but was soluble in DMF, DMSO, or NMP above 30% sulfonation.
Above 65% sulfonation, S-PPBP swelled in methanol and water.
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Fourier Transform Infrared (FT-IR) spectra for PEEK, PPBP, and their sulfonated polymers are shown in
Fig. 5. The sulfonation of PEEK at room temperature in concentrated sulfuric acid places a limit of one sul-
fonic group per repeat unit [21,23,27]. It is also clear from the FT-IR data that PEEK is sulfonated at one
position on the phenylene ring between the ether groups. For S-PPBP, the intensity of the absorption band
at 1070 cm�1 assigned to the mono-substituted benzene ring decreased with an increasing sulfonation level,
while the intensities of absorption bands at 1020 and 730 cm�1 attributed to a para-substituted benzene
ring, and the S–O stretching vibration, respectively, also increased with increasing sulfonation level. These
FT-IR spectral data indicate that the sulfonation of PPBP in sulfuric acid takes place at the para-position of
the terminal phenoxy group.

Tsuchida et al. [18,19] have synthesized poly(thiophenylenesulfonic acid) possessing up to 2.0 sulfonic
acid groups per phenylene ring, as shown in Fig. 3. They polymerized 4-(methylsulfinyl) diphenyl sulfide
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in sulfuric acid upon heating or in the presence of SO3 to yield a sulfonated poly(sulfonium cation), which
can be converted in to the corresponding sulfonated poly(thiophenylene). The sulfonation can be con-
trolled by the reaction time, the temperature, and/or the addition of SO3. The resulting polymer elec-
trolytes are soluble in water and methanol and can form transparent films.

Composite polymer electrolytes of Teflon-FEP films and poly(styrenesulfonic acid) were also prepared by
simultaneous radiation grafting of styrene onto Teflon-FEP films and subsequent sulfonation to provide low
cost proton-conducting polymers [4]. They immersed a Teflon-FEP film (DuPont, 50 � 2 �m) into styrene
monomer at 60°C and irradiated at a dose rate of 0.5 Gy/min�1 for variable times up to 15 h with �-rays from
a 60Co source. The radicals created by radiation in the system induce the polymerization, and styrene
monomers were grafted to the perfluorinated matrix. The radiation-grafted films were sulfonated with chloro-
sulfonic acid. A linear dependence of degree of grafting on time was observed for grafting times up to 15 h.
This sulfonated grafted-film was thermally stable up to 310°C as determined by thermogravimetric analysis.

Some patent applications in regard to new proton-conducting polymer electrolytes have been submitted
by several industrial research groups [28,29]. Iwasaki et al. claimed proton-conducting polymer elec-
trolytes for PEFC by sulfonating a precursor polyethersulfone having a 0.6–1.5 dl g�1 reduced viscosity
(in 1% w/v DMF). The sulfonated polyethersulfone has a structural repeating unit containing benzene or
naphthalene and has equivalent weights of 500–2500 g mol�1. The fuel cell measurements using these
materials were carried out in order to study the electrochemical properties.

Konishi et al. also claimed similar proton-conducting polymer electrolytes based on polyethersulfone.
The protons of the sulfonic acid groups in their polymers are partly exchanged by metal ions such as mag-
nesium, titanium, aluminum, and lanthanum ions to improve durability. Their polymers have high con-
ductivities of more than 10�2S cm�1. The results of fuel cell tests using their membranes showed a cell
voltage of 550 mV and a current density of 700 mA cm�2 under 1 atm humidified H2/O2 at 70°C. No sig-
nificant loss of performance was seen after 1000 h.

2.2. Thermal stability of sulfonated aromatic polymer electrolyte membranes

Polymer electrolyte membranes that exhibit fast proton transport at elevated temperatures are needed for
PEFCs and other electrochemical devices operating in the 100–200°C range. Operation of a PEFC at ele-
vated temperatures has several advantages. It increases the kinetic rates for the fuel cell reactions, it
reduces problems of catalyst poisoning by absorbed carbon monoxide in the 150–200°C range, it reduces
the use of expensive catalysts, and it minimizes problems due to electrode flooding. Thus, the thermal sta-
bility of proton-conducting polymer electrolyte membranes is a very important factor for fuel cell appli-
cations. Several studies have addressed the issue of thermal stability for Nafion® and analogous polymers.
Chu et al. used IR spectroscopy to study the effect of heating Nafion® at temperatures of 22, 110, 160, 210,
and 300°C [30]. These samples, which had an equivalent weight of 1100, were coated onto a platinum
film, and heated in air. The study concluded that Nafion® loses its sulfonic acid groups after being heated
at 300°C for 15 min. Surowiec et al. [31] conducted a study using thermogravimetric analysis (TGA), dif-
ferential thermal analysis (DTA), and FT-IR spectroscopy . Their studies concluded that Nafion® loses
only water below 280°C, while above 280°C the sulfonic acid groups are also lost. Wilkie et al. reported
using TGA and FT-IR spectroscopy that Nafion® produced water as well as small amounts of sulfur diox-
ide and carbon dioxide between 35 and 280°C. Between 280 and 355°C, the evolution of sulfur dioxide
and carbon dioxide increased while the evolution of water decreased. At 365°C, the amounts of sulfur
dioxide and carbon dioxide decreased dramatically, and above this temperature absorbencies in FT-IR
spectra of evolution gas were thought to be due to hydrogen fluoride, silicon fluoride, and carbonylfluo-
rides. Another study was conducted by Samms et al. in simulated fuel cell environments [32]. To simulate
the conditions in a fuel cell, Nafion® samples were loaded with fuel cell grade platinum black and heated
under atmospheres of nitrogen, 5% hydrogen, or air in a thermogravimetric analyzer. The products of
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decomposition were taken directly into a mass spectrometer for identification. In all cases, Nafion® was
found to be stable up to 280°C, at which temperature the sulfonic acid groups began to decompose. They
concluded that the addition of platinum to the polymer electrolyte had no detectable effect on the temper-
ature at which the sulfonic acid groups decomposed. The long-term stability in PEFCs cannot be accu-
rately predicted by these results.

In our group, the thermal stabilities of our polymer electrolyte membranes were studied by heating sam-
ples in a TGA and analyzing the resulting residues by elemental analysis. For example, data for S-PPBP
investigated by TGA at a heating rate of 10°C min�1 under nitrogen are displayed in Fig. 6. In the TGA
data, S-PPBP showed an initial weight loss of about 20% of the original weight between 250 and 400°C,
which corresponds to a loss of sulfonic acid groups. The thermal stabilities of dry S-PEEK and S-PPBP
are shown in Fig. 7, which shows thermal decomposition temperatures (Td) as a function of the level of
sulfonation. In contrast to what was observed for PEEK and PPBP, degradation steps were observed for
the sulfonated polymers between 350 and 250°C. The Td of S-PEEK and S-PPBP decreased from 500 to
300°C for S-PEEK and 250°C for S-PPBP with increasing levels of sulfonation. Elemental analysis of the
residues indicated that the sulfur contents of S-PEEK and S-PPBP decreased from 7.62 to 0.86% after
heating at temperatures above 400°C. These results suggest that thermal decomposition occurs by desul-
fonation. However, such thermal decomposition was not detected below 200°C. Sufficient thermal stabil-
ities for fuel cell applications is retained in these polymer electrolytes even if the Td values drop with
sulfonation levels.

Other proton-conducting polymer electrolytes based on sulfonated aromatic polymers also show ther-
mal degradation between 200 and 400°C. As arylsulfonation is known to be a reversible reaction, desul-
fonation of arylsulfonic acid easily occurs on heating acidic aqueous solution of arylsulfonic acid at
100–175°C. Thus, the desulfonation of arylsulfonic acid provides fatal limitations of the thermal stability
of sulfonated aromatic polymer electrolytes. The substituents present on the phenyl ring can be somewhat
effective at depressing the thermal degradation process.

According to Tsuchida et al. [18], highly sulfonated poly(phenylene sulfide) possesses higher thermal
stability than other sulfonated aromatic polymer electrolytes. They studied the thermal stabilities 
of poly(phenylene sulfide sulfonic acid) with different sulfonation levels using TGA. The decomposition
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temperature of highly sulfonated polymer (degree of sulfonation per repeat unit; m � 2.0) is 265 and
125°C higher than that for low-sulfonated polymer (m � 0.6). They suggest that the C–S bond of the
highly sulfonated polymer is stronger due to the two electron withdrawing sulfonic acid substituents on
one phenyl ring. In addition, the initial weight loss for the higher sulfonated polymer between 265 and
380°C is only 13%, which corresponds to the loss of two H2O molecules per repeat unit. Thus, the desul-
fonation reaction in this polymer is depressed by substitution of electron withdrawing groups.

2.3. Water uptake in sulfonated aromatic polymer electrolyte membranes

Water is carried into the fuel cell via the humidified H2/O2 gas streams entering the gas diffusion electrodes.
Some combination of water vapor and liquid water passes through each electrode to the electrode/electrolyte
interface. Water crossing this interface assists in the hydration of the electrolyte membrane. An additional
source of water involves oxygen reduction occurring at the cathode. Water in the membrane is transported in
two main ways: electro-osmotic drag of water by proton transport from anode to cathode and diffusion down
concentration gradients that build up. Thus, adequate hydration of electrolyte membranes is critical to fuel
cell operation. If the electrolyte membrane is too dry, its conductivity falls, resulting in reduced cell per-
formance. An excess of water in the fuel cell can lead to cathode flooding problems, also resulting in less than
optimal performances.

In the case of perfluorinated polymer electrolytes, the structure of the electrolyte membrane in various
states of hydration, the water uptake characteristics when exposed to liquid- or vapor- phase water, and the
properties of water in the electrolyte membrane have all been investigated in detail. The extreme
hydrophobicity of the perfluorinated polymer backbone and the extreme hydrophilicity of the terminal sul-
fonic acid groups lead to a spontaneous hydrophilic/hydrophobic nano-separation [33,34]. In the presence
of water only the hydrophilic domain of the nano structure is hydrated. The absorbed water also acts as a
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plasticizer, which leads to further phase separation. Maximizing the membrane water uptake maximizes
the proton conductivity, while the hydrophobic domains provide relatively good mechanical properties
even in the presence of water. The activation enthalpy of water diffusion in such membranes is almost
identical to that in pure water for water contents higher than H2O/SO3H � 3. The perfluorinated polymer
electrolyte acts as a nano-porous inert sponge for the absorbed water, which in fact shows very little inter-
action with the polymer except for the first three water molecules per sulfonic acid group.

Water uptake from the vapor phase is likely to be the principal mode of external hydration for the mem-
brane in PEFCs. We have investigated the absorption of water vapor in S-PEEK and S-PPBP. S-PEEK and
S-PPBP films were placed under various humidities to measure their equilibrium water contents. It is quite
interesting to compare the water uptake and proton conductivities of S-PEEK and S-PPBP in terms of the
structural effect of hydration on the sulfonic acid moieties because PEEK is a structural isomer of PPBP.
The water uptake of S-PEEK and S-PPBP at room temperature is shown in Fig. 8. The results are similar to
those reported with Nafion® membranes [1]. Over the entire range of relative humidity, the activity coeffi-
cient of water in the polymer is greater than unity if one assumes as the ideal behavior a Rault’s law rela-
tionship between water activity and membrane water content. The equilibrium water contents of S-PEEK
and S-PPBP increased sigmoidally with increasing levels of sulfonation. Two regions are discriminated in
the following way. Relatively little increase of water uptake is observed for the region of relative HUMID-
ITY � 0–50%, and a significantly greater increase of water uptake is noted with increasing relative humidi-
ties in the range of 50–100%. The former region corresponds to water uptake due to solvation of the proton
and sulfonate ions. The latter region corresponds to water involved in polymer swelling. In the former
region, the water in the polymer is engaged in strong interactions with ionic components of the polymer,
and these interactions overcome the strong tendency of polymer to exclude water due to its hydrophobic
nature and resistance to swelling. In the latter region, these hindrances to water uptake are surmounted once
the water in the bathing gas has sufficient chemical potential. The water content of S-PPBP with 65 mol%
sulfonation was larger than that of S-PEEK with the same sulfonation over the entire relative humidity
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range, and these values increased to 8.7 molecules of water per sulfonic acid group for S-PPBP and 2.5 for
S-PEEK at 100% relative humidity and room temperature. The densities of S-PEEK and S-PPBP with
65 mol% sulfonation level, which were measured by a pycnometric method, were 1.373 for S-PPBP and
1.338 for S-PEEK. The surfaces and fracture surfaces for both sulfonated polymers were also found to be
nearly the same by using scanning electron microscopy. Thus, the difference in the water uptake between
S-PEEK and S-PPBP might be due to the flexible pendant phenoxybenzoyl groups in S-PPBP, which
enhance plasticity, water penetration, and water absorption in the terminal sulfonic groups. The water
uptakes of S-PPBP are nearly equal to that of Nafion® membranes. The hydrophilic domains only absorb
water in perfluorinated polymer electrolytes that have a spontaneous hydrophilic/hydrophobic nano-
separation, while the water molecules of hydration are completely dispersed in polymer electrolytes based
on hydrocarbon polymers. In fact, the water molecules in sulfonated hydrocarbon polymers show relatively
strong interactions with their sulfonic acid groups as estimated by differential thermal analysis and conse-
quently result in high proton conductivities at high temperatures and low humidities.

2.4. Proton conductivity of sulfonated aromatic polymer electrolyte membranes

The proton conductivity of sulfonated poly(thiopheneylene) is about 10�5S cm�1 at 30% RH and it increases
exponentially with relative humidity. The conductivity at 94% RH reaches up to 10�2S cm�1, where the
water content of the polymer is 10.3 H2O per sulfonic acid group.

Films of S-PEEK and S-PPBP were placed in various relative humidities (0–100%) in order to absorb
water into the films. The proton conductivities of the films containing absorbed equilibrium water were
measured as a function of the relative humidities. As shown in Fig. 9, the conductivity increased with 
a sigmoidal curve with increasing relative humidities and water uptake, and it reached almost 10�2S cm�1
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for S-PPBP with 65 mol% sulfonation, while that of S-PEEK for the same sulfonation level was 10�5S cm�1.
A comparison of the proton conductivities of S-PEEK and S-PPBP for the same sulfonation level
(65 mol%) is shown in Fig. 10, where the films were saturated at 100% RH. It is clear that the proton con-
ductivities and the water absorption of S-PPBP are much higher than those of S-PEEK. Moreover, the pro-
ton conductivities of S-PEEK dropped sharply at temperatures above 100°C, while those of S-PPBP
exhibited less temperature dependence.

These stable proton conductivities of sulfonated poly(thiophenylene) and S-PPBP at elevated temperatures
are an interesting feature worthy of further applications such as high temperature and non-humidifying
PEFCs, compared with Nafion® membranes which show a sharp decrease in proton conductivities at tem-
peratures above 100°C due to dehydration. The high water uptake and the strong interaction between
absorbed water and polymer chains might be maintained at elevated temperatures so that these polymers
do not show a measurable reduction in proton conductivity.

The conductivity of S-PPBP was also measured using a galvanostatic four-point-probe electrochemical
impedance spectroscopy technique [35]. A four-point-probe cell with two platinum foil outer current-
carrying electrodes and two platinum wire inner potential-sensing electrodes was mounted on a Teflon
plate. The schematic view of the cell is illustrated in Fig. 11. Membrane samples were cut into strips that
were approximately 1.0 cm wide, 5 cm long, and 0.01 cm thick prior to mounting in the cell. The cell was
placed in a thermo-controlled humidic chamber to measure the temperature and humidity dependence of
proton conductivity. With this method, a fixed AC current is passed between two outer electrodes, and the
conductance of the material is calculated from the ac potential difference observed between the two inner
electrodes. The method is relatively insensitive to the contact impedance at the current-carrying electrode,
and is therefore well suited for measuring proton conductances. This open cell is also suited for studying
the humidity dependence of conductivity for proton-conducting polymer electrolytes because of the low
interfacial resistance.
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In many cases, sealed cells have been used to investigate temperature and water content dependence of
proton conductivity for samples hydrated under certain humidities prior to measurements. Conductivity
measurements carried out with the sealed cell are simple and useful for conductivity measurements above
100°C and below 0°C. However, the water uptake of the hydrated sample in the sealed cell sometimes
changes during measurements.

Figure 12 shows the proton conductivity of S-PPBP with a sulfonation level of 85 mol% under various
relative humidities as a function of temperature by using a four-point-probe cell. S-PPBP exhibits a strong
decrease in conductivity as humidity decreases like Nafion® membranes. This strong dependence of pro-
ton conductivity on humidity reflects in part a strong tendency of S-PPBP to absorb water vapor. This
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behavior in conductivity under various relative humidity is attributed to a liquid-like proton conductivity
mechanism, where protons are transported as free hydronium ions through water-filled ionic pores in the
membrane [36].

Usually perfluorinated polymer electrolytes exhibit a remarkable decrease in conductivity with increas-
ing temperature, such that conductivity at 80°C is diminished by more than 10 times relative to that at
60°C. Perfluorinated polymer electrolyte membranes become less conductive under high temperature con-
ditions because, they dry out, causing the channels to collapse and proton transport to become more diffi-
cult. However S-PPBP exhibits little increase in conductivity with increasing temperature under each
relative humidity (90–50%). This phenomenon is attributable to the strong interaction between the sul-
fonic acid group and the absorbed water molecules in S-PPBP. Proton-conducting polymer electrolyte
membranes based on hydrocarbon polymers such as S-PPBP and sulfonated poly(thiopheneylene) have a
tendency to include relatively higher amounts of bound water, resulting in higher conductivities at high
temperatures and/or low humidities, as determined by differential scanning calorimetry.

3. PROTON-CONDUCTING POLYMER ELECTROLYTE MEMBRANES BASED ON
ALKYLSULFONATED AROMATIC POLYMERS

3.1. Materials

Sulfonation with sulfuric acid, chlorosulfonic acid, sulfur trioxide, and acetylsulfate easily provides 
proton-conducting polymer electrolytes, but these sulfonated polymer electrolytes decompose on heating
around 200–400°C due to desulfonation. The introduction of alkylsulfonic substituents onto the backbone
of aromatic polymers leads to thermally stable proton-conducting polymer electrolytes whose electro-
chemical properties can be controlled by the content of the substituent and the length of alkyl chain. These
alkylsulfonic substituents can induce water uptake and proton conductivities similar to sulfonic acid
groups without sacrificing desirable properties such as thermal stabilities, mechanical strengths, and
chemical resistance. Gieselman et al. have synthesized poly(p-phenyleneterephthalamido-N-propanesul-
fonate), poly(p-phenyleneterephthalamido-N-methylbenzenesulfonate), poly[2,2	-m-phenylene-5,5	-
bibenzimidazolyl-N-propanesulfonate], based on all-aromatic parent polymers, via a general method for
attachment of alkylsulfonate or arenesulfonate side chains onto polymers containing reactive N–H sites
[37–39]. The alkylsulfonation and arenesulfonation of aromatic polymers are promising routes to the
preparation of proton-conducting polymer electrolytes. Recently, Glipa et al. and our group reported the
synthesis and electrochemical characterization of arylsulfonated [40] and alkylsulfonated polymer elec-
trolytes [41–43]. For example, a solution of PBI in dimethylacetoamide (DMAc) is treated LiH or NaH,
which deprotonates the nitrogen of the benzimidazole rings in the polymer backbone, and the addition of
propanesulfonate side chains onto PBI was accomplished by the reaction of 1,3-propanesultone and the
PBI anion, as shown in Fig. 13. Subsequent ion-exchange with H3PO4 or HCl provides proton-conducting
polymer electrolytes based on PBI. The alkylsulfonation of PBI improved its solubility in organic sol-
vents, where the solubility depended on the alkylsulfonation level. Alkysulfonated PBI was more soluble
in polar aprotic solvents like methanol, DMAc, and DMSO when compared to the parent polymer. The
relationship between the feed ratio of 1,3-propanesultone and alkylsulfonation level is shown in Fig. 14.
The alkylsulfonation level for the NH groups in PBI was estimated by elemental analysis and 1H NMR.
The alkylsulfonation level was easily controlled by varying the feed ratio of 1,3-propanesultone and led to
almost 60 mol% with the feed ratio of 5.0 (1,3-propanesultone/PBI repeat unit) [44].

We also tried to synthesize ethylphosphrylated PBI via the same derivatization procedure for the reactive
N–H sites in PBI, as shown in Fig. 15. The substituted polymer was successfully synthesized, but the resulting
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polymer was insoluble in organic solvents. It can be presumed that the phosphoric acid groups aggregate
with each other during the substitution process. The ethylphosphrylated PBI showed a high proton conduc-
tivity of 10�3S cm�1 even as a compressed pellet. It is found that phosphoric acid groups are an effective
polar group for proton-conducting polymer electrolytes.
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3.2. Thermal stability of alkylsulfonated aromatic polymer electrolyte membranes

The arenesulfonated and alkylsulfonated polymers based on all-aromatic backbones maintain high thermal sta-
bilities when compared to the parent materials. The aim of derivatization of the parent polymers is to improve
water absorption and to promote proton conductivity but retain a significant fraction of their high thermal sta-
bilities. The TGA of these polymers were examined in both inert and oxidative atmospheres by Gieselman 
et al. [38]. PBI is extremely thermally stable, as expected for an all-aromatic polymer. In an inert atmosphere,
it exhibits an onset of degradation around 650°C and 5 wt.% mass loss at 700°C and retains more than 80% of
its mass at 800°C. The onset of degradation temperatures for the substituted polymers in an inert atmosphere
is significantly lower than PBI, as expected for the addition of pendant groups that are not conjugated with the
main chains. The degradation of poly[2,2	-m-phenylene-5,5	-bibenzimidazolyl-N-methylbenzenesulfonate] at
22% substitution begins at about 480°C, and poly[2,2	-m-phenylene-5,5	-bibezimidazolyl-N-propanesul-
fonate] at 54% substitution shows mass loss beginning at 450°C. After the removal of the side chains, the
degradation is gradual with high residual masses (50–60%) at 800°C. The onset of degradation of PBI in an
atmosphere of dry air begins at a significantly lower temperature relative to that in an inert atmosphere. PBI
begins to degrade at approximately 520°C, a full 100°C below the degradation temperature in an inert atmo-
sphere. The substituted PBI shows little difference in its onset of degradation temperature in changing from an
inert to an oxygen-containing atmosphere. The major difference in the behavior in air compared to nitrogen is
that the magnitudes of the mass losses are much higher and the percentages of residual char at high tempera-
tures are much lower in the oxidative atmosphere. This is apparently the result of the lower thermal stability of
PBI in dry air, rather than a consequence of the addition of the pendant side chain.

Poly(p-phenylene terephthalamide) (PPTA) is also thermally stable. The onset of degradation dose not
occur until above 550°C, and a sharp decrease in mass begins at 600°C with a residue of 50% of the original
mass. After derivatization with propanesulfonate side chains (66%), the polymer shows retention of thermal
integrity until approximately 400°C, followed by a steady degradation to 40 wt.% at 800°C. The methylben-
zenesulfonated derivative (66%) is more thermally stable; degradation initiates at about 470°C. After an initial
mass loss, a decrease in mass to a residue of 50% occurs at 800°C. Thermal analyses of PPTA and its deriva-
tives in an atmosphere of dry air were also carried out by the same research group. The PPTA is much less sta-
ble in air with degradation beginning about 70°C lower than in nitrogen. Once degradation begins, the entire
mass of the polymer is volatilized. The TGA traces of the methylbenzenesulfonated PPTA (66%) run in air and
in N2 indicate a relatively small decrease in the onset of degradation temperature. The major difference in
behavior is that the mass decrease is steeper after the initial mass loss, and the amount of the residue at high
temperatures is much lower due to oxidative degradation of the polymer backbone. The addition of pendant
groups to aromatic polymers results in a lowering of thermal stability due to the lower temperature at which
the side chain cleaves, regardless of the nature of the atmosphere. This is the expected behavior because the
side chain, especially sulfonic acid groups is not stabilized by conjugation to the polymer backbone. It has
been concluded that the methylbenzenesulfonate side chain is more stable than the propanesulfonate side
chain, regardless of the type of polymer. This result suggests that the point of cleavage of the side chain is not
exclusively at the N–C bond. Glipa et al. also investigated the thermal stability of methylbenzenesulfonated
PBI (substitution 75%) using TGA in air with a heating rate 1°C min�1 [40]. They reported that the addition
of the metylbenzenesulfonate group reduced the thermal stability of the polymer electrolyte. The onset of
degradation begins at 370°C with a residue of 60% of the original mass. They concluded that the mass loss
between 370 and 420°C was attributable to the degradation of the sulfonic acid groups. The degradation
process and mechanism is likely to be more complex. Residual water, impurities, substitution levels, and
measuring conditions significantly affect in the TGA data for these polymer electrolytes.

As mentioned above, Glipa et al. also reported that arylsulfonated PBI is stable up to 350°C, while
Gieselman et al. concluded that the methylbenzenesulfonated PBI was stable up to 500°C in air. It is dif-
ficult to compare these data due to the difference in substitution levels. It can be presumed that highly
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methylbenzenesulfonated PBI has a lower stability than propanesulfonated PBI due to the weak aryl–S
bond. Actually, the degradation temperature of methylbenzenesulfonated PBI is almost the same as poly-
mer electrolytes that were sulfonated with sulfuric acid, etc.

The thermal stability of anhydrous PBI-PS was also investigated by using TGA at a heating rate of 5°C
min�1 under a nitrogen atmosphere by our research group. All samples were vacuum oven-dried at 60°C for
at least 2 days prior to analysis. The PBI-PS is hygroscopic and quickly reabsorbs water after vacuum drying.
Due to the difficulty encountered in drying and keeping the samples dry, an in situ drying method followed by
immediate thermal analysis was used. Samples were loaded into a TGA instrument, heated to 160°C, and held
for 1 h to dry the sample. After cooling under a N2 atmosphere, the sample was analyzed without removing it
from the instrument. Figure 16 shows the thermal decomposition temperature (Td; the temperature at the onset
of mass loss) as a function of the alkylsulfonation level. In contrast to what was observed for PBI, degradation
steps were observed for PBI-PS between 450 and 400°C. Although the Td of PBI-PS decreased to 400°C with
increasing alkylsulfonation level, the degradation temperature of PBI-PS is higher than those for perfluori-
nated polymer electrolytes that exhibit Td points around 280°C. Elemental analysis and FT-IR measurements
of PBI-PS were performed in order to investigate the decomposition process. In practice, the sulfur contents
and the intensities of S–O stretching vibrations for PBI-PS heated above 400°C for 1 h decreased. This result
is similar to the result of Gieselman et al. and indicates that the decomposition of PBI-PS can be attributed to
desulfonation. Consequently, alkylsulfonated PBI is thermally more stable when compared with sulfonated
aromatic polymer electrolytes whose degradation temperatures are in range of 200–350°C. This thermal sta-
bility in alkylsulfonated polymer electrolytes is attributable to the strong chemical bond between the alkyl
chain and the sulfonic acid groups. The addition of alkysulfonic acid groups to thermostable polymers with
alkylsultone is one of the most important routes to synthesize thermally stable proton-conducting polymer
electrolytes. To design thermostable polymer electrolytes with hydrocarbon polymers, the addition of polar
groups, as well as the choice of thermostable polymer backbones, are important factors.

3.3. Water uptake in alkylsulfonated aromatic polymer electrolyte membranes

The addition of arylsulfonate and alkylsulfonate groups onto aromatic polymers induces water absorption
and makes the polymer more hygroscopic. The water uptake of PBI-PS was determined by measuring the

392 Fuel Cells Compendium 

800

600

400

200

0
0 20 40 60 80

T
d 

(°
C

)

Alkylsulfonation level (mol%)

Fig. 16. Decomposition temperature (Td, the temperature at the onset of mass loss) of PBI-PS as a function of
alkylsulfonation level

I044696-Ch17.qxd  11/21/05  11:31 AM  Page 392



change in the mass before and after hydration. The results are shown in Fig. 17 in terms of the moles of water
absorbed per mole of sulfonic acid in the polymer. These results show that water uptake varies with relative
humidities. The equilibrium water uptake of PBI-PS films increased with increasing the relative humidity
and alkylsulfonation level. This behavior and the water absorption level are similar to perfluorinated polymer
electrolyte membranes. Two regions with high and low increases in water uptake of PBI-PS were observed
over the entire range of relative humidity. The water uptake of PBI-PS with 73.1 mol% alkylsulfonation
achieved 11.3 H2O/SO3H at 90% RH and room temperature, while Nafion® 117 showed a water uptake of
11 H2O/SO3H under the same conditions. We also synthesized butanesulfonated and methylpropanesul-
fonated PBI (PBI-BS and PBI-MPS) by the same procedure with butanesultone and methylpropanesultone.
These polymers showed different features in their water uptakes compared with PBI-PS. The water uptakes
of PBI-BS and PBI-MPS were 19.5 and 27.5 H2O/SO3H at 90% RH, respectively. These values for alkyl-
sulfonated PBI were affected by the length of alkyl chains and chain branching, and hence the long alkyl
chain and chain branching induced its water uptake. It is thought that this phenomenon is attributed to the
greater flexibility of long alkyl chains and larger water absorbed cavity formed by the branching chains.

Several studies have examined the specific role of absorbed water in polymer electrolytes, and the phys-
ical states of absorbed water have been characterized by several techniques such as IR spectroscopy [45]
and low temperature 1H–NMR relaxation time measurements [46]. We tried to elucidate the physical
states of the absorbed water in hydrous PBI-PS films by means of DSC. Figure 18 shows a DSC curve of
a hydrous PBI-PS (73.1 mol%) film containing 11.3 H2O per sulfonic acid group. While anhydrous PBI-
PS showed no peak, hydrous PBI-PS showed two sharp phase transitions of absorbed water at �36.6
and �21.6°C, which are attributable to the freezing and melting temperature of the absorbed water,
respectively. On the other hand, hydrous Nafion® mostly showed a phase transition temperature around
0°C under the same condition. These results suggest that the absorbed water in PBI-PS is more restricted
by sulfonic acid groups on the polymer chains, as compared with Nafion® membranes. Therefore, the
absorbed water tends to be retained in PBI-PS even at elevated temperatures.

3.4. Proton conductivity of alkylsulfonated aromatic polymer electrolyte membranes

The electrical properties of wet PBI-PS films were investigated by both DC measurements and the com-
plex impedance method. When direct current was applied to PBI-PS films, the DC conductivity suddenly

Proton-conducting polymer electrolyte membranes based on hydrocarbon polymers 393

15

73.1 (mol%)

61.5 (mol%)

49.3 (mol%)10

5

0
0 25 50 75 100

W
at

er
 u

pt
ak

e 
(H

2
O

/S
O

3H
)

Relative humidity (% RH)

Fig. 17. Water uptake of PBI-PS as a function of relative humidity

I044696-Ch17.qxd  11/21/05  11:31 AM  Page 393



decreased. This result demonstrated that there is no electron conduction in PBI-PS, though the main chains
are conjugated. In order to clarify the carrier ion in hydrous PBI-PS films, the conductivity of PBI-PS films
containing H2O or D2O was measured, and the result is shown in Fig. 19. The conductivity of PBI-PS con-
taining H2O increased with increasing water uptake and was higher than that of PBI-PS containing D2O in
the entire temperature range. This result indicates that the carrier ion is a proton (hydronium ion) for
hydrous PBI-PS. Although the conventional theory for H/D isotope effects supports that the mobility of a
proton is 1.4 times higher than that of deuterium ion, PBI-PS containing H2O showed much higher con-
ductivity than that of PBI-PS containing D2O. Further studies regarding the differences in conductivity
from theoretical values are now in progress.
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The proton conductivity of PBI-PS containing equilibrium water was measured as a function of temper-
ature by the complex impedance method. As shown in Fig. 20, hydrous PBI-PS exhibits a high proton con-
ductivity at room temperature. The conductivity of a PBI-PS film containing 3.1 H2O/SO3H reached
10�5S cm�1 at 80°C and decreased slightly at higher temperatures due to a small loss of water (about
10 wt.%). The conductivity of PBI-PS containing more than 5.2 H2O/SO3H increased with an increase in
temperature, and a conductivity of the order of 10�3S cm�1 was maintained over 100°C. The PBI-PS film
containing 11.3 H2O/SO3H showed high proton conductivities on the order of 10�3S cm�1 and an
Arrhenius type dependence of conductivity with the activation energy Ea � 9.4 kJmol�1. A comparison of
Arrhenius plots for conductivities between PBI-PS and Nafion® membranes is shown in Fig. 21. The water
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uptake of PBI-PS is similar to that of Nafion® membrane when these films were placed under 90% RH. The
proton conductivity of Nafion® membrane reached 10�3S cm�1 at room temperature but dropped over 100°C
due to the loss of absorbed water. On the contrary, the high proton conductivity of hydrous PBI-PS was
retained over 100°C. The higher water uptake and proton conductivity over 100°C for PBI-PS is attributed
to the different water absorption behavior and the physical state of the absorbed water within PBI-PS.

On the other hand, Glipa et al. [40] reported the proton conductivities of methylbenzenesulfonated PBI
under various relative humidities. The proton conductivity increased with increases in the substitution
level. Methylbenzenesulfonated PBI with 75% substitution showed a high conductivity of about 10�2S cm�1

at 40°C under 100% RH.
Judging from the results described above, alkylsulfonated aromatic polymer electrolytes possess

enough thermal stability for use as an electrolyte in a fuel cells operating near 80°C. This is the tempera-
ture where perfluorinated polymer electrolytes based PEFC are usually operated. The water uptakes and
proton conductivities of these polymers are similar to perfluorinated polymer electrolytes below 80°C but
are better temperature over 80°C. The absorbed water molecules and sulfonic acid groups in these poly-
mers have relatively strong interactions, compared with perfluorinated polymer electrolytes. It is thought
that this difference is closely related to the water absorption mechanism and physical state of the absorbed
water between these polymers and perfluorinated polymer electrolytes. Further studies on the proton con-
duction mechanism in these polymers are required.

4. PROTON-CONDUCTING POLYMER ELECTROLYTE MEMBRANES BASED ON
ACID–BASE POLYMER COMPLEXES

4.1. Materials

The development of novel proton-conducting polymers for various electrochemical applications is attract-
ing considerable interest. There are still some limitations on the electrochemical properties and water
uptake in proton-conducting polymers, especially at elevated temperatures. Complexes of basic polymers,
such as poly(ethylene oxide) (PEO) [47], poly(ethylene imine) (PEI) [48], poly(acrylamide) (PAAM) [49,
50], and poly(vinylalchol) (PVA) [51,52], with strong acids have been shown to possess high proton con-
ductivities both in the dehydrated and hydrated states [53–58]. For these systems the mechanism of proton
conduction has been inferred from conductivity, FT-IR, and nuclear magnetic resonance measurements.
These complexes are relatively inexpensive and can be easily processed as thin films for applications such
as hydrogen sensors [59], electrochromic displays, and PEFC systems. For example, complexes of PVA
with orthophosphoric acid in the form of thin films have been prepared by a solution cast technique with
different stoichiometric ratios. The ionic transference number of mobile ions was estimated from
Wagner’s polarization method and the value was reported to be tion � 0.97. At 30°C the conductivity of
PVA/H3PO4 complexes (molar ratio H�/PVA � 0.77) is about 10�3S cm�1 [51]. According to Lassegues
et al. [58], acid–base polymer complexes of PAAM and strong acids such as H3PO4 or H2SO3 exhibit a
high proton conductivity in the range of 10�4–10�3scm�1 at ambient temperatures. The proton conduc-
tivity increases with temperature to about 10�2S cm�1 at 100°C. However, the mechanical and chemical
stability of these complexes is relatively poor, and chemical degradation is often observed after humidifi-
cation. Anhydrous acid–base polymer complexes (PEI/xH2SO4 and PEI/xH3PO4) can also be obtained by
protonation of branched commercial poly(ethylene imine) with H2SO4 or H3PO4. For partially protonated
PEI (x 
 0.35), only SO

4
2� or HPO

4
2� anions are present and the conduction seems to occur by proton

exchange between protonated and unprotonated amine groups. Above x � 0.35, HSO4
� or H2PO4

� anions
appear and the conductivity, likely to occur along the SO4

2�/HSO4
� or HPO4

2�/H2PO4
� anionic hydrogen-

bonded chains, increases up to values of about 10�4S cm�1 for PEI/0.5H2SO4 and about 10�5S cm�1 for
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PEI/0.5H3PO4. Thin transparent films can be produced for x 
 0.35, and they lose their mechanical prop-
erties and become very hygroscopic above this value because of the presence of excess acid. Figure 22
shows some of the chemical structures for these materials.

New proton-conducting polymers based on poly(silamine) (PSA) were synthesized by mixing PSA 
and H3PO4 by our research group [60]. The reaction of N,N	-diethylethylenediamine (DEDA) and
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dimethyldivinylsilane (DVS) in the presence of n-BuLi gave PSA, which was a clear yellow and viscous
liquid. The results of 1H NMR analysis for PSA indicated that both ends of the PSA chains carried 
N-ethylamino groups and that the molecular weight was about 2000. PSA/H3PO4 complexes were obtained
by mixing PSA and H3PO4 in methanol. To a H3PO4 methanol solution, liquid PSA was added dropwise,
and then a white precipitate of the resulting polymer complex was obtained. FT-IR measurements were
carried out in order to prove the interaction between PSA and H3PO4 molecules (Fig. 23). The spectrum
of the polymer complex exhibits a broad peak centered at 3000 cm�1 and a CN band at 1469 cm�1. The
N–H band appears at 3393 cm�1 due to the hydrogen bond interaction between the N atoms of PSA and
the phosphoric acid molecules. Because of the presence of the ethylenediamine units in the main chain,
PSA shows a two-step protonation process on changing the pH [61]. These results and previous data indi-
cate that PSA is protonated with phosphoric acid to afford a solid complex containing the double chelat-
ing structure. The H3PO4 contents in PSA/H3PO4 polymer complexes were controlled by changing the
feed ratio. The PSA absorbed H3PO4 of 0.8 mol/unit at a feed ratio (H3PO4/PSA unit) of 2. Over a H3PO4

content of 0.8 mol/unit, these PSA/H3PO4 polymer complexes became viscoelastomers. TGA measure-
ments for PSA/H3PO4 polymer complexes were carried out to investigate their thermal stabilities. The
results are shown in Fig. 24. The onset of the weight loss for PSA/H3PO4 polymer complexes began at
200°C, while PSA was stable up to about 300°C. In order to identify the origin of weight loss, elemental
analysis and FT-IR measurements were carried out before and after the heat treatment of the polymer com-
plexes at 200°C for 1 h. These data indicated that the weight loss at 200°C results from the change from
orthophosphoric acid to pyrophosphoric acid. Thus, these PSA/H3PO4 complexes were found to be quite
stable up to at least 200°C.

Recently, new proton-conducting polymer electrolyte membranes based on poly(benzimidazole) (PBI)
have been proposed for use in fuel cells [62–65]. The main advantage compared with perfluorinated poly-
mer electrolytes and other acid–base polymer complexes, is that the polymer is conductive even when the
activity of water is low and has a high thermal stability. These materials are expected to operate from
ambient to high temperatures in humid or dry gas. These PBI complex films are fabricated by immersing
PBI cast films into phosphoric acid solutions.
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In our case, the PBI/strong acid polymer complexes were easily prepared by immersing PBI films into a
strong acid/methanol solution [66,67]. The absorption level of strong acid molecule increased with increas-
ing the concentration of the strong acid, and the highest absorption level of 2.9 mol/unit was observed for
PBI/H3PO4 polymer complexes. In order to clarify the nature of the interaction between PBI and strong acid
molecules, FT-IR measurements were carried out. As shown in Fig. 25, the interactions between strong
acids and imidazole groups were observed in the range from 2000 to 3600 cm�1. PBI showed a self-associated
NH stretching band at 3139 cm�1. Although NH� stretching bands were observed around 2900 cm�1 for
PBI/H2SO4, CH3SO4, and C2H5SO3H complexes, PBI/H3PO4 did not show the characteristic absorptions of
NH� groups. These data indicate that the acid molecules, except for H3PO4, protonate the N atom in the
imidazole ring. H3PO4 does not protonate imidazole groups in PBI but interacts with it via strong hydro-
gen–bonding interaction of OH and NH groups. Savinel et al. [62–65] prepared PBI complex films doped
with phosphoric acid by immersion in a phosphoric acid aqueous solution for a least 16 h. Equilibration in

Proton-conducting polymer electrolyte membranes based on hydrocarbon polymers 399

100

80

60

T
G

 (
%

)
40

20

100 200 300

PSA
PSA/HP (0.4 mol/unit)
PSA/HP (0.7 mol/unit)
PSA/HP (0.8 mol/unit)

400 500
Temperature (°C)

0

Fig. 24. Thermogravimetric analysis of PSA and PSA/H3PO4 polymer complexes

3400 3140

PBI/EtSO3H

PBI/MeSO3H

PBI/H2SO4

PBI/HCI

PBI/H3PO4

PBI

A
bs

or
ba

nc
e 

(a
rb

.)

3500 3000 2500 2000

Wavenumber (cm�1)

Fig. 25. FT-IR spectra of PBI and PBI/strong acid polymer complexes

I044696-Ch17.qxd  11/21/05  11:31 AM  Page 399



an 11 M H3PO4 solution yielded a doping level of roughly five phosphoric acid molecules per polymer
repeat unit.

In general, sulfonated aromatic polymers are very brittle in the anhydrous state, which can happen in the
fuel cell application under intermittent conditions. Kerres et al. have discovered new materials, which are
not as brittle as anhydrous sulfonated polymers using polymer blend techniques [68]. These materials were
synthesized by combining polymeric N-bases, such as ortho-sulfone diamine polysulfone, poly(4-vinylpyri-
dine), PBI, and poly(ethyleneimine), and polymeric sulfonic acids such as sulfonated poly(etheretherke-
tone) and ortho-sulfone-sulfonated polysulfone, as illustrated in Fig. 22. These blend polymers showed
high proton conductivities and moderate swelling values combined with high thermal stabilities. The spe-
cific interaction of the SO3H groups and of the basic N groups was observed by FT-IR measurements. The
acid–base interaction between both polymers provided suitable mechanical strengths and thermal stabili-
ties. Their thermal and mechanical properties are similar to those of other acid–base polymer complexes
described later.

4.2. Thermal stability of acid–base polymer complexes

The thermal stability of PBI/strong acid polymer complexes was investigated by TG-DTA analysis. Figure 26
shows TG-curves of PBI and PBI/strong acid polymer complexes. PBI is extremely thermally stable over
the entire measuring temperature range. The small mass loss for all samples up to 200°C is attributable to
losses of water and solvent, which tend to remain in the membranes. A lowering of degradation tempera-
ture was expected with the complexation of acid molecules, which easily corrode and oxidize the polymer
backbone. However, the degradation of PBI/H3PO4 polymer complexes in N2 atmosphere was not
observed over the entire measuring temperature range, where typical proton-conducting polymer elec-
trolytes show considerable thermal degradation. On the other hand, onsets of thermal decompositions for
PBI/H2SO4, CH3SO4, and C2H5SO3H complexes began at 330, 240, and 220°C, respectively. After the
thermal degradation of these polymer/strong acid polymer complexes between 220 and 400°C, a residue
with 50% of the original mass remained. The complexation of H2SO4, CH3SO4, and C2H5SO3H to PBI
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results in a loss of thermal stability. This decomposition is mainly due to the elimination of acid molecules
from the polymer/strong acid polymer complexes as determined by elemental analysis. Over 400°C, the
PBI polymer backbone gradually decomposes due to the presence of strong acids and high temperatures.

PBI/H3PO4 complexes, however, were thermally stable up to 500°C and so also PBI. The sulfonation of
PBI via acid treatment has been shown to stabilize PBI, and Powers et al. reported that doping PBI with
27 wt.% phosphoric acid also increased thermal stability [69]. They attributed the increased stability to the
formation of benzimidazonium cations.

Savinell’s group also investigated the thermal stability of PBI/H3PO4 polymer complexes in simulated
fuel cell environments [63]. They found that PBI/H3PO4 polymer complexes have promising properties for
use as polymer electrolytes in hydrogen/air and direct methanol fuel cells. To simulate the conditions pres-
ent in a high–temperature fuel cell, PBI/H3PO4 polymer complexes were loaded with fuel cell grade plat-
inum black, doped with ca. 480 mol% phosphoric acid (4.8 H3PO4 molecules per PBI repeat unit) and
heated under atmospheres of either nitrogen, 5% hydrogen, or air in a thermogravimetric analyzer. The
products of decomposition were taken directly into a mass spectrometer for identification. In all cases
weight loss below 400°C was found to be due to the loss of water. They concluded that the PBI/H3PO4

polymer complexes loaded with fuel cell grade platinum were quite stable up to 600°C.

4.3. Conductivity of acid–base polymer complex

Savinell’s group studied the conductivity of PBI/H3PO4 polymer complexes as a function of water vapor
activity, temperature, and acid doping levels [65]. The conductivity of PBI/H3PO4 polymer complexes at
the higher doping level (500 mol%) was roughly twice that for the film doped to 338 mol% under similar
conditions of temperature and humidity. For example, the conductivity of PBI doped with ca. 500 mol%
(5 H3PO4 molecules per PBI repeat unit) at 190°C and at water vapor activity of 0.1 was 3.5 � 10�2Scm�1.
The conductivity increased with temperature and water vapor activity regardless of the doping level of
H3PO4. In addition, they found that the methanol cross-over with PBI/H3PO4 polymer complexes was one
order of magnitude smaller than that with perfluorinated polymer electrolytes. The mechanical strength is
three orders of magnitude greater than that of Nafion® membranes.

We also investigated the proton conductivity of PBI/strong acid polymer complexes prepared by our
method with methanol solutions of strong acids. The temperature dependences of conductivity for anhy-
drous PBI/strong acid polymer complexes at an acid concentration of about 1.9 mol/unit is shown in 
Fig. 27. All of the anhydrous PBI/strong acid polymer complexes exhibited proton conductions of
10�6–10�9S cm�1 at 100°C. The conductivity of PBI/H3PO4 polymer complex reached up to 10�5S cm�1

at 160°C, while other PBI/strong acid polymer complexes showed a decrease in conductivity over 80°C.
This result also reflects the good thermal stability of PBI/H3PO4 polymer complexes. The films of these
PBI/strong acid polymer complexes were placed in a 90% RH vessel for 3 days to prepare hydrous films.
The water uptakes of these complexes were estimated to be near 13–26 wt.%. As shown in Fig. 28, the pro-
ton conductivities of the hydrous PBI/strong acid polymer complexes were one order of magnitude higher
than those of anhydrous polymer complexes due to the improvement of carrier generation by the absorbed
water. Especially, remarkable increases in proton conductivities were observed at ambient temperatures.
Figure 29 shows the temperature dependence of conductivity for anhydrous PBI/H3PO4 complexes with
different acid contents. The conductivity of the PBI/H3PO4 polymer complexes increased with increasing
contents of H3PO4. The conductivity of PBI/H3PO4 complex (� � 1.4) showed a different behavior, hav-
ing relatively low conductivities over the entire temperature range. This phenomenon suggests that two
H3PO4 molecules interact quantitatively with a PBI unit containing two imidazole groups and conse-
quently an excess of H3PO4 to imidazole groups is necessary to give sufficient proton conductivity. In
order to clarify the interaction between H3PO4 and PBI, the characteristic absorption of H3PO4 molecules
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in the PBI/H3PO4 polymer complex was investigated by FT-IR. The results are shown in Fig. 30. Three
characteristic absorptions of the HPO4

2�
P–OH, and H2PO4

�
groups for PBI/H3PO4 polymer complexes

appear at 1090, 1008, and 970 cm�1, respectively [49,50,53,70]. The intensity of absorption band of
HPO4

2� increases with increase in the concentration of H3PO4. The presence of HPO4
2� and H2PO4

�
anions

implies that proton conduction may occur according to the Grotthus mechanism, which involves an
exchange of protons between H3PO4 and HPO4

2� or H2PO4
�.

The PSA/H3PO4 polymer complexes also exhibit high proton conductions in the hydrated state as well
as the dehydrated state. Figure 31 shows the temperature dependence of conductivity in the dehydrated
state for PSA/H3PO4 polymer complexes with different H3PO4 contents. The conductivities of the PSA/
H3PO4 polymer complexes increased with increasing H3PO4 contents and did not diminish over 100°C.
The PSA/H3PO4 polymer complex possesses a conductivity of 10�5S cm�1 at 160°C at a concentration of
0.8 H3PO4 per repeat unit. In order to identify the carrier ion, the conductivities of PSA/H3PO4 and
PSA/D3PO4 polymer complexes were measured under the same conditions, and the results are shown in
Fig. 32. The temperature dependence of conductivity for the PSA/D3PO4 polymer complex was similar to
that of the PSA/H3PO4 polymer complex, but the conductivity of PSA/H3PO4 complex was higher than the
conductivity of the PSA/D3PO4 polymer complex at every temperature. The isotope effect for the conduc-
tivity of these polymer complexes proves that the carrier ions are protons generated from strong acid 
molecules [71].

5. OTHER PROTON-CONDUCTING POLYMER ELECTROLYTE MEMBRANES

As described above, many kinds of proton-conducting polymer electrolyte membranes based on hydrocarbon
polymers have been developed not only for PEFC and DMFC applications but also for electrochromic display
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applications and sensor devices. There are several reports and patents concerning new proton-conducting
polymer electrolytes having different chemical structures and concepts from conventional perfluorinated
polymer electrolytes and hydrocarbon materials described above. These materials involve phosphoric acid–
based polymer electrolytes, silicone based-electrolytes, and other inorganic polymer electrolytes.
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Proton-conducting polymer electrolyte membranes for possible use in H2/O2 and direct methanol fuel cells
have been fabricated from poly[bis(3-methylphenoxy)phosphazene] by Quo et al. [72]. These polymer elec-
trolytes were sulfonated with SO3 and cast from solution. The ion exchange capacity of the membrane was
1.4 mmol/g�1. The polymer cross-linking was carried out by dissolving a benzophenone photoinitiator in the
casting solution and exposing the resulting cast films to UV light. The sulfonated and cross-linked polyphos-
phazene membrane swelled less than Nafion 117® membranes in both water and methanol. The proton con-
ductivity of water equilibrated polymers was similar to Nafion® membranes between 25 and 65°C. A
Japanese company also claimed gas diffusion electrodes for fuel cells comprised of polyphosphazene [73].

Gautier-Luneau et al. prepared an organic–inorganic proton-conducting polymer electrolyte to be used
as a membrane for DMFC [74]. They synthesized the electrolytes by hydrolysis–co-condensation of three
different alkoxy silanes; benzyltriethoxysolane, n-hexyltrimethoxysilane, and triethoxysilane. After 
co-condensation and solvent evaporation, sulfonation was achieved in dichloromethane by adding chloro-
sulfonic acid in a stoichiometric amount, with respect to the benzyl groups. The cross-linking was performed
in THF by hydrosilyation of the silane groups with divinylbenzene using a divinyltetramethyldisiloxane
platinium complex as catalyst. The TGA data showed one broad endothermic peak with a maximum at
103°C due to the loss of water. They reported that these polymer electrolytes were thermally stable until
250°C and that the carbonization of the organic chains started at 375°C. The proton conductivity of these
materials was about 1.6 � 10�2Scm�1.

Another alkoxy silanes based polymer electrolyte was reported by Honma et al. [75]. Their organic–
inorganic hybrid electrolyte membranes have been synthesized by the sol–gel process. Poly(ethyleneglycols)
(Mw � 200, 300, 400, 600, 2000) were reacted with 3-isocyanatopropyltriethoxy silane in an N2 atmos-
phere at 70°C to obtain alkoxy end-capped poly(ethyleneoxide) precursors. The hybrid electrolyte mem-
branes were fabricated by hydrolyzing the end-capped precursor with monophenyltriethoxysilane. A
composition of the monophenyltriethoxysilane of 20% was found to be the most flexible and chemically
stable composition for the hybrid electrolyte membranes. The TGA showed that decomposition of the
hybrid membrane started near 300°C. They reported that the thermal stability of the electrolyte membranes
were enhanced enormously compared with poly(ethyleneoxide), which was the base material of the hybrid
membranes due to structural confinement of the poly(ethyleneoxide) chain between the nano-sized silicate
domains. Proton conductivity within the hybrid membranes was provided by incorporating acid molecules
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such as monododecylphosphate and phosphotungstic acid. The proton conductivity as a function of humid-
ifier temperature against the constant cell temperature at 80°C was measured for the electrolyte membrane
doped with 20 wt.% of monododecylphosphate. The proton conductivity was very small at low humidifier
temperatures and increased with temperature and reached a maximum value of 10�3S cm�1 above 80°C.
The hybrid electrolyte membranes needed almost saturated humidities to afford maximum proton conduc-
tivities. They also attempted to measure the conductivity of hybrid electrolyte membranes containing phos-
photungstic acid. This system showed a specific conductivity of 0.17 S cm�1 at room temperatures. The
maximum conductivity of 5 � 10�3Scm�1 was observed for the hybrid electrolyte membrane incorporat-
ing phosphotungstic acid of 10 wt.% at a humidifier temperature of 80°C.

Polymer electrolytes prepared from hydrocarbon ionomers or perfluorinated ionomers generally use sul-
fonic acid groups for the hydrophilic part, which absorbs water and generates water clusters and proton car-
riers. Except for sulfonic acid groups, phosphoric acid, and boric acid groups can be used as a polar groups
for proton-conducting polymer electrolytes. Our research group has synthesized new proton-conducting
polymer electrolytes containing phosphoric acid groups. In many cases, polymer electrolytes containing
phosphoric acid groups are insoluble in organic solvents and water due to the strong aggregation and con-
densation of the phosphoric acid groups. It is, hence, difficult to synthesize polymer electrolyte membranes
from monomers containing phosphoric acid groups. We tried to synthesize soluble polymer electrolytes
with various vinyl monomers containing phosphoric acid groups. However, most of the resulting polymer
electrolytes were insoluble in organic solvents and water. A soluble polymer electrolyte containing phos-
phoric acid groups has been synthesized by modifying the polymerization method and substituting methyl
groups onto the polymer side chains in the neighborhood of the phosphoric acid groups. The chemical
structure of this soluble polymer electrolyte is shown in Fig. 33. Vinyl acrylate phosphoric acid monomer
(PHP) and azobisisobutyronitrile (AIBN) were first dissolved in methylethylketone. To methylethylketone
heated at 80°C, the monomer solution was added dropwise, and then the mixing solution was maintained at
80°C for at least 24 h. The polymer was obtained and purified by reprecipitation. Copolymers with phenyl
mareimide, styrene, or acrylonitrile were also synthesized by the same polymerization method with AIBN.
The mechanical properties, proton conductivities, and solubilities were modified by changing the types of
co-monomers and their contents. The thermal stability of these polymer electrolytes was studied using TGA
in nitrogen atmosphere. These polymers and copolymers were thermally stable up to 200°C. A first mass
loss began between 200 and 300°C in N2 at a heating rate of 10°C min�1. After the first degradation,
60 wt.% of the original mass remained. These results suggest that the dehydration and degradation of 
P-PHP main chains occur at that temperature. It can be therefore presumed that these polymer electrolytes
have sufficient thermal stabilities for most PEFC applications, which are usually operated around 100°C. The
equivalent weight of P-PHP is about 500. Figure 34 shows the water uptake of P-PHP containing phosphoric
acid. The water absorption behavior of the polymer electrolyte was similar to conventional perfluorinated
polymer electrolytes, which showed the Brunauer–Emmett–Teller (BET) absorption of water. Although 
P-PHP absorbed 12H2O molecules per phosphoric acid at 100% RH, less than 4H2O molecules per 
phosphoric acid were absorbed below 60% RH. Its water uptake is very sensitive to humidity. The proton
conductivity of P-PHP showed great dependence on water uptake and temperature. Figure 35 displays the
temperature dependence of conductivity for P-PHP with various water contents. The conductivity of
hydrous P-PHP increased with increasing water content. The P-PHP material containing 12H2O molecules
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per phosphoric acid group showed 20 times higher conductivity than that of the P-PHP containing only 
3.4 H2O molecules per phosphoric acid group. All of these samples showed little decreases in conductivity
up to 100°C. This result indicates that the absorbed water molecules in P-PHP have a strong interaction with
the polymer back bones and hence remain in the membranes even at elevated temperatures. Judging from
these results, phosphoric acid groups can serve as polar groups with sufficient water absorption and proton
conductivities for polymer electrolytes in PEFC applications. Since phosphoric acid groups may have dif-
ferent water absorption mechanisms from that of sulfonic acid groups, further studies on the water uptake
and physical state of water in these materials are desired.

Doyle et al. [76] demonstrated that perfluorinated polymer electrolyte membranes such as Nafion®

membrane can be swollen with room temperature molten salts giving composite free-standing membranes
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having excellent stabilities and proton conductivities in the high temperature range while retaining a low
volatility of the ionic liquid. Ionic conductivities in excess of 0.1 S cm�1 at 180°C have been demonstrated
using a room temperature molten salt, 1-butyl 3-methyl imidazolium trifluoromethane sulfonate.

On the other hand, a new material, which is permeable to gases and water with efficient proton and elec-
tron conductivity, has been developed. Such a material could replace both carbon and Nafion® in the cata-
lyst layer and should provide enhanced performance on PEFCs. Lefebvre et al. reported the use of
polypyrrole/poly(styrene-4-sulfonate), poly(3,4-ethylenedioxythiophene)/poly(vinylsulfate), and poly(3,4-
ethylenedioxythiophene)/poly(styrene-4-sulfonate) in such a role [10,15,77]. They showed high electron-
and proton conductivities, which facilitated rapid electron chemical reaction rates in thick layers of catalyst.

6. FUEL CELL APPLICATIONS

Two of the acid–base blend polymer electrolytes (type 1: 90 wt.% sulfonated PEEK and 10 wt.% PBI, type
2: 95 wt.% sulfonated poly(ethersulfone) and 5 wt.% PBI) were applied in a H2/O2 PEFC. Kerres et al.
reported that the current/voltage curves of the acid–base blend polymers in the fuel cell were comparable
with that of Nafion 112® membranes [68]. These fuel cell tests were performed up to 300 h.

Our research group carried out H2/O2 fuel cell tests with sulfonated PPBP membranes. Several cells have
been operated at 80°C using E-TEK Pt/C electrodes with a Pt loading of 0.8 mg cm�2. The fuel cells were oper-
ated at 4 atm, with the reactant gases humidified by bubbling through distilled water. Both O2 and H2 bubblers
were typically retained at 80°C. The maximum power observed in these unoptimized cells was 0.3 W cm�2 at
800 mA cm�2. The electrolyte membrane conductivity determined using the current interrupt method was
found to be 3 � 10�3 S cm�1. The membrane thickness and area were 0.01 cm and 3.15 cm2, respectively.

Savinell’s group has done H2/O2 and methanol/O2 fuel cell tests with PBI/H3PO4 polymer complexes. For
the case of H2/O2 fuel cell tests, several cells were operated at 150°C using E-TEK Pt/C electrodes with a Pt
loading of 0.5 mg cm�2. The fuel cells were operated at atmospheric pressure, with the reactant gases humid-
ified by bubbling through distilled water. The bubblers were typically held at 48°C (hydrogen side) and 28°C
(oxygen side). The maximum power observed in these unoptimized cells was 0.25 W cm�2 at 700 mA cm�2.
The electrolyte membrane resistance determined using the current interrupt method was found to be 
0.4 ohm. The membrane thickness and area were 0.01 cm and 1 cm2, respectively, and the doping level was
500 mol%. The measured cell resistance was equivalent to a conductivity of 0.025 S cm�1. The cell resistance
was found to be essentially independent of gas humidification, indicating that the water produced at the cath-
ode is sufficient to maintain conductivity in the electrolyte. A cell of this type was operated continuously at
200 mA cm�2 for over 200 h with no overall decay in performance. In the case of methanol/O2 fuel cell tests,
the fuel cell electrodes were a Pr–Ru anode catalyst (4 mg cm�2) and a Pt black cathode catalyst (4 mg cm�2).
A 4:1 water:methanol vapor mixture was fed to the anode. Oxygen for the cathode was humidified at room
temperature. Operating at 200°C and atmospheric pressure, the cell produced over 0.1 W cm�2 for current
densities between 250 and 500 mA cm�2. The conductivities of the membranes in the test cells did not
change between 30 and 140°C under the same conditions.

7. SUMMARY

This review concerning new proton-conducting polymer electrolytes was devoted to the description of
numerous synthesis of materials, thermal stabilities, water uptakes, proton conductivities, and fuel cell
applications. The numerous advantages of these materials have been critically reviewed, together with
synthesis methods and characterizations.

Perfluorinated polymer electrolyte membranes such as Nafion® and Flemion® have been extensively
used as polymer electrolytes for fuel cells. These polymer electrolytes have sufficient electrochemical 
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properties, mechanical properties, and chemical and thermal stabilities. However, PEFCs constructed with
these perfluorinated polymer electrolyte membranes tend to be expensive and have several problems espe-
cially for use in motor vehicles. To overcome these problems and their high costs, the development of new
proton-conducting polymer electrolytes is necessary for extensive applications. Proton-conducting polymer
electrolytes based on hydrocarbon polymers or inorganic polymers are one of the most promising materials
for the development of new PEFCs. These polymer materials have great variety with regard to chemical
structure and can be modified chemically at very low cost. As mentioned in this review, these polymer elec-
trolytes possess high water absorptions and proton conductivities at high temperatures and low humidities
with sufficient thermal and chemical stabilities. These materials can be identified as a remarkable family of
proton-conducting polymer electrolytes, which provide for new high performance PEFCs that can be oper-
ated at high temperatures without humidification. Further work will be required to develop materials with
sufficient long-term stabilities and mechanical strengths, and to further optimize the fuel cell performances.
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Chapter 18

Advanced materials for improved PEMFC 
performance and life

Dennis E. Curtin, Robert D. Lousenberg, Timothy J. Henry, Paul C. Tangeman
and Monica E. Tisack

Abstract

Physical and functional attributes are reviewed for recently developed Nafion® products that satisfy
emerging fuel cell requirements – including stronger, more durable membranes, and polymer dis-
persions of higher quality and consistency for catalyst inks and film formation. Size exclusion chro-
matography (SEC) analysis has confirmed that dispersion viscosity is related to an “apparent” molar
mass, resulting from a molecular aggregate structure. Membranes produced with solution-casting
and advanced extrusion technologies exhibit improved water management and mechanical durabil-
ity features, respectively. Additionally, DuPont has shown that experimentally modified Nafion®

polymer exhibits 56% reduction in fluoride ion generation, which is considered a measure of 
membrane lifetime.

Keywords: Nafion®; Proton exchange membrane; Polymer dispersion; Fuel cell
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1. INTRODUCTION

1.1. Nafion® PFSA polymer

DuPont introduced Nafion® perfluorinated polymer [1] in the mid-1960s. Nafion® is a copolymer of tetra-
fluoroethylene or “TFE”, and perfluoro(4-methyl-3,6-dioxa-7-octene-1-sulfonyl fluoride) or “vinyl ether”,
as shown in Fig. 1. Nafion® polymer is a thermoplastic resin that can be melt-formed into typical shapes
such as beads, film, and tubing. The perfluorinated composition of the copolymer imparts chemical and
thermal stability rarely available with non-fluorinated polymers. The ionic functionality is introduced
when the pendant sulfonyl fluoride groups (SO2F) are chemically converted into sulfonic acid (SO3H).
The copolymer’s acid capacity is related to the relative amounts of co-monomers specified during poly-
merization, and can range from 0.67 to 1.25 meq �g�1 (1500–800 EW, respectively).

The unique functional properties of Nafion® PFSA polymer have enabled a broad range of applications.
Initially, Nafion® membranes were used for spacecraft fuel cells; however, by the early-1980s, membrane
electrolysis production of chlorine and sodium hydroxide from sodium chloride emerged as the largest
application for Nafion® membranes. Other important industrial applications include production of high
purity oxygen and hydrogen, recovery of precious metals, and dehydration/hydration of gas streams. In
addition, Nafion® super-acid catalysts are used to produce fine chemicals. Starting in 1995, DuPont began
a series of process and product development programs specific to PEM fuel cell applications.

1.2. Nafion® PFSA membranes

The traditional extrusion-cast membrane manufacturing process was developed for “thick” films, typically
greater than 125 �m. The extruded polymer film must be converted from the SO2F into the SO3K form
using an aqueous solution of potassium hydroxide and dimethyl sulfoxide, followed by an acid exchange
with nitric acid to the final SO3H form [2].

Technical advances in fuel cell design and performance have increased demand for thin membranes pro-
duced at production rates that will meet the lower conversion cost goals required for fuel cell applications.
Furthermore, there is a growing demand for larger production lot sizes, increased roll lengths, and
improved physical appearance. To meet this need, DuPont developed a solution-casting process for sup-
plying high-volume, low-cost membrane to the fuel cell industry that was planning automated processes
for membrane electrode assemblies [3,4].
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Fig. 1. Nafion® polymer structure before conversion into the sulfonic acid form
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DuPont’s new membrane process uses typical solution-casting technology and equipment, as shown in
Fig. 2. A base film (1) is unwound and measured for thickness (2). Polymer dispersion is applied (3) to the
base film, and both materials enter a dryer section (4). The composite membrane/backing film is measured
for total thickness (5), with the membrane thickness the difference from the initial backing film measure-
ment. The membrane is inspected for defects (6), protected with a coversheet (7), and wound on a master
roll (8). The membrane is produced in a clean room environment [9]. Master rolls are slit into product rolls,
which are individually sealed and packaged for shipment.

This process has several key advantages: (1) pre-qualification of large dispersion batches for quality (e.g.,
free of contamination) and expected performance (e.g., acid capacity); (2) increased overall production rates
for H� membrane from solution-casting as compared to polymer extrusion followed by chemical treatment;
and (3) improved thickness control and uniformity, including the production capability of very thin 
membranes (e.g., 12.7 �m).

1.3. Nafion® PFSA polymer dispersions

Two patented high-pressure processes, solvent-based [5] and water-based [6], are used to convert Nafion®

polymer (sulfonic acid form) into polymer dispersions having solids contents ranging from 5% to 20% by
weight. These dispersions are formulated into carbon inks and catalyst coatings, and used either “as supplied”
or with modifiers [7], and/or reinforcement materials to fabricate electrode coatings and membranes [8–10].

The manufacture of polymer dispersions has undergone considerable change since first introduced by
DuPont, with the recent “second generation” dispersions exhibiting more stable and consistent viscosity,
improved acid capacity, and reduced metal ion content. These features enable more predictable coating for-
mulations, consistent processing, and improved fuel cell performance. A “third generation” dispersion is in
the final R&D stages, and will provide broader formulation capabilities for both solvent and polymer con-
tent. It will also allow further process simplification for preparing coatings, casting membranes and fabri-
cation of membrane electrode assemblies.

1.4. Polymer chemical stability

The useful lifetime of a membrane is related to the chemical stability of the ionomer. While Nafion® PFSA
polymer has demonstrated highly efficient and stable performance in fuel cell applications, evidence of
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Fig. 2. Solution-casting process for Nafion® membranes
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membrane thinning and fluoride ion detection in the product water indicates that the polymer is undergoing
chemical attack. The fluoride loss rate is considered an excellent measure of the health and life expectancy
of the membrane [11]. Peroxide radical attack on polymer endgroups [12] with residual H-containing 
terminal bonds is generally believed to be the principal degradation mechanism.

In this degradation mechanism, cross-over oxygen from the cathode side, or air bleed on the anode side,
provides the oxygen needed to react with hydrogen from the anode side and produce H2O2, which can
decompose to give •OH or •OOH radicals. These radicals can then attack any H-containing terminal bonds
present in the polymer. Peroxide radical attack on H-containing endgroups is generally believed to be the
principal degradation mechanism. This form of chemical attack is most aggressive in the presence of 
peroxide radicals at low relative humidity conditions and temperatures exceeding 90°C.

Hydroxy or peroxy radicals resulting from the decomposition of hydrogen peroxide in the fuel cell
attack the polymer at the endgroup sites and initiate decomposition. The reactive endgroups can be formed
during the polymer manufacturing process and may be present in the polymer in small quantities. An
example of attack on an endgroup such as CF2X, where X � COOH, is shown below.

Several proposed mechanisms include the following sequential reactions: abstraction of hydrogen from
an acid endgroup to give a perfluorocarbon radical, carbon dioxide and water (step 1). The perfluorocar-
bon radical can react with hydroxy radical to form an intermediate that rearranges to an acid fluoride and
one equivalent of hydrogen fluoride (step 2). Hydrolysis of the acid fluoride generates a second equivalent
of HF and another acid endgroup (step 3).

(1)

(2)

(3)

2. EXPERIMENTAL

2.1. Polymer chemical stability measurements

A sample of Nafion® membrane is treated in a solution of 30% hydrogen peroxide containing 20 ppm iron
(Fe2�) salts at 85°C for 16–20 h. The resulting solution is checked for fluoride ion content using a fluoride-
specific ion electrode. The same membrane sample is treated two additional times, each treatment using fresh
peroxide and iron. The results are recorded as the “total milligrams of fluoride per gram of sample” gener-
ated during the three treatment cycles. For membrane operating in fuel cells, the fluoride loss rate is reported
as “micromoles fluoride ion per gram of sample per hour”.

2.2. Viscosity measurements

Dispersion viscosity is measured using a Brookfield (Middleboro, MA) digital viscometer model LVD-
VIII� employing a wide gap concentric cylinder geometry. Using the SC4 series spindles and small 
sample adapter connected to a temperature controlled water bath (VWR), samples were equilibrated 
at 25.0 � 0.1°C before measurements were taken. For those samples that showed shear-thinning 
behavior, observed viscosities and shear rates were corrected at the spindle wall using established power
law relationships for viscosity, shear rate, and geometry [13]. Dispersion viscosity is reported at 40 s�1

shear rate.

R COF O R COOH HFf 2 fˆ ˆ� � �→

R CF OH R CF R COF HFf 2 f 2 fˆ ˆ ˆ• •� �� �→ →

R CF COOH OH R CF CO H Of 2 f 2 2ˆ ˆ� � �• •→ 2
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2.3. Size-exclusion chromatography (SEC)

Size-exclusion chromatography (SEC) molecular characterization was performed using a size-exclusion
chromatograph equipped with a Waters (Bedford, MA) 2410 refractive index (RI) detector, Waters 515
HPLC pump, Waters column heater, and Rheodyne injector with 200 �l sample loop. A Precision
Detectors (Franklin, MA) PD2020 light scattering (LS) detector with static light scattering at 15° and 90°
(	 � 800 nm) and dynamic light scattering (DLS) at 90° was installed within the 2410 for constant tem-
perature control (40°C). Samples were eluted through two Polymer Laboratories (Amherst, MA) SEC
columns (Plgel 10 �m MIXED-B LS) maintained at 50°C. The LS detector millivolt output relative to 
R�

and inter-detector volume were calibrated from an average of six injections (100 �l of �2 mg ml�1) of a
narrow polystyrene standard (Aldrich, product/lot # 330345, MW � 44 000 g mol�1) using dimethyl for-
mamide (DMF) as the mobile phase (0.6 ml min�1).

2.4. Dynamic mechanical analysis (DMA)

The Dynamic mechanical analysis (DMA) responses were measured using a TA Instruments Model 2980.
The test measurements used thick specimens prepared by pressure laminating eightlayers of the 2 mil
Nafion® membrane at 1000 psi, 80°C between DuPont Kapton® polyimide film. Film specimens approxi-
mately 15 � 7 � 0.4 mm3 were cut from multilayer membrane laminate for tensile DMA measurements.
The test specimen was equilibrated at ambient temperature and humidity, then clamped in the tensile fix-
ture, which is flushed with dry nitrogen and cooled to �100°C. The test chamber’s relative humidity was
not controlled during the DMA tests. Small-amplitude oscillatory stresses were applied at a frequency of
10 Hz, while measurements were made of the storage modulus E� and loss modulus E (plus the derived
loss tangent, tan delta � E/E�) as a function of temperature. Each DMA test included a number of
sequential heating cycles, where the maximum temperature for each cycle progressively extended to a
higher maximum temperature.

2.5. Surface tension

The air-liquid (surface) tension for Nafion® polymer dispersions was measured at 23°C using the
Wilhelmy platinum plate method. The platinum plate is pre-cleaned by flame treatment. The sample liq-
uid is placed in a clean glass vessel, free of contaminates that may effect the surface tension of the liquid.
The platinum plate (40 mm wide � 0.2 mm thick � 10 mm high) is attached to a force measuring device
(Kruss K100 Tensiometer) and bought down into contact with the surface of the liquid being measured,
along the 40 mm � 0.2 mm bottom edge. The plate first is submerged below the surface of the liquid to a
depth of 2.0 mm to wet the plate, and then pulled back to within 10 �m of the liquid’s surface. The force
of the liquid pulling down on the plate (the liquid’s Wilhelmy force) is measured 60 s after the plate has
stopped moving. The surface tension is the Wilhelmy force divided by the wetted length of the plate (its
perimeter of 80.4 mm). The cited surface tensions are averages of three measurements, and reported in
milliNewton per meter (mN m�1).

2.6. Contact angle

The contact angle data for Nafion® PFSA Membranes was obtained with a Kruss Automated Goniometer
DSA10, using an environmental chamber equipped with a dew point sensor to monitor and control conditions.
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Dew point was set at 12°C for measurements at 23°C, which yielded relative humidity of 50% at 23°C. For
each drop of water placed on a sample membrane, contact angles were measured every 5 s for 30 min. The
reported “average” contact angle was based on the average of contact angle measurements for five drops
of water placed on a particular sample, as a function of time after droplet placement.

2.7. Electrical shorts tolerance

A resistivity test measures the membrane’s electrical shorts tolerance caused by penetration of surface
fibers from the gas diffusion layer. The test is performed in a constant humidity, constant room tempera-
ture with the samples conditioned at least 24 h before testing. The test apparatus consists of the inner ele-
ments of a single fuel cell, namely, the top and bottom electrode plates with lead wires and the top and
bottom Pocco graphite flow fields. These elements sit on a rigid base in a constant rate of extension (CRE)
test machine and are compressed with a 25.4 mm-diameter ball mounted in the center of a 6.35 mm thick
rigid steel plate. The ball is pushed by a rod attached to the load cell, so the plate remains parallel to the
assembly. The DC resistance of the stack is measured across the electrode plates using an ohmmeter. A
square, 50.8 mm � 50.8 mm, of a gas diffusion backing (GDB) material is placed on the bottom flow field
with the microporous layer facing up. The membrane is placed over the GDB and a second GDB piece is
placed with the microporous layer facing down, over the membrane. The top flow field is then placed on
top. The stack is centered over the bottom electrode plate and covered with the top electrode plate with the
insulated side up. The CRE machine is closed so that the load cell just begins to measure load. The ohm-
meter is attached to the electrode plates and the stack assembly is left to reach equilibrium as the “capac-
itor” charges. The test begins once the resistance reading is stable. The CRE machine is closed at a rate of
0.635 mm min�1. The resistance is recorded as a function of the applied load and the pressure causing an
electrical short is reported. A “failure” occurs when the electrical resistance drops below 1000 �.

2.8. Accelerated lifetime

The “time to failure” in hours is measured using a single fuel cell apparatus and proprietary testing proto-
cols. This test is used to compare membranes and MEA designs against each other in a simulated fuel cell
environment.

3. RESULTS AND DISCUSSION

3.1. Polymer chemical stability

Previously, DuPont had determined that fluoropolymer endgroup reactions could be minimized during
extrusion processes by pre-treating the polymer with elemental fluorine [14 and 15] to remove reactive
endgroups and impart greater thermal stability. When Nafion® polymer was treated in a similar manner,
the number of measurable endgroups was reduced by 61%, thus providing a good candidate for chemical
stability testing. Using the peroxide stability test, this treated polymer was compared with a sample of the
same polymer before treatment. After �50 h of exposure, there was a 56% decrease in total fluoride ion
generated per gram of treated polymer, versus the non-treated polymer, as shown in Fig. 3.

Recently, DuPont has developed proprietary protection strategies that substantially reduce both the
number of polymer endgroup sites and their vulnerability to attack. Using ex situ accelerated degradation
protocols, Fig. 4 shows that membranes made the modified polymer (type A and type B) exhibited 10 to
25� reduction in fluoride ion emissions when compared to the standard Nafion® N-112 membrane. The
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reduction in fluoride ion release was consistent with the reduction in the number of reactive polymer 
endgroups. It confirms that reactive endgroups are the vulnerable sites, and that the polymer can be effec-
tively protected using DuPont’s proprietary methods.

It should be noted that the ex situ accelerated degradation tests do not necessarily correlate to fuel cell
accelerated degradation results. In one case, when membranes prepared from treated and non-treated poly-
mer were tested in a fuel cell configuration using accelerated operating conditions, both membranes gen-
erated similar amounts of fluoride ion. Furthermore, clear relationships between accelerated test protocols
and real-time fuel cell operating conditions have yet to be resolved satisfactorily.

DuPont continues to investigate those conditions present during PEM fuel cell operation which initiate
F� formation, including both initial and long-term release rates. The analysis includes identifying PFSA
polymer and membrane features susceptible to attack, and subsequent modifications to minimize and/or
eliminate polymer stress and degradation. In addition, the scope and range of fuel cell operating conditions
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are being assessed for their combined effect on fuel cell performance and membrane durability, including
polymer structure and endgroups.

3.2. Nafion® PFSA polymer dispersions

Size-exclusion chromatography–low angle laser light scattering (SEC–LALLS) has been used to show
that observed aqueous dispersion viscosities were related to an “apparent” molar mass, as a result of a
process dependent aggregation phenomenon. Typical viscosities are between 4 and 5 cP for the nominal
10% solids aqueous dispersions at the time of manufacture.

As seen in Fig. 5, there was a noticeable high molar mass shoulder due to the aggregate structure in the
mass distribution of the “as made” dispersion. On heating the aqueous dispersions to high temperatures,
the aggregate structure was irreversibly broken down resulting in narrower mono-modal distributions,
which were similar for all dispersions. The high temperature heating reduced viscosities to approximately
2 cP. Interestingly, limited two-angle dependent light scattering measurements had indicated a linear rela-
tionship between the radius of gyration and molar mass for the aggregate portion of the “as made” distribution.
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This was consistent with previous research, which concluded that the dispersion particle shape was
anisotropic, possibly rod and/or ribbon form.

This evidence suggested a model for Nafion® dispersions where elongated, charge stabilized particles
exist on a three-dimensional lattice with the particle centers of mass at the lattice points. Furthermore, for
dispersions that had even greater aggregate distributions, viscosity-shear thinning might result as a conse-
quence of particle overlap and lattice deformation in a shear field.

Based on this work and other process developments, DuPont has introduced a new generation of poly-
mer dispersions offering increased acid capacities, reduced metal ion content, and improved color and vis-
cosity stability. The new dispersions are available in 5%, 10% and 20% polymer content, two acid capacity
levels, and mixed 1-propanol/water and water-only dispersions.

The surface tension of a polymer dispersion is an important consideration for optimization of catalyst
coatings and efficiencies, coating adhesion, and membrane formation from dispersion. The surface tensions
for the Nafion® polymer dispersions are reported in Fig. 6. The “percent (%)” value next to each data point
indicates the dispersion’s polymer content, which when added to the wt.% water (indicated on the graph)
and wt.% alcohol (inferred) equal 100%. As expected, the aqueous dispersions exhibit the highest surface
tensions (50 mN m�1); while increasing alcohol content depresses the surface tension. For example, DE
2021 (containing 20% polymer, 34% water, and 46% 1-propanol) has a surface tension of 25 mN m�1. The
range of possible surface tensions offers broad formulation capabilities for MEA fabrication.

3.3. Nafion® PFSA solution-cast membranes

The tensile storage modulus exhibits three distinct relaxation modes (�, �, �) as a function of temperature,
and all are sensitive to water content. Kyu and Eisenberg [16] attribute the �-relaxation to the glass 
relaxation of the hydrophilic phase domains, and the �-relaxation to the glass relaxation for the fluorocar-
bon phase domains. In Fig. 7, the DMA response for solution-cast membrane shows the dominant �-relax-
ation (Tg) shifting to lower values with successive heating cycles (and decreasing water content). The Tg
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starts at 85°C and decreases to approximately 65°C during the six successive cycles. This response is sim-
ilar to that of extrusion-cast membrane. The �-relaxation (�50°C to 10°C) is stronger for solution-cast
membrane (starting from humidified samples), but the difference attenuates after heating above 100°C in
dry N2. The �-relaxation, which occurs below �80°C, was not measured. When the membrane sample is 
re-equilibrated to the initial ambient humidity, the DMA responses return to their original starting values.

Figures 8 and 9 document single-cell performance and life test data for DuPont Fuel Cells three-layer
MEAs fabricated with catalyst-coated 1 and 2 mil Nafion® membranes, and using commercially available
gas diffusion media.

The fuel cell performance gain for 1 mil membrane over 2 mil membrane at high current density opera-
tion under reduced humidification is more than the contribution from the cell resistance differential alone.
This gain represents enhanced water back-diffusion for the thinner membrane [17]. The 1 mil membrane
experiences a lower voltage decline over the range of reduced anode and cathode humidification levels, as
shown in Fig. 10. This provides a 10% increase in fuel cell power output for MEAs using the 1 mil 
membrane versus the 2 mil membrane.

Fabrication requirements, such as lamination, reinforcement, surface coatings, and other membrane-
related processes rely heavily on interfacial strength, which can be optimized by matching cohesive energies
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of adjacent layers. This attribute for Nafion® membranes can be estimated by measuring water contact
angles. For this evaluation, membrane samples were tested “as made”, “annealed” at 130°C for 30 min in a
dry nitrogen purged environment, and “boiled” in D.I. water for 30 min and blotted dry prior to testing.

Figure 11 illustrates the degree of change in surface characteristics achievable by various membrane
treatments; as well as how the surface characteristics change with time for the various treatments. The water
contact angle responses for the extruded (N-112) and solution-cast (NR-112) membrane samples were iden-
tical for the “annealed” state, but very different for the “as made” and “boiled” states. This behavior may be
influenced by the membrane’s prior thermal history (melt extrusion versus solution-cast) and water content,
which is higher for the solution-cast (NR) membrane in the “as made” and “boiled” states; but very similar
for both membranes in the “annealed” state.

3.4. Nafion® ST membranes

DuPont has developmental programs focused on improving membrane mechanical durability as measured
by several physical property and performance indicators. These include mechanical durability, as measured
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by tensile strength, reduced dimensional change, puncture resistance, electrical short tolerance, and life-
time (voltage over time using accelerated test protocols).

MEAs made with Nafion® ST membrane by DuPont Fuel Cells have demonstrated improved mechani-
cal durability and lifetime, with fuel cell performance similar to Nafion® NR-111 as shown in Fig. 12.

Tensile strength and puncture resistance performance were similar for both solution-cast and ST
Membrane. However, compared to NR-111, the ST membrane has 50–80% improvement in electrical
shorts tolerance and 2� extended lifetime as measured using DuPont’s accelerated test protocol. Figure 13
summarizes these comparisons.

The reported polymer and membrane improvements are undergoing validation and qualification in sev-
eral commercial applications. Using the “voice of the customer”, DuPont is determining what additional
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membrane improvements are needed for MEA fabrication and fuel cell applications based on customer
evaluations and durability feedback. The improvements will incorporate chemical stability features as they
are developed for both the Nafion® polymer and membrane.

4. CONCLUSIONS

DuPont Fuel Cell’s polymer, dispersion, solution-cast and extrusion-cast membrane technologies provide
the fuel cell industry with more efficient and flexible production capabilities, specialized membrane fea-
tures, and reduced overall MEA fabrication costs. Today, DuPont is operating large-scale, thin membrane
production facilities to provide the long-term projected membrane volumes at automotive quality 
standards and customer performance targets.

Ongoing polymer and membrane improvement programs are focused on providing the required per-
formance, mechanical durability, and chemical stability necessary for successful PEM fuel cell applica-
tions. Fundamental research has enabled processing advancements for Nafion® polymer dispersions as
well as formulation choices for improved fuel cell membrane fabrication and performance. Developmental
ST membrane has shown favorable response based on our current mechanical durability indicators. The
pipeline of new products and features is evidence of DuPont Fuel Cell’s commitment and leadership in
supplying membranes and components to the fuel cell industry.
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Chapter 19

Polymer–ceramic composite protonic conductors

B. Kumar and J.P. Fellner

Abstract

This paper reviews emerging polymer–ceramic composite protonic conductors in the context of
their usefulness as membrane material for fuel cells. These composite protonic conductors appear to
exhibit a superior propensity to retain water, enhanced conductivity, superior thermal and mechani-
cal robustness, and reduced permeability of molecular species.

Keywords: Fuel cells; Composite membrane; PEFC
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1. INTRODUCTION

Composites are an important class of materials. They are comprised of two or more phases mixed in pre-
determined proportions to obtain superior performance as compared to any of the pure, single-phase, solid
components. They have found widespread application as materials of construction in structural compo-
nents requiring superior mechanical and thermal properties. However, the application of composites as
electrical conductors, both electronic and ionic, is in its infancy. It has been shown that the dispersion of
fine, electronically conducting particles into an insulator matrix and insulating particles into an ionically
conducting matrix leads to enhancements in electrical conductivity by several orders of magnitude. In both
cases, a significant concentration (10–30 vol%) of filler particles is required to achieve the optimum con-
ductivity. To explain the composite effect on electrical conductivity, a unified model has recently been pro-
posed for the two types of composite conductors [1].
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The use of solid polymer–ceramic composite materials as protonic conductors has recently attracted sig-
nificant interest [2–5]. The motivation for the interest is a commercial application as high conductivity and
thermally stable membrane material for polymer electrolyte fuel cells (PEFCs). Preliminary investigations
have shown that these polymer–ceramic composites are associated with attributes, such as enhanced pro-
tonic conductivity, improved water retention, increased cell operating temperature, higher carbon monox-
ide tolerance threshold, and reduced permeability of molecular species. The improved thermomechanical
stability of these membranes in a practical fuel cell is expected to provide them with long-term structural
integrity. The polymer–ceramic composite protonic conductors are now a subset of the general class of solid
protonic conductors and possess the potential to provide membrane materials for commercial applications.

The history of the composite ionic conductors may be traced to the work of Liang [6]. In a pioneering
work, Liang [6] investigated polycrystalline lithium iodide doped with aluminum oxide and reported that
lithium iodide doped with 35–45 mol% aluminum oxide exhibited conductivity on the order of 10�5S
cm�1 at 25°C, about three orders of magnitude higher than that of the LiI conductivity. However, no sig-
nificant amount of aluminum oxide was determined to be soluble in LiI; thus, the conductivity enhance-
ment could not be explained by the classical doping mechanism and creation of Schottky defects such as
in the LiI–CaF2 system. Subsequently, a number of investigations have reported enhanced conductivity of
silver in the AgI–Al2O3 system [7], copper in the CuCl–Al2O3 system [8], fluorine in the PbF2–SiO2 and
PbF2–Al2O3 systems [9], and lithium in polymer–ceramic composite electrolytes [10]. Two review papers
[1,11] also document the developmental history and general characteristics of these fast ionic conductors.
Analyses of these reviews point out that a new conduction mechanism evolves, which augments the bulk
conductivity of single-phase ionic conductors. The new conduction mechanism makes use of interfacial
and/or space charge regions between the two primary components.

The purpose of this paper is to review the literature on composite protonic conductors in the context of
their usefulness as a membrane material, specifically their ability to retain water, enhance conductivity,
augment thermal and mechanical robustness, and suppress the permeability of molecular species in a prac-
tical, commercially-viable fuel cell.

2. PRIOR WORK: CHEMISTRY, PROCESSING, AND PROPERTIES

Since Nafion® has been the mainstay of protonic conductors, a number of studies on composite protonic con-
ductors have been conducted using it as a matrix for reinforcing ceramic particles. Mauritz et al. [12] reported
a processing method for producing nanocomposites of Nafion® and silica using the sol–gel reactions. They
observed that the polar/nonpolar nanophase-separated morphological template exists despite incorporation
of silicon oxide phase in the composite. The highest silicon oxide concentration was observed near the sur-
face and decreased to a minimum in the center of the specimen. Watanabe et al. [2] extended the work of
Mauritz et al. [12] toward the applicability of the nanocomposite for a fuel cell membrane. Watanabe et al.
[2] characterized these nanocomposites as “self-humidifying,” as colloidal silica (silica gel) possesses an
inherent capacity to absorb and retain water. They also reported that in addition to water retention capability,
silica particles also suppressed H2 and O2 cross-over through the membrane. The use of the nanocomposite
membrane also facilitated cold starts of the cell. Antonucci et al. [3] reported the use of Nafion® and silica
nanocomposite in direct methanol fuel cells (DMFCs) at 145°C. The favorable humidification conditions in
the nanocomposite allowed high operating temperatures and enhancement of methanol oxidation kinetics. A
peak power density of 240 mWcm2 for the oxygen-fed fuel cell was obtained. Park and Nagai [13] fabricated
fast protonic organic–inorganic hybrid nanocomposites from the hydrolysis and condensation reaction of 
3-glycidoxypropyltrimethoxy silane and tetraethyleorthosilicate. The protonic conductivity of the composite
increased up to 1.0 �10�1S cm�1 by the addition of silicotungstic acid. The sol–gel derived Nafion®/silica
composite membrane was also investigated by Miyake et al. [4] as a membrane material for fuel cells. These
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membranes exhibited higher water contents at 25 and 120°C but not at 150 and 170°C. Despite the higher
water content, the protonic conductivity of the membranes were lower or equal to unmodified Nafion® mem-
branes. Miyake et al. [14] also investigated uptake and permeability of methanol in liquid and vapor phases
as a function of temperature. They concluded that the Nafion®/silica hybrid membranes with high silica con-
tent (�20 wt.%) are potentially useful as membranes for direct methanol fuel cells using either liquid- or
vapor-feed fuels. Adjemian et al. [5] also investigated silicon oxide/Nafion® composite membranes in hydro-
gen/oxygen proton-exchange membrane fuel cells from 80 to 140°C. All composite membranes had a sili-
con oxide content of less that or equal to 10 wt.%. The silicon oxide enhanced the water retention of the
composite membranes and contrary to the report of Miyake et al. [4] these membranes exhibited increased
protonic conductivity at elevated temperatures. They also exhibited impressive current densities – four times
greater than unmodified Nafion® at 130°C and a pressure of 3 atm. Furthermore, these membranes were
structurally and mechanically robust in comparison to unmodified Nafion®, which degraded after a higher
operating temperature and thermal cycling. Uchida et al. [15] reported attributes of titanium dioxide/Nafion®

composites prepared by the sol–gel reactions. They reported increased water absorbability and self-
humidifying characteristics by dispersing only 2 wt.% TiO2.

Analyses of the aforementioned investigations appear to suggest that the incorporation of a ceramic
phase in the polymer matrix provides some benefits such as superior water retention, higher operating tem-
perature, and enhanced thermal stability. However, a scientific and quantitative basis for the formulation
and optimization of the composites is lacking. The qualitative approach of composite formulation and
nonstandard processing techniques may also account for the deviations in properties from the aforemen-
tioned general observations.

3. DISCUSSION

3.1. Water retention

Silicates and aluminosilicates are known to be associated with various concentrations of water. Silica gel,
for example, is a prominent desiccant. It can adsorb water and also react to form silicic acid. The substi-
tution of silicon by aluminum in the silica network leads to the formation of a variety of aluminosilicate
minerals (felspar, clay, zeolites, and mica) in nature [16]. These minerals can be associated with various
concentrations of water. For example, clay (Al2O3 � 2SiO2 � 2H2O) is a layered silicate and the chemically
held water is retained up to 560°C. Similarly, a cage-type structure of zeolites can physically hold 
significant concentrations of water.

A composite membrane also possesses a very high concentration of polymer–ceramic interfaces. These
interfaces possess a defect structure and free volume, which can accommodate significant concentration of
water. The interfaces can serve as a water reservoir, and it is likely that non-silicates and non-aluminosilicates
can also improve water retention.

In and around a fuel cell membrane, water formation, retention, and movement at elevated temperatures
must be regulated in a precise manner. The incorporation of a ceramic component is expected to facilitate
the water management issue. However, water that is physically held in voids and interfaces may be lost
around its boiling point. The structural or chemically held water may be useful for protonic conductivity
up to its decomposition temperature.

3.2. Polymer–ceramic particle interaction and microstructure

An interaction between a polymer chain and a ceramic particle is schematically illustrated in Fig. 1. The
length of the polymer chain will depend upon its molecular weight. The size of the ceramic particle may
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vary from a few nanometers to several micrometers. The shape of the ceramic particle may also vary. The
extent of the polymer chain–ceramic particle interaction will depend upon the polymer chain length and
the ceramic particle size. For example, if the polymer chain length (generally of the order of microns) and
weight percent of ceramic particles are maintained constant and the particle size of the ceramic phase is
reduced from 10 �m to 10 nm, the number of polymer–ceramic interaction sites is increased by a factor of
109 and the distance between the ceramic particles is reduced from 4.12 �m to 4.12 nm. These approxi-
mations are based on the assumptions that the agglomeration of ceramic particles is absent and particles
are uniformly distributed.

A difference in the dielectric constants of the polymer and ceramic phases may lead to a chemical inter-
action between them resulting in the formation of chemical bonds. In fact, the formation of chemical
bonds in PEO:LiBF4–MgO, a lithium ion composite material, has been demonstrated [17].

It has been shown that in the PEO:LiBF4–MgO system, lithium ion conductivity is enhanced initially by
reducing the degree of polymer crystallinity and subsequently by facilitating the polymer chain–ceramic
particle interaction. The interaction is further enhanced by reducing the particle size and mass of the
ceramic particle [10]. A similar interaction and microstructure are expected in composite protonic 
conductors, which may facilitate the protonic conduction.

There is a similarity in the microstructure of polymer–ceramic composites and Nafion® – the mainstay
of solid polymer protonic conductors. Nafion® is produced by attaching a side chain to polytetrafluo-
roethylene (PTFE). The end of the side chain is sulfonated, which is highly hydrophyllic. The side chain
molecules of Nafion® tend to cluster, thus creating hydrophyllic regions within a generally hydrophobic
material, PTFE. The hydrophyllic regions allow for the absorption of large quantities of water – up to
50 wt.% of dry Nafion®. The inhomogeneous nature of the microstructure and regions for storage of water
resemble characteristics of the two classes of materials.

3.3. Transport of charged species in a composite material

A composite material in which metallic particles are dispersed in an insulating matrix displays the elec-
tronic conductivity enhancement as a function of weight fraction of the metallic filler particle as depicted in
Fig. 2a. Initially, there is little influence on conductivity as the metallic particles are introduced, but around
20 wt.% of the metallic component, there is a sharp jump – about 10 orders of magnitude – in conductivity.
At this concentration level of the metal phase, the microstructure allows steady-state percolation of elec-
trons and thus it is defined as the percolation threshold. The percolation threshold varies (shown by arrows
in Fig. 2a) depending upon the nature of the metal and insulating phases. The steady-state conductivity of
the composite beyond the percolation threshold is comparable to the conductivity of the metal phase.

Figure 2b schematically shows the effect of insulating particle reinforcement on the conductivity of the
ionically conducting matrix. Unlike Fig. 2a, the ionic conductivity of the composite in this case gradually
increases and reaches a peak at around 20 wt.% of the insulating doping phase. Further increases of the
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dopant decreases the conductivity as it impedes the transport of charged species. Again in this case,
steady-state percolation occurs around 20 wt.% of the insulating dopant phase. The percolation threshold
may vary depending upon the matrix and dopant chemistries, particle sizes, and processing parameters.
This composite effect has been demonstrated in a number of diverse ionic conductors [6–11].

The schematic data shown in Figs 2a and b are based on a number of theoretical and experimental inves-
tigations. A review of these investigations can be found in [1,11]. The intent of presenting the electronic and
ionic conductivity of composite materials in Figs 2a and b is to impress upon readers the role of microstruc-
tures on the transport of charged species. In a fuel cell membrane, the lowest electronic conductivity (prefer-
ably zero) is desired. However, for electrode materials, mixed (electronic and ionic) conductivity is required.
It is anticipated that the transport of protons should also be facilitated in the composite microstructure.
However, authentic experimental evidence correlating the protonic conductivity and composite microstruc-
ture is lacking.

In the fuel cell literature, one of the widely accepted protocols for evaluating a membrane material is to
obtain polarization curves (V–j plots) as schematically shown in Fig. 3. The figure illustrates regions in
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which various types of voltage losses occur. From Fig. 3 it can be seen that at low current densities, the
major contribution to the losses originate from activation polarization, which is characterized by a sharp
drop in voltage with increasing current. As the current increases, ohmic loss emerges, as exhibited by lin-
earity in the central region of Fig. 3. At high currents, the cell resistance is controlled by mass–transport
limitation (diffusion overpotential), resulting in a rapid decline in voltage.

An increase in the protonic conductivity of the membrane is reflected by a change in the slope of the lin-
ear ohmic region. The composite protonic conductors are expected to have lower slope in the ohmic
region. In fact, there is evidence of this kind of behavior in Nafion 115 and 6% SiO2 composite membranes
investigated by Adjemian et al. [5].

4. THERMAL AND MECHANICAL ROBUSTNESS

Improvements in the thermal and mechanical robustness of commercial polymers have been a topic of
considerable interest. A number of different types of fillers such as clay, carbon, and mica have been incor-
porated in polymer matrices to improve wear resistance, retard flammability, and enhance the heat distor-
tion temperature of industrial polymeric products. In recent times, the heat resistance of a commercial
Nylon 6 has been improved by incorporating clay [18–20]. The Nylon 6 begins to soften at 60°C; however,
the addition of 3–5 wt.% of clay raises the softening temperature to 140°C. Furthermore, the clay additive
improved dimensional stability, enhanced barrier properties, and retarded flammability. In general, the
addition of a ceramic phase to a polymer matrix raises the glass transition temperature, Tg [21]. The 
modulus of elasticity also increases with the incorporation of a ceramic phase in polymers [22].

It is evident that ceramic additives impart large positive influences on the mechanical and thermal prop-
erties of polymers. These benefits are of enormous interest in developing robust, durable, and high 
performance membrane materials for fuel cells.

5. PERMEABILITY OF MOLECULAR SPECIES

The permeation of molecular species, either from anode or cathode side through the electrolyte, is detri-
mental to the electrochemical performance of a fuel cell. The permeability of the species through the
membrane must be reduced to a minimum, preferably zero. The ceramic additives in a polymer matrix
have been found to be effective in reducing permeability of molecular species. Miyake et al. [14] reported
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that a hybrid membrane containing 20 wt.% silica in a Nafion® matrix exhibited significantly lower
methanol permeation rates.

The mechanism for reducing the permeability of gases through the membrane is believed to originate
from rigid scattering sites and tortuous pathways that a permeant must encounter to transverse the com-
posite material. Fig. 4a schematically illustrates backscattering of the molecular species by rigid spherical
ceramic particles in a polymer matrix, whereas Fig. 4b depicts a tortuous pathway, as proposed earlier by
Yano et al. [23] in a composite membrane containing a platelet type ceramic phase, for example, clay in a
polymer.

6. SUMMARY AND CONCLUSIONS

A review of the state-of-the-art polymer–ceramic protonic conductors for application as membranes in
fuel cells have been presented and discussed. The discussion focused on the key attributes of the mem-
brane such as water retention, polymer–ceramic particle interaction, transport of charged species through
a composite structure, thermal and mechanical properties, and permeability of molecular species. An
analysis of a broader range of ceramic fillers reveals that while silicates and aluminosilicates have an
inherent capacity to retain water, non-silicates and non-aluminosilicates can enhance water retention by
providing polymer–ceramic interfacial regions as water storage channels. The polymer and ceramic
phases can also chemically interact, leading to nanostructures and microstructures beneficial for protonic
conductivity and mechanical and thermal properties. The microstructure of solid composites facilitates
transport of charged species provided that there is a large difference in the electronic properties and structure
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of the components of the composite. The observation is valid for an electron and also for a number of ionic
species. Thus, it is expected that the structure of polymer–ceramic composites should enhance protonic
conductivity; however, definitive experimental evidence is yet to emerge. A number of reports in the liter-
ature support the claim that a ceramic phase in the composite enhances mechanical and thermal properties.
It has also been suggested that the polymer–ceramic composites should exhibit suppressed permeability of
molecular species.
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Chapter 20

Recent developments in high-temperature proton 
conducting polymer electrolyte membranes

Patric Jannasch

Abstract

Progress in the area of proton conducting polymer electrolyte membranes is intimately linked with
the development of polymer electrolyte membrane fuel cells, and is today largely driven by the
insufficient properties of humidified Nafion® membranes at temperatures above 100°C. Recent
developments in the field include new ionomers and hybrid membranes containing inorganic
nanoparticles to control morphology and enhance water retention, as well as improved systems
based on the complexation of basic polymers with oxo-acids. In addition, the molecular design and
synthesis of completely new all-polymeric electrolytes that rely entirely on structure diffusion of the
protons holds great promise in the long perspective.

Keywords: Ionomers; Acid–base complexes; Organic–inorganic hybrids; Proton conductivity; Proton
exchange membrane fuel cells
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1. INTRODUCTION

Conventional proton conducting polymer electrolyte membranes (PEMs) are based on hydrated ionomers
in their protonated form. These materials are typically phase separated into a percolating network of
hydrophilic nanopores embedded in a hydrophobic polymer-rich phase domain. The hydrophilic nanopores
contain water and the acidic moieties, and conductivity occurs via transport of dissociated protons by the
dynamics of the water. The hydrophobic phase domain provides mechanical strength by stabilizing the mor-
phology of the membrane.
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Proton conducting PEMs attract considerable attention because they are key-components in PEM fuel
cells (PEMFCs), which are promising environmentally friendly and efficient power sources for a wide range
of different applications [1*]. During normal H2/O2 PEMFC operation, anodic dissociation of H2 produces
protons that are transported through the hydrated PEM to the cathode, where reduction of O2 produces water.
Potentially, this type of fuel cell gives no emissions, and the use of ozone-depleting petroleum based fuels
can thus be avoided. The research activities on PEMFCs have increased progressively during the last decade,
and are today rather extensive as seen by the accelerating number of yearly publications (Fig. 1).

The primary demands on the hydrated PEM are high proton conductivity (at least above 0.01 S cm�1),
low fuel and O2 permeability, and high chemical, thermal and mechanical stability. Conventional PEMFCs
typically operate with Nafion® membranes, which offers quite good performance below 90°C. However,
to decrease the complexity and increase the efficiency and CO-tolerance of the PEMFC system, there is
today a strong need for PEMs capable of sustained operation above 100°C. Unfortunately, the proton con-
ductivity of Nafion® suffers greatly at temperatures above 90°C due to loss of water. Also, the barrier
properties of this membrane are usually insufficient when methanol is used as fuel. These factors, in addi-
tion to the high cost of Nafion®, has triggered an extensive research for alternative PEM materials, some
relying on other species than water for proton conduction [2–4*]. The present review focuses on the devel-
opment of different types of high-temperature proton conducting PEMs during the last 2 years.

2. IONOMERS AND IONOMER MEMBRANES

Ionomer-based membranes intended for high-temperature PEMFCs should preferably retain a high conduc-
tivity at low levels of humidification. There is thus a need to improve water retention at high temperatures and
to improve performance at low water contents, while simultaneously giving special attention to chemical as
well as morphological stability to resist excessive water swelling. The membrane morphology is important
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for the performance, and is linked to the nature of the ionomer and the membrane formation process in a quite
complex manner. It typically depends strongly on the water content, and on the concentration and distribu-
tion of the acidic moieties [4*,5,6]. For example, Kreuer has shown that hydrated membranes based on sul-
fonated polyetherketone have a less pronounced separation into hydrophilic/hydrophobic domains, as well
as a larger distance between the acidic moieties, as compared to the Nafion® membrane [4*].

The majority of the new ionomers developed currently are based on different arylene main-chain poly-
mers, which are characterized by excellent thermal, chemical, and mechanical properties. Some of these
ionomers are shown in Fig. 2. Several research groups are working with different sulfonated polymers
containing diaryl-sulfone units [7*,8–11]. For example, Wang et al. have prepared high molecular weight
polysulfones containing randomly distributed disulfonated diarylsulfone units [7*]. Analysis of the mem-
brane morphology by atomic force microscopy revealed hydrophilic phase domains that increased in size,
from 10 to 25 nm, with increasing degree of sulfonation. The membranes were stable up to 220°C in air,
and highly sulfonated ones showed conductivities of 0.17 S cm�1 at 30°C in water [7*]. Poppe et al. have
produced flexible PEMs based on carboxylated and sulfonated poly(arylene-co-arylene sulfone)s [8]. As
expected, the carboxylated materials showed lower water uptake and lower conductivity in comparison
with the sulfonated ones. Sulfonated polysulfones have also been blended with basic polymers such as
polybenzimidazole (PBI) and poly(4-vinyl pyridine) in order to improve the performance in direct
methanol fuel cells [11].

Different sulfonated aromatic polyimides are also under investigation [12,13*,14,15]. These ionomers
typically reach high levels of conductivity, but the hydrolytic stability is reported to be very sensitive to the
chemical structure of the polyimide main-chain [13*,14]. A membrane-electrode assembly based on a sul-
fonated polyimide was recently evaluated in a fuel cell at 70°C, and was found to have a performance sim-
ilar to Nafion® [15].

Sulfonated PBI has been investigated by Kawahara et al. [16 and 17] and Asensio et al. [18]. At low
water contents, PEMs of PBI grafted with sulfopropyl units showed a proton conductivity in the order of
10�3S cm�1 in the temperature range from 20 to 140°C, which is superior to Nafion® under the same con-
ditions [17]. The performance of these PEMs have also recently been investigated in fuel cells at temper-
atures up to 150°C under fully humidified conditions [19].

As the operation temperature of the PEMs is increased to temperatures above 100°C, desulfonation, 
i.e. loss of the sulfonic acid unit though hydrolysis, becomes an increasingly important problem. Acidic
moieties having higher stability include phosphonic acid and sulfonimides. The latter is a significantly
stronger acid compared to sulfonic acid, which may be especially advantageous at low water contents.
Allcock et al. have prepared different poly(aryloxyphosphazene)s functionalized with phenyl phosphonic
acid units with the intended use in direct methanol fuel cells [20]. Just recently, the same authors also
report on the preparation of poly(aryloxyphosphazene)s having sulfonimide units [21]. Blending and radi-
ation cross-linking have been investigated as means to reduce water swelling and methanol permeation of
poly(aryloxyphosphazene) ionomers [22].

3. ORGANIC–INORGANIC HYBRID MEMBRANES

The incorporation of various hygroscopic, and often proton conducting, inorganic nanoparticles has shown
to significantly improve the high-temperature performance of several types of PEMs [23*,24–29*,30*]. A
number of research groups are developing hybrid membranes based on Nafion® to improve its high-
temperature performance [23*,24–27,31]. Nafion®-silica hybrid membranes were produced by Miyake et al.
via a sol–gel process [31]. Although containing more water, the conductivity of the hybrid membranes
decreased with increased silica content, and was lower than that in the unmodified membrane under all con-
ditions investigated. Bocarsly and co-workers have prepared Nafion® PEMs containing silicon oxide [24],
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Fig. 2. Examples of proton conducting polymers currently under investigation as PEM materials: (a) sul-
fonated poly(arylene ether sulfone) [7*]; (b) sulfophenylated polysulfone [9]; (c) sulfopropylated PBI [16,17];
(d) sulfonated poly(arylene-co-arylene sulfone) [8]; (e) sulfonated naphthalenic polyimide (Ar, various aro-
matic moieties) [13*]; (f) poly(aryloxyphosphazene) having sulfonimide units [21]; (g) imidazole-terminated
ethylene oxide oligomers [46*]; and (h) Nafion® marketed by the DuPont company
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as well as zirconium phosphate [23*,25] particles. They found, for example, that the silicon oxide modified
PEMs showed improved robustness and water retention, which resulted in high conductivities at 130°C dur-
ing at least 50 h. Staiti et al. have investigated Nafion®-silica membranes doped with phosphotungstic acid
and silicotungstic acid [26]. The authors claim that the heteropolyacid-modified Nafion®-silica recast mem-
branes showed suitable properties for operation at 145°C in a direct methanol fuel cell. Tazi and Savadogo
[27] have prepared membranes based on Nafion®, silicotungstic acid and thiophene. The modified mem-
branes are reported to have a higher water uptake and conductivity than the unmodified membrane, result-
ing in improved fuel cell characteristics.

Hybrid membranes based on different arylene main-chain polymers have also been investigated
[28,29*,30*,33*]. For example, nanocomposite PEMs based on phosphotungstic acid in sulfonated polysul-
fones have been prepared by Hickner et al. [28]. Interestingly, the presence of the nanoparticles was found
to increase the proton conductivity, while at the same time decreasing the water absorption. In addition, the
mechanical modulus of the material was improved after the addition of the particles. Genova-Dimitrova 
et al. [29*] incorporated phosphatoantimonic acid particles into sulfonated polysulfone and obtained PEMs
with improved mechanical properties and conductivities close to Nafion®, while avoiding excessive water
swelling at 80°C. Bonnet et al. [30*] have studied the properties of hybrid membranes based on sulfonated
polyetheretherketone and particles of amorphous silica, zirconium phosphate sulfophenylphosphate, and
zirconium phosphate as a function of temperature and humidity. In all cases the presence of the particles led
to increased conductivities at 100°C. Staiti [32] has attached silicotungstic acid on SiO2-support particles,
and then used PBI as a binder to prepare membrane films. The materials are reported to be thermally stable
with a conductivity of 10�3S cm�1 at 160°C and 100% relative humidity. The use of a phosphonated PBI
gave membranes with twice the conductivity at the same operating conditions [32].

A somewhat different approach has been pursued by Honma et al. [33*,34] who prepared different
organic–inorganic hybrid materials by forming networks containing nanoparticles covalently linked by
oligoether segments. After doping the networks with various heteropolyacids, they reported proton con-
ductivities of 10�3–10�2S cm�1 in the temperature range 20–140°C under fully humidified conditions
[34]. Also, the thermal stability of the oligoethers was greatly improved after formation of the hybrids.
Stangar et al. have shown that a similar material based on silica functionalized by poly(propylene glycol)
and doped with a heteropolyacid showed better results than Nafion® in a methanol fuel cell, mostly due to
a lower methanol cross-over [35].

In conclusion, the incorporation of various nanoparticles seems to be very promising, although a great
deal remains to be understood when it comes to, for example, interactions, synergy and long-term stabil-
ity in these rather complex hybrid materials.

4. MEMBRANES BASED ON POLYMERS AND OXO-ACIDS

Several research groups are currently developing high-temperature PEMs based on complexes of strong
acids, such as H3PO4 and H2SO4, with different basic polymers, especially PBI [36–40*,41*,42,43*,44].
Typically, the mechanical properties of these PEMs are favored by low levels of acid-doping, while the
conductivity is favored by high doping levels and increasing water concentrations. Various polymers
beside PBI have been evaluated for use in these types of membranes [36–39]. Bozkurt and Meyer have for
example investigated poly(4-vinylimidazole)–H3PO4 complexes and found by thermogravimetry that they
were stable up to 150°C [36]. When increasing the concentration of H3PO4, they found that the materials
became softer and that the conductivity at ambient temperature increased to reach approximately 10�4S cm�1

at 2 mol H3PO4 per mol imidazole unit. Lassègues et al. [37] found that complexes of an amorphous
polyamide with H3PO4 showed high conductivities, but had poor mechanical properties and poor chemi-
cal stability above 90°C.
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Pu et al. [38] have used dielectric spectroscopy to investigate the proton conduction mechanism in
poly(4-vinylimidazole) and PBI [40*] doped with H3PO4 and H2SO4. The results showed that the proton
transport in the PBI-based materials mainly is controlled by proton hopping and diffusion, rather than by
segmental motions of the polymer chains. For the poly(4-vinylimidazole)-based materials in the glassy
state, the proton transport was controlled by a hopping mechanism, while the segmental motions and dif-
fusion also contributed above the glass transition temperature.

The concept of the PBIˆH3PO4 system has been further exploited. For example, Qingfeng et al. [41*]
found that the conductivity of PBIˆH3PO4 complexes was insensitive to humidity, but strongly depend-
ent on the acid content, reaching values of 0.13 S cm�1 at 160°C and high acid-doping levels. It was also
shown that the water drag due to proton transport was almost zero in these PEMs. Asensio et al. [18] have
synthesized and compared the performance of different sulfonated and unsulfonated PBIs and their com-
plexes with H3PO4. They found that the complexes were stable up to 400°C, and that sulfonation of a PBI
promoted the conductivity of the complex in comparison to when the unsulfonated polymer was used.
Furthermore, Hasiotis et al. have prepared blends of sulfonated polysulfones and PBI which were doped
with H3PO4 [42,43*]. These PEMs showed improved mechanical properties and conductivities above
10�2S cm�1 at 160°C and 80% relative humidity, which was higher than for acid-doped PBI membranes
under the same conditions. Initial work has also indicated the suitability of the blend membranes in fuel
cells [44]. A membrane-electrode assembly based on PBI–H3PO4 complexes has recently been evaluated
in a H2/O2 fuel cell [44]. Finally, the Celanese company has announced the introduction of a commercial
membrane-electrode assembly based on the same system.

5. ALL-POLYMERIC ELECTROLYTES

Kreuer et al. [45*] have outlined a very interesting approach to obtain proton conducting polymeric sys-
tems based on nitrogen-containing heterocycles, such as imidazole, benzimidazole and pyrazole. These
heterocycles form hydrogen bonded networks similar to that found in water, and also their transport prop-
erties are similar to that of water with proton transfer occurring via structure diffusion. An important
advantage of the heterocycles over water is that they can be covalently incorporated into polymer struc-
tures to obtain all-polymeric proton conductors, thus avoiding any volatile low molecular weight species.
It is, however, important that the incorporation is accomplished in such a way that the heterocyclic groups
retain a high mobility. Recently, Schuster et al. [46*] showed that imidazole-terminated ethylene oxide
oligomers can reach conductivities of up to 10�5S cm�1 at 120°C. The conductivity was further enhanced
after acid-doping. In another study, Yoon et al. [47] prepared a polyurethane having imidazole units in the
main-chain which reached conductivities of 10�4S cm�1 at 140°C. Notably, these levels of conductivity
were obtained in the complete absence of water.

6. THEORETICAL STUDIES

Several theoretical studies have recently been carried out to increase the knowledge concerning the 
mechanism of proton transport in ionomer membranes [48–54]. Studies that take into account molecular
structure and membrane morphology may play a vital role in the development of new ionomers and 
membranes.

Eikerling et al. [48] were able to predict experimental values of PEM conductivities by using a model
based on a heterogeneous membrane structure, and addressing relevant experimental parameters such as
the concentration of acidic moieties and the level of hydration. In another study, the same authors carried
out computations to evaluate the proton dissociation of various acidic moieties at different levels of hydra-
tion [49]. They found that the sulfonimide moieties have higher degrees of proton dissociation at low
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water contents as compared to triflic acid, CF3SO3H, which has a higher tendency towards contact-ion pair
formation. Paddison and coworkers have taken morphological parameters obtained from SAXS data into
account when calculating proton diffusion coefficients [51,52]. Coefficients were obtained at different
hydration levels and at different distances from the pore walls. Also in this study, the computed values
were close to experimentally measured values. Li et al. [54] have studied interactions of the hydronium ion
with water and model Nafion® structures using ab initio, density functional theory, and molecular dynam-
ics simulations. The results indicated, for example, that the flexible sulfonated perfluorinated side chain is
stretched in the aqueous phase, and that the sulfonate–hydronium contact ion pair is very stable.

Ab initio molecular dynamics simulations have also been performed by Münch et al. [55] to investigate
the diffusion process of an excess proton in hydrogen bonded imidazole chains. The diffusion mechanism
was described by a Grotthus mechanism involving a proton transfer step and a rate-determining molecu-
lar reorientation step.

7. CONCLUSIONS

It seems reasonable that operational temperatures up to approximately 130°C may be reached in PEMFCs
by using, for example, well-designed hydrated organic–inorganic hybrid PEMs. However, in order to attain
operational temperatures above 150°C, focus has most probably to be on different modes of proton con-
duction using durable non-volatile components. In this context, PBI–H3PO4 complexes have already been
evaluated with good results, even if the critical long-term stability remains to be proven. The perspective of
all-polymeric electrolytes based on imidazoles is appealing and initial results are encouraging. A future
challenge is to develop useful PEMs based on this concept, combining high conductivity, and high thermal,
chemical, and mechanical stability. Also in these systems, the use of suitable nanoparticles may prove fruit-
ful. For nearly all PEM systems there is a further need for carefully designed polymers to control structure
and morphology in order to manipulate interactions and processes taking place on the molecular scale.
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Chapter 21

PEM fuel cell electrodes

S. Litster and G. McLean

Abstract

The design of electrodes for polymer electrolyte membrane fuel cells (PEMFC) is a delicate bal-
ancing of transport media. Conductance of gas, electrons, and protons must be optimized to provide
efficient transport to and from the electrochemical reactions. This is accomplished through careful
consideration of the volume of conducting media required by each phase and the distribution of the
respective conducting network. In addition, the issue of electrode flooding cannot be neglected in
the electrode design process. This review is a survey of recent literature with the objective to iden-
tify common components, designs and assembly methods for PEMFC electrodes. We provide an
overview of fabrication methods that have been shown to produce effective electrodes and those that
we have deemed to have high future potential. The relative performances of the electrodes are char-
acterized to facilitate comparison between design methodologies.

Keywords: Polymer electrolyte membrane fuel cell (PEMFC); Catalyst layer; Gas diffusion layer; Thin-film
electrodes; PTFE-bound electrodes; Sputtered electrodes
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1. INTRODUCTION

The first application of a proton exchange membrane (PEM), also referred to as a polymer electrolyte mem-
brane, in a fuel cell was in the 1960s as an auxiliary power source in the Gemini space flights. Subsequently,
advances in this technology were stagnant until the late 1980s when the fundamental design underwent signif-
icant reconfiguration. New fabrication methods, which have now become conventional, were adopted and opti-
mized to a high degree. Possibly, the most significant barrier that PEM fuel cells had to overcome was the costly
amount of platinum required as a catalyst. The large amount of platinum in original PEM fuel cells is one of
the reasons why fuel cells were excluded from commercialization. Thus, the reconfiguration of the PEM fuel
cell was targeted rather directly on the electrodes employed and, more specifically, on reducing the amount of
platinum in the electrodes. This continues to be a driving force for further research on PEM fuel cell electrodes.

A PEM fuel cell is an electrochemical cell that is fed hydrogen, which is oxidized at the anode, and oxy-
gen that is reduced at the cathode. The protons released during the oxidation of hydrogen are conducted
through the PEM to the cathode. Since the membrane is not electrically conductive, the electrons released
from the hydrogen travel along the electrical detour provided and an electrical current is generated. These
reactions and pathways are shown schematically in Fig. 1.

At the heart of the PEM fuel cell is the membrane electrode assembly (MEA). The MEA is pictured in
the schematic of a single PEM fuel cell shown in Fig. 1. The MEA is typically sandwiched by two flow
field plates that are often mirrored to make a bipolar plate when cells are stacked in series for greater volt-
ages. The MEA consists PEM, catalyst layers, and gas diffusion layers. Typically, these components are
fabricated individually and then pressed together at high temperatures and pressures.

As shown in Fig. 1, the electrode is considered herein as the components that span from the surface of
the membrane to gas channel and current collector. A schematic of an electrode is illustrated in Fig. 2.
Though the membrane is an integral part of the MEA, a review of the design and fabrication of polymer
electrolyte membranes is beyond the scope of this paper. However, the interface between the membrane
and the electrode is critical and will be given its due attention. Current collectors and gas channels, typi-
cally in the form of bipolar plates, will not be reviewed herein.

An effective electrode is one that correctly balances the transport processes required for an operational
fuel cell, as shown in Fig. 2. The three transport processes required are the transport of

1. protons from the membrane to the catalyst;
2. electrons from the current collector to the catalyst through the gas diffusion layer; and
3. the reactant and product gases to and from the catalyst layer and the gas channels.
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Protons, electrons, and gases are often referred to as the three phases found in a catalyst layer. Part of the
optimization of an electrode design is the attempt to correctly distribute the amount of volume in the cat-
alyst layer between the transport media for each of the three phases to reduce transport losses. In addition,
an intimate intersection of these transport processes at the catalyst particles is vital for effective operation
of a PEM fuel cell. Each portion of the electrode will now be introduced.
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1.1. Catalyst layer

The catalyst layer is in direct contact with the membrane and the gas diffusion layer. It is also referred to
as the active layer. In both the anode and cathode, the catalyst layer is the location of the half-cell reaction
in a PEM fuel cell. The catalyst layer is either applied to the membrane or to the gas diffusion layer. In
either case, the objective is to place the catalyst particles, platinum or platinum alloys (shown as black
ellipses in Fig. 2), within close proximity of the membrane.

The first generation of PEMFC used Polytelrafluoroethylene (PTFE)-bound Pt black electrocatalysts
that exhibited excellent long-term performance at a prohibitively high cost [1]. These conventional cat-
alyst layers generally featured expensive platinum loadings of 4 mg/cm2. A generous amount of research
has been directed at reducing Pt loading below 0.4 mg/cm2 [2,3]. This is commonly achieved by develop-
ing methods to increase the utilization of the platinum that is deposited. Recently, platinum loadings as
low as 0.014 mg/cm2 have been reported using novel sputtering methods [4,5]. As a consequence of this
focused effort, the cost of the catalyst is no longer the major barrier to the commercialization of PEM 
fuel cells.

In addition to catalyst loading, there are a number of catalyst layer properties that have to be carefully
optimized to achieve high utilization of the catalyst material: reactant diffusivity, ionic and electrical con-
ductivity, and the level of hydrophobicity all have to be carefully balanced. In addition, the resiliency of
the catalyst is an important design constraint [1].

1.2. Gas diffusion layer

The porous gas diffusion layer in PEM fuel cells ensures that reactants effectively diffuse to the catalyst
layer. In addition, the gas diffusion layer is the electrical conductor that transports electrons to and from
the catalyst layer. Typically, gas diffusion layers are constructed from porous carbon paper, or carbon
cloth, with a thickness in the range of 100–300 �m. The gas diffusion layer also assists in water manage-
ment by allowing an appropriate amount of water to reach, and be held at, the membrane for hydration. In
addition, gas diffusion layers are typically wet-proofed with a PTFE (Teflon) coating to ensure that the
pores of the gas diffusion layer do not become congested with liquid water.

1.3. Electrode designs

Proven and emerging methods that are used to construct integrated membrane electrodes are illuminated
in this review. Two widely employed electrode designs are the PTFE-bound and thin-film electrodes.
Emerging methods include those featuring catalyst layers formed with electrodeposition and vacuum 
deposition (sputtering). In general, electrode designs are differentiated by the structure and fabrication of
the catalyst layer. As well, we highlight recent accomplishments in the development of gas diffusion lay-
ers. However, most commercial PEM fuel cells and the majority of those reported herein still employ con-
ventional carbon cloth or paper. There has been a significant amount of research conducted on producing
composite gas diffusion layers with graded porosity and wet-proofing, as well as the optimization of car-
bon and PTFE loading in the gas diffusion layer. This report also includes a section describing some recent
advances in increasing the surface area of the catalyst by optimization of catalyst supports.

It is evident throughout the report that the most common electrode design currently employed is the
thin-film design. The thin-film design is characterized by the thin Nafion film that binds carbon-supported
catalyst particles. The thin Nafion layer provides the necessary proton transport in the catalyst layer. This
is a significant improvement over its predecessor, the PTFE-bound catalyst layer, which requires the less
effective impregnation of Nafion. However, one fault of the Nafion thin-film method is its reduced
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resiliency. Methods of increasing this resiliency, such as using a thermoplastic form of the ionomer, have
been found and are reported herein. Sputter deposited catalyst layers have been shown to provide some of
the lowest catalyst loadings, as well as the thinnest layers. The short conduction distance of the thin sput-
tered layer dissipates the requirement of a proton-conducting medium, which can simplify production.
The performance of the state of the art sputtered layer is only slightly lower than that of the present thin-
film convention.

The performances of many of the electrodes reviewed are reported to accommodate comparison
between designs. The performances are provided in the form of power densities at 200 mA/cm2 and 0.6 V.
These power densities are benchmarked because they typically represent two characteristics of the elec-
trode. At 200 mA/cm2, the losses can be associated to activation overpotential (the losses associated with
the irreversibilities of the chemical reaction). The 0.6 V benchmark depicts the resistive components of the
cell and its ability to provide adequate transport of gases, electrons, and protons to the catalyst sites.
Together, these two benchmarks provide an overall picture of a PEM fuel cell’s electrode performance.
However, when comparing electrode designs it is important to weigh the operating characteristics such as
temperatures, pressures, and the purity of the gases as they can have an overriding effect on the fuel cell
performance.

2. PTFE-BOUND METHODS

Before the development of the thin-film catalyst layer [3], PTFE-bound catalyst layers were the conven-
tion [6–9]. In these catalyst layers, the catalyst particles were bound by a hydrophobic PTFE structure
commonly cast to the diffusion layer. This method was able to reduce the platinum loading of prior PEM
fuel cells by a factor of 10; from 4 to 0.4 mg/cm2 [9]. In order to provide ionic transport to the catalyst site,
the PTFE-bound catalyst layers are typically impregnated with Nafion by brushing or spraying. However,
platinum utilization in PTFE-bound catalyst layers remains approximately 20% [8,10]. Nevertheless,
researchers have continued to work on developing new strategies for Nafion impregnation [7].

Some of the original low-platinum loading PEM fuel cells featuring PTFE-bound catalyst layers were
fabricated by Ticianelli et al. [9] at the Los Alamos National Laboratory. Cheng et al. [10] fabricated con-
ventional PTFE-bound catalyst layer electrodes for direct comparison with the current thin-film method.
The process employed for forming the PTFE-bound catalyst layer MEA in their study is detailed below.

1. 20 wt.% Pt/C catalyst particles were mechanically mixed for 30 min in a solvent.
2. PTFE emulsion was added until it occupied 30% of the mixture.
3. A bridge-builder and a peptization agent were added, followed by 30 min of stirring.
4. The slurry was coated onto the wet-proofed carbon paper using a coating apparatus.
5. The electrodes were subsequently dried for 24 h in ambient air, and then baked at 225°C for 30 min.
6. The electrodes were rolled and then sintered at 350°C for 30 min.
7. A 5 wt.% Nafion solution was brushed onto the electrocatalyst layer (2 mg/cm2).
8. The Nafion-impregnated electrodes were placed in an oven at 80°C and allowed to dry for an hour in

ambient air.
9. Once dry, the electrodes were bonded to the H� form of the polymer electrolyte membrane through

hot pressing at 145°C for 3 min at a pressure of 193 atm to complete the MEA.

2.1. Nafion impregnation

Lee et al. [7] investigated the effect of Nafion impregnation on commercial low-platinum loading PEMFC
electrodes. The researchers employed a conventional MEA with PTFE-bound catalyst layers featuring 
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platinum loadings of 0.4 mg/cm2. Nafion was impregnated in electrode structures, with the Nafion loadings
varying from 0 to 2.7 mg/cm2, by a brushing method. The results presented by Lee et al. depict a non-linear
relationship between performance and Nafion loading. In addition, the polarization curves showed the effect
that the oxidant composition has on the optimum amount of Nafion loading. When the oxidant was air, there
was a sharp increase in performance as the Nafion loading was increased to 0.6 mg/cm2. However, perform-
ance dropped as additional Nafion was added. The researchers found that 0.6 mg/cm2 was the ideal Nafion
loading when operating on air. When pure oxygen was employed as the oxidant, the performance increased
with Nafion loading up to 1.9 mg/cm2. This difference is due to mass transport being the limiting rate when
air is the oxidant, as the partial pressure of oxygen is much lower. Without the addition of some Nafion, the
majority of the catalyst sites were inactive. However, as more Nafion is added the porosity of the composite
decreases and limits mass transfer. The same phenomenon was originally presented by Ticianelli et al. [9].

3. THIN-FILM METHODS

The present convention in fabricating catalyst layers for PEM fuel cells is to employ thin-film methods. In
his 1993 patent, Wilson [3] described the thin-film technique for fabricating catalyst layers for PEM fuel
cells with catalyst loadings less than 0.35 mg/cm2. In this method the hydrophobic PTFE traditionally
employed to bind the catalyst layer is replaced with hydrophilic perfluorosulfonate ionomer (Nafion).
Thus, the binding material in the catalyst layer is composed of the same material as the membrane. Even
though PTFE features effective binding qualities and imparts beneficial hydrophobicity in the gas diffu-
sion layers, there is no particular benefit to its presence in the catalyst layer [11]. The resilient binding of
PTFE catalyst layer is traded for the enhanced protonic conductivity of a Nafion-bound thin-film catalyst
layer. Thin-film catalyst layers have been found to operate at almost twice the power density of PTFE-
bound catalyst layers. This correlates with an active area increase from 22% to 45.4% when a Nafion-
impregnated and PTFE-bound catalyst layer is replaced with a thin-film catalyst layer [10]. Moreover,
thin-film MEA manufacturing techniques are more established and applicable to stack fabrication [6].
However, an active area of 45% suggests there is still significant potential for improvement.

The procedure for forming a thin-film catalyst layer on the membrane, according to Wilson’s 1993
patent [3], is as follows:

1. Combine a 5% solution of solubilized perfluorosulfonate ionomer (such as Nafion) and 20 wt.% Pt/C
support catalyst in a ratio of 1:3 Nafion/catalyst.

2. Add water and glycerol to weight ratios of 1:5:20 carbon–water–glycerol.
3. Mix the solution with ultrasound until the catalyst is uniformly distributed and the mixture is ade-

quately viscous for coating.
4. Ion-exchange the Nafion membrane to the Na� form by soaking it in NaOH, then rinse and let dry.
5. Apply the carbon–water–glycerol ink to one side of the membrane. Two coats are typically required

for adequate catalyst loading.
6. Dry the membrane in a vacuum with the temperature of approximately 160°C.
7. Repeat Steps 5 and 6 for the other side of the membrane.
8. Ion-exchange the assembly to the protonated form by lightly boiling the MEA in 0.1 M H2SO4 and

rinsing in de-ionized water.
9. Place carbon paper/cloth against the film to produce a gas diffusion layer.

Alternatively, the catalyst layer can be applied using a transfer printing method in which the catalyst layer
is cast to a PTFE blank. The catalyst layer is then decaled on to the membrane. This process is mainly used
to ease fabrication in a research laboratory [1]. Moreover, direct coating methods (catalyst layer is cast
directly onto the membrane) have been shown to provide higher performance because they offer better
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ionic connection between the membrane and the ionomer in the catalyst layer [6]. To improve platinum
utilization, Qi and Kaufman (QK) [12] boiled or steamed the electrodes as the last step in the fabrication
of their thin-film electrodes. Their paper presented a significant increase in the performance over the entire
spectrum of current densities when the electrodes were steamed or boiled for 10 min. Gamburzev and
Appleby (GA) [13] also applied a thin-film catalyst layer to the carbon cloth gas diffusion layer. Their
methodology is schematically described in Fig. 3.

Paganin et al. [14] documented the results of a fuel cell with a thin-film catalyst layer. Alternatively to
Wilson’s 1993 patent [3], the research group brushed the catalyst slurry (containing isopropanol instead of
glycerol to achieve the desired viscosity) onto the gas diffusion layer rather than the membrane. The group
was able to achieve good performance with platinum and Nafion loadings of 0.4 and 1.1 mg/cm2, respec-
tively, using 20 wt.% Pt/C catalyst particles.

The DLR research group in Germany [15,16] has developed a dry layer preparation method for fabricating
catalyst layers bound by either PTFE or Nafion. Their method consists of dry mixing either supported or
unsupported catalyst with PTFE or Nafion powder and spraying the atomized dry mixture in a nitrogen
stream onto either the porous carbon diffusion layer or the membrane. Subsequently, the assembly would
be hot-pressed or rolled. Some of the benefits of the dry layer technique are its simplicity because of the lack
of evaporation steps, and its ability to create graded layers with multiple mixture streams. In addition, the
platinum loading in the electrode fabricated is reported to be as low as 0.08 mg/cm2. The cell performance
results presented by the DLR group depict a preparation method with good future potential for use in MEA
mass production.

Qi and Kaufman (QK) [17] of the H Power Corporation reported in 2003 on low Pt loading high per-
formance cathodes for PEM fuel cells. The method used was of the thin-film variety, in which supported
catalyst was mixed into a Nafion and water solution without the addition of organic solvents. The viscous
solution was then applied to an ELAT gas diffusion layer and dried at moderate temperatures. The carbon-
supported catalysts were purchased from E-TEK. QK achieved some of the highest power densities
reported in this review (0.72 W/cm2 at 75°C) [17]. All of QK’s test cells featured Nafion 112 membranes.

The power densities listed in Table 1 demonstrate the contrast between the performance of thin-film cat-
alyst layers and PTFE-bound catalyst layers in the study performed by Chun et al. [6]. There is a dramatic
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increase in the performance when the catalyst layer is formed via the thin-film method. In addition, the
polarization curves show the increase in performance obtained when the catalyst layer is directly coated
onto the membrane instead of transfer printing with a PTFE blank. This enhancement is a result of the inti-
mate interface formed between the Nafion in the catalyst ink and the membrane when the direct coating of
the membrane is employed.

Paganin et al. [14] investigated the effect of platinum loading on their thin-film cell with a Pt/C weight
ratio 20 wt.%. They found that the performance in the cathode improved significantly when the loading was
increased from 0.1 to 0.3 mg/cm2. This is an effect of the increased active area. Conversely, there was a
slight reduction in performance when the loading was increased to 0.4 mg/cm2. No explanation was given
for this response, but it could be caused by reduced reactant transport to the areas closest to the membrane.
They compared loadings of 0.1 and 0.4 mg/cm2 in the anode and found the lower loading to provide better
performance. QK [17] found the highest performance with a Pt/C weight ratio 20 wt.% and a platinum load-
ing of 0.20 � 0.05 mg/cm2. The influence of platinum loading on QK’s cell is presented in Fig. 4.

450 Fuel Cells Compendium 

Table 1. Comparison of the performance of various MEAs (Nafion 115 membrane, H2/O2 pressure � 1/1 atm,
H2/O2 feed rate � 8.5/3.8 l/min) [6]

Power density at Power density at 
Type of electrode 200 mA/cm2(mW/cm2) 0.6 V(mW/cm2)

Commercial 140 233
PIFE-bound 114 93
Thin-film, direct membrane coating 145 200
Thin-film, transfer printing (20% Pt/C) 129 147
Thin-film, transfer printing (40% Pt/C) 123 132
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3.1. Nafion loading

Paganin et al. [14] ascertained that, in their thin-film catalyst layer, when the Nafion loading was increased
from 0.87 to 1.75 mg/cm2 the performance improved significantly. Moreover, the performance deteriorated
at higher current densities when the Nafion loading was increased beyond 2.2 mg/cm2, which is equivalent
to an optimum Nafion percentage of 33% of the catalyst layer weight. These values have been supported by
several other recent studies [13,17,18]. Fig. 5 is a schematic of the catalyst layer that depicts the effect of
Nafion loading. The effect of Nafion loading, as found by QK [17], is presented in Fig. 6.

The effect of Nafion loading on performance is aptly depicted by the results of Song et al. [19], who var-
ied the Nafion content from 0.2 to 2.0 mg/cm2 in a thin-film catalyst layer featuring a platinum loading
0.4 mg/cm2. Table 2 shows that the increase in Nafion loading from 0.2 to 0.8 mg/cm2 dramatically
increased the power density in both spectrums. This indicates an increased utilization of the platinum.
However, when the Nafion concentration was further increased to 2.0 mg/cm2, the only change was a sharp
drop in the power density at higher current densities. This is because additional Nafion is blocking reac-
tant gases and the hydrophilic Nafion is likely trapping water in the catalyst layer.

3.2. Organic solvents

Organic solvents such as Glycerol are typically added to the ink mixture to improve paintability. Chun et al.
[6] investigated the effect of glycerol in the catalyst ink on the performance of their thin-film electrodes.
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Membrane catalyst layer diffusion layer

Nafion ionomer Catalyst particles

(a)

(b)

(c)

Fig. 5. Schematic planar representation of the catalyst layer. (a) Content of Nafion too low: not enough catalyst
particles with ionic connection to membrane. (b) Optimal Nafion content: electronic and ionic connections well
balanced. (c) Content of Nafion too high: catalyst particles electronically isolated from diffusion layer.
Reproduced from [18]
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They found that high glycerol content (3:1 glycerol-5% Nafion solution) in the catalyst ink causes 
a significant drop in performance at current densities above 350 mA/cm2. Chun et al. suggest that high 
glycerol loading reduces the contact area between the catalyst and the Nafion, and limits the charge 
transfer.

3.3. Pore formers in the catalyst layer

Fischer et al. [20] investigated the effect of additional porosity in the catalyst layers of thin-film catalyst layer
fuel cells. They constructed their electrodes using a hot spray method, in which catalyst slurry containing
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Table 2. Power densities of thin-film electrodes, with a Pt loading of
0.4 mg/cm2, containing various Nafion ionomer concentrations in the 
catalyst layer [19]

Nafion ionomer Power density at Power density at 
concentration (mg/cm2) 200 mA/cm2(mW/cm2) 0.6 V(mW/cm2)

0.2 110 72
0.8 144 240
2.0 140 204
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catalyst and Nafion was sprayed onto the gas diffusion layer. To create additional porosity, several types
of pore formers were added to the slurry, including:

● low temperature, decomposable (ammonium carbonate);
● high temperature, decomposable (ammonium oxalate); and
● soluble additives (lithium carbonate).

Without pore formers, the porosity of the catalyst layer was 35%. Ammonium carbonate and ammonium
oxalate increased the porosity to 42% and 48%, respectively. With the addition of lithium carbonate, the
porosity increased to 65%. However, it was shown that the electrical conductivity decreased (from 1.64 to
0.44 S/cm2) with these increases in porosity. This change in the conductivity was shown to have little influ-
ence. It was found that the addition of pore formers made a negligible difference on performance when the
cell is supplied with oxygen. However, there was a significant performance improvement when the oxidant
was air (reactant transport became the limiting factor).

GA [13] documented an enhanced gas transport and fuel cell efficiency by the addition of proprietary
pore formers in the catalyst layer. The pore former is mixed with the ink that forms the catalyst layer.
Following the painting of the catalyst layer, the pore former material is dissolved and pores are formed.
Calcium carbonate is a typical pore former [21]. Increased efficiency was found with the addition of pore
former until the ink held 44 wt.% pore former. At this point, the efficiency was lower than that of the no
pore former case. With more pore former present, the mass transfer rate increases. However, the electron
and proton transport rates readily decrease when pore former is added. GA found the optimum pore for-
mer content to be 33 wt.%.

Contrary to the previously discussed increase in performance with the addition of pore former in the cat-
alyst layer, Yoon et al. [22] found a decrease in performance with the addition of either 27 or 60 wt.% eth-
ylene glycol as a pore forming agent. However, no explanation was given for this and it can only be
assumed that ethylene glycol is a poor choice for a pore forming agent.

3.4. Thermoplastic ionomers

Wilson et al. [1] introduced a method of using thermoplastic ionomers into the catalyst layer to counter the
steadily decaying performance of fuel cells with poorly bound catalyst layers. This work was prompted by
the discovery that Nafion can be converted into a thermoplastic form by ion-exchanging the Nafion with
large hydrophobic counter ions such as tetrabutylammonium (TBA�). In the thermoplastic form, the
ionomer can be processed in a melted phase, which leads to the possibility of fabricating ionomer struc-
tures by molding and extruding. The fabrication of the thermoplastic catalyst layer is similar to the thin-
film method described by Wilson [3] (with the inclusion of TBA� in the mixing of the ink). However,
ion-exchanging the MEA to the protonated (H�) was hindered by the hydrophobic TBA�. Consequently,
the thermoplastic ionomer requires a more rigorous ion-exchanging process than conventional thin-film
catalyst layers. The results presented depict a fuel cell with an adequate power density and low Pt loadings
(0.12 mg/cm2). In addition, the power density decreases by only 10% after 4000 h of operation. Chun et al.
[6] also ion-exchanged the catalyst layer ionomer to the TBA� form during the catalyst layer preparation.
However, no conclusions on molding or extruding techniques were made. The effect of the ion-exchange
on the resiliency of the catalyst layer was not explored in this paper.

Yoon et al. [22] recently experimented with the effect of ion-exchanging the catalyst layer Nafion
ionomer to the TBA� form. This was achieved through the addition of tetrabutylammonium hydroxide
(TBAOH) to the original catalyst slurry containing electrocatalyst, Nafion ionomer, and water. Both the
conventional and TBA� versions of thin-film catalyst layers were sprayed on the gas diffusion layers at
various droplet sizes. It was visible in scanning electron micrographs that the grain size in the catalyst
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increases two-fold with the addition of TBAOH. The change in performance due to the addition of
TBAOH is depicted in Table 3. In addition, it can be seen that the optimal case of the thermoplastic form
of the ionomer performs moderately better than the non-thermoplastic case between current densities of
200–500 mA/cm2. At high current densities the thermoplastic form of ionomer performs markedly better.
Yoon et al.’s results also show that too fine or too coarse of droplet size can have a significant effect on the
performance.

3.5. Colloidal method

An alternative method to conventional thin-film techniques is the colloidal method. Typically, the catalyst
layers are applied as a solution. It is well understood that Nafion forms a solution in solvents with dielec-
tric constants greater than 10. A typical solvent is isopropyl alcohol, which has a dielectric constant of
18.3. When normal-butyl acetate, which has a dielectric constant of 5.01, is employed as the solvent, a col-
loid forms in lieu of a solution. Shin et al. [23] suggested that in the conventional solution method the cat-
alyst particles could be excessively covered with ionomer, which leads to under-utilization of platinum. In
addition, it was proposed that in the colloidal method the ionomer colloid absorbs the catalyst particles and
larger Pt/C agglomerates are formed. The colloidal method is known to cast a continuous network of
ionomer that enhances proton transport.

Shin et al. [23] prepared colloidal catalyst ink with a method similar to the conventional thin-film
approach. A mixture of Pt/C powder and Nafion ionomer was dripped drop by drop into the normal-butyl
acetate solvent to form the ionomer colloids. The ink was then treated ultrasonically to allow the colloids
to absorb the Pt/C powder. The ink was then sprayed via air brushing onto the carbon paper, which was to
be used as the gas diffusion layer. It was stated that the colloidal method is the preferred ink for spraying
methods, as it forms larger agglomerates. Small agglomerates formed by the solution method have a ten-
dency to penetrate too far into the gas diffusion layer, blocking pores needed for gas transport.

The thickness of a catalyst layer that Shin et al. [23] formed by the colloidal ink was twice that of the
0.020 mm thick layer formed with solution ink. In addition, the size of Pt/C agglomerates increased from
550 to 736 nm with the introduction of the colloidal method. The catalyst layers formed with colloidal ink
were hot-pressed to a Nafion 115 membrane and tested in a single cell test apparatus, along with a similar
cell featuring catalyst layers formed by the solution method. The colloidal method dramatically out-
performed the solution method at high current densities (see Table 4 for power densities). This is attributed
to a significant increase in the proton conductivity, as well as a moderate enhancement of the mass transport
in the catalyst layer formed with the colloidal ink. Shin et al. quantified these improvements by inserting
resistance layers, formed from inactive catalyst layers, between either the membrane and active catalyst
layer or the active catalyst layer and the gas diffusion layer. The increase in proton conductivity is due to
the continuous network of ionomer in the colloidal catalyst layer. The increased mass transport is a pro-
duct of the larger agglomerates of Pt/C in the colloidal catalyst layer, which translates to a higher porosity,
allowing a greater flux of the reactant and product gases.
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Table 3. Power densities of thin-film electrodes prepared with conventional catalyst
ink and with the addition of TBAOH to produce the thermoplastic form of the
Nafion ionomer [22]

Power density at Power density at 
Ink preparation 200 mA/cm2(mW/cm2) 0.6 V(mW/cm2)

Conventional ink 142 252
Addition of TBAOH 146 288
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3.6. Controlled self assembly

Middelman [24] of Nedstack fuel cell technology reported on the development of a catalyst layer that fea-
tures a controlled morphology to enhance performance. A fabrication method to create a highly oriented
catalyst morphology was revealed as an alternative to conventional methods that typically create a random
morphology. To create highly oriented structures, Middelman increased the mobility of the catalyst layer
with high temperatures and chemical additives. Then an electric field was employed as the driving force
to orient the strands. Middelman suggests that this method could increase Pt utilization to almost 100%,
and states that increases in voltages of 20% are obtained with this process.

4. VACUUM DEPOSITION METHODS

Common vacuum deposition methods include chemical vapor deposition, physical or thermal vapor dep-
osition, and sputtering. Sputtering is commonly employed to form catalyst layers and is known for pro-
viding denser layers than the alternative evaporation methods [25]. The sputtering of catalyst layers
consists of a vacuum evaporation process that removes portions of a coating material (the target) and
deposits a thin and resilient film of the target material onto an adjacent substrate. A schematic of the sput-
tering apparatus is shown in Fig. 7. In the case of sputtered catalyst layers, the target material is the catalyst
material and the substrate can be either the gas diffusion layer or the membrane. Sputtering provides a
method of depositing a thin catalyst layer (onto either the membrane or the gas diffusion layer) that deliv-
ers high performance combined with a low Pt loading. The entire catalyst layer is in such intimate contact
with the membrane that the need for ionic conductors in the catalyst layer is resolved [4]. Moreover, plat-
inum and its alloys are easily deposited by sputtering [26]. The success of the sputtering method on reduc-
ing platinum loading depends heavily on the reduction in the size of catalyst particles below 10 nm. State
of the art thin-film electrodes feature Pt loading of 0.1 mg/cm2 [4]. A 5 nm sputtered platinum film
amounts to a platinum loading of 0.014 mg/cm2. However, the performance of a fuel cell with a sputtered
catalyst layer can vary by several orders of magnitude depending on the thickness of the sputtered catalyst
layer [5].

According to Weber et al. [26], fuel cells with sputter deposited catalyst layers were first investigated by
Cahan and Bockris in the late 1960s. Half a decade later, the method was further refined by Asher and
Batzold, but without adequate power density. In 1987, Weber et al. continued to explore the belief that elec-
trode fabrication could be significantly streamlined if platinum was applied directly to a wet-proofed sub-
strate by vacuum deposition (i.e. sputtering). In their study, they sputtered platinum onto wet-proofed, porous
substrates that were then used as hydrogen and oxygen electrodes. Their early results showed that the hydro-
gen electrodes were limited by the rate of mass transfer at low current densities (5–20 mA/cm2). However,
their oxygen electrodes performed considerably better; to current densities as high as 500 mA/cm2. They
found that the performance of their sputtered electrodes depended more on the substrate preparation than on
the sputtering process. Substrate preparation includes the impregnation of PTFE and carbon powder into the
porous substrate. Typical Pt loadings in this study were 0.15 mg/cm2 and reached as high as 0.6 mg/cm2.
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Table 4. Effect of the catalyst ink preparation method on the cell performance
(Pt loading � 0.4 mg/cm2, H2/O2 � 1/1 atm, and T � 80°C) [23]

Power density at Power density at 
Ink preparation 200 mA/cm2(mW/cm2) 0.6 V(mW/cm2)

Ionomer solution method 153 417
Ionomer colloidal method 157 516
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In 1997, Hirano et al. [27] documented their study of sputter-deposited catalyst layers in high perform-
ance PEM fuel cells. The cathode featured an uncatalyzed E-TEK electrode with a sputtered catalyst layer
featuring loadings between 0.04 and 0.1 mg Pt/cm2. The anode they employed was always a commercial
E-TEK electrode. The anode and cathode catalyst layers both featured a Nafion loading of 0.6 mg/cm2

to improve protonic conductivity. The performance of the cells with a sputtered platinum loading of
0.1 mg/cm2 was nearly equivalent to that of the commercial variant. However, there was a visible drop in
performance at very high current densities. One case, which featured a platinum loading of 0.04 mg/cm2,
suffered a dramatic increase in resistances because of the low active area. However, this low loading could
be effective in low-power portable applications because at 200 mA/cm2 the cell featured a respectable
power density of 160 mW/cm2.

O’Hayre et al. [5] of the Rapid Prototyping Lab at Stanford University reported in 2002 on their devel-
opment of a catalyst layer with ultra-low platinum loading. Their paper suggests that they are developing
these electrodes for use in micro-fuel cells since it was stated that the sputtering process is compatible with
many other integrated circuit fabrication techniques. O’Hayre et al. also suggest the future ability to apply
the gas diffusion layer with a sputtering process. In their study, they deposited a single sputtered platinum
layer with a nominal thickness of 2–1000 nm to Nafion 117. After the catalyst layer was applied to both
sides of the membrane, the catalyst layers were covered by carbon cloth. They were not hot-pressed or
fixed by any other method. The operating conditions used in their performance tests were dry oxygen and
dry hydrogen at the ambient temperature and pressure. They found that films only 5–10 nm thick produced
the best performance when the catalyst was applied to smooth Nafion. This corresponds to platinum load-
ings of 0.01–0.02 mg/cm2.

The performance of the O’Hayre et al. [5] fuel cell dropped dramatically when the thickness of the cat-
alyst layer was less than 5 nm or greater than 10 nm. Using scanning electron microscopy (SEM), they
depicted the reasoning for this balance. When the layer is very thin, there are only islands of the catalyst
material. Once a nominal thickness of 4 nm is reached, the islands coalesce into a single film. At this thick-
ness, a fine crack structure can be found in the film, which provides gas access to the reaction sites closest
to the membrane and increases catalyst utilization. When the thickness is increased further, the crack
structure becomes coarser as the film increases in mechanical strength. Thus, gas transport to the reaction
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sites most intimate with the membrane is limited. The effect of roughening the membrane surface prior to
sputtering was also investigated. They found that the roughened surface delayed the coalescence of the
platinum. The delayed coalescence on the roughened membrane reduces the maximum performance
attainable, but reduces the performance sensitivity to the catalyst layer thickness. This can be beneficial
since it is difficult to control the thickness of the sputtered layer [5]. A sputtered MEA (thickness of 15 nm,
Pt loading of 0.04 mg/cm2 on Nafion 115) was compared to a conventional MEA (Pt loading of 0.4 mg/cm2

on Nafion 115) purchased from Electrochem. Inc. The power densities obtained in this comparison are
presented in Table 5. The conventional MEA produced a maximum power of 50 mW/cm2 and the sputtered
MEA produced a maximum power of 33 mW/cm2. Therefore, 3/5 of the power was produced with 1/10 the
catalyst loading.

4.1. Graded catalyst deposition

A graded or composite catalyst layer refers to a variety of catalyst layers that are produced with multiple
deposition methods. A typical form is a supported catalyst layer, PTFE-bound or thin-film electrode, with
an additional sputtering of platinum on the surface of the membrane or electrode. The objective of this
method is to reduce the thickness of the supported catalyst layer and increase the catalyst concentration at
the interface between the electrode and polymer electrolyte membrane. Reducing the catalyst layer’s
thickness is vital for PTFE-bound catalyst layers as the depth that Nafion can be impregnated is limited to
10 �m [28]. Catalyst beyond 10 �m is unreachable by the protons and is therefore inactive. Fig. 8 illustrates
the distribution of catalyst concentration in a graded catalyst layer.

Ticianelli et al. [28] of the Los Alamos National Laboratory published a paper in 1988 on the sputter-
ing of catalyst onto electrodes with or without a preformed PTFE-bound layer present. They conducted
their study by observing the performance of a conventional PTFE-bound electrode and comparing that
with fuel cells employing a composite catalyst layer that combined a 50 nm thick sputtered layer and a
PTFE-bound layer. They found the addition of a sputtered layer had the capability of increasing the power
density 100–150%. At a current density of 1.0 A/cm2, the single cell voltage increased from 0.42 to 0.54 V
when a 50 nm layer of platinum was sputtered between a 20 wt.% Pt/C PTFE-bound catalyst layer with a
Pt loading of 0.45 mg/cm2. Mukerjee et al. [29] undertook a similar comparison, published in 1993, with
observations concentrated on the oxygen reduction reaction kinetics. They found that the electrochemi-
cally active area was greater by a factor of two for a PTFE-bound electrode with the addition of a sputtered
layer. As well, the oxygen reduction reaction overpotential was shown to be lower in the cell featuring the
sputtered component.

In a recently granted (2001) patent, held by Cavalca et al. [25] (assigned to Gore Enterprise Holdings
Incorporated), a method for fabricating electrodes with catalyst grading in the catalyst layer was divulged. The
inventors combined thin-film methods and vacuum deposition techniques, such as electron beam-physical
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Table 5. Comparison of the power density of a commercial MEA with 0.4 mg/cm2

platinum loading to that of a 15 nm sputtered platinum MEA with 0.04 mg/cm2

platinum loading

Power density at Power density at 
Catalyst layer 200 mA/cm2(mW/cm2) 0.6 V(mW/cm2)

Commercial MEA, 0.4 mg Pt/cm2 NA 34
15 nm thin-film Pt, 0.04 mg Pt/cm2 NA 17

Cell measurements were taken at room temperature using dry (non-humidified) H2/O2 at 1 atm [5].
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vapor deposition (EB-PVD) and dc magnetron sputtering, to fabricate a catalyst layer with progressive load-
ing. This is not an entirely unique concept. Commercial PTFE-bound catalyst layers have often featured a
50 nm sputtering of platinum to enhance performance [11]. The preparation of the catalyst layer began by mix-
ing a common thin-film ink that contained carbon supported platinum, Nafion solution, and solvents, which
was then brushed onto a PTFE blank for transfer-printing. Subsequently, a layer of catalyst, single metal or
bimetallic, was deposited via EB-PVD or sputtering onto either the thin-film catalyst, layer or the polymer
electrolyte membrane. The inventors preferred method of vacuum deposition was EB-PVD because it exhib-
ited greater surface texture, which aids the reaction kinetics. Thus, this method produces a dense pure catalyst
layer directly adjacent to the membrane and places dispersed platinum further from the membrane with ionic
transport provided by the impregnated Nafion. Table 6 presents the power densities for a single cell that fea-
tures catalyst grading on the cathode side. This single cell is compared with an identical MEA that does not
feature catalyst grading, and thus does not feature the EB-PVD region. It is visible in the polarization curves
presented by Cavalca et al. that there is no significant benefit in the range of 0–400 mA/cm2. However, at high
current densities the performance of the graded cell is far superior. A 30% increase in power density at
1000 mA/cm2 is presented. The membrane represented in the polarization curves is a 20 �m thick Gore Select
membrane.

4.2. Multiple layer sputtering

Cha and Lee (CL) [4] presented a novel strategy for depositing the catalyst layer onto the membrane
(Nafion 115) of a PEM fuel cell. The process consisted of multiple short sputterings separated by an 
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Table 6. Power densities of a single cell with a graded catalyst layer and a reference
electrode that does not feature catalyst grading [25]

Power density at Power density at 
Catalyst layer 200 mA/cm2(mW/cm2) 0.6 V(mW/cm2)

Reference MEA 156 510
MEA with graded catalyst layer 160 696
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application of carbon-Nafion ink. The process was carried out on both sides of the membrane. After each
sputtering, the newly formed film was brushed with a Nafion solution and then again with a Nafion-
XC-72 carbon powder-isopropyl mixture. The addition of the carbon powder increases the electrical 
conductivity in the intermediate Nafion layer. CL found that after enough catalyst had accumulated on the
surface, additional sputtering of platinum does not contribute to the amount of active area. A single sput-
tering thickness of 5 nm was found to be ideal. However, when the Nafion-carbon powder-alcohol mixture
was applied between additional 5 nm thick sputterings the performance increased considerably. But, the
marginal increase in performance was negligible after five sputterings. CL found that if the same amount
of catalyst was used, the case of multiple thin layers performed markedly better than a single thick layer.
The best performance was found when the ratio of Nafion to carbon in the applied mixture was 1:1. The
result of these electrodes is comparable to conventional carbon supported catalyst electrodes when the
sputtering is repeated four times at a thickness of 5 nm and a Nafion-carbon mixture ratio of 1:1 is used.
The conventional electrode had a Pt loading level of 0.4 mg/cm2, whereas the sputtered electrode featured
a loading of only 0.043 mg/cm2, resulting in a ten times increase in platinum utilization.

5. ELECTRODEPOSITION METHODS

The first disclosure of electrodeposition of the catalytic layer in PEM fuel cells was in the form of Vilambi
Reddy et al.’s 1992 US patent [30]. This patent detailed the fabrication of electrodes featuring low plat-
inum loading in which the platinum was electrodeposited into their uncatalyzed carbon substrate in a com-
mercial plating bath. The uncatalyzed carbon substrate consisted of a hydrophobic porous carbon paper
that was impregnated with dispersed carbon particles and PTFE. Nafion was also impregnated onto the
side of the carbon substrate that was to be catalyzed. The typical Nafion loading was 1.5 mg/cm2.

The Nafion coated carbon paper was placed in a commercial platinum acid-plating bath, along with a
platinum counter electrode. The face of the substrate that was not coated with Nafion was most likely
masked with some form of a non-conducting film. This step would have been taken to ensure that platinum
would only be deposited in regions impregnated with Nafion. Thus, when an interrupted dc current was
applied to the electrodes in the plating bath, catalyst ions would pass through the Nafion to the carbon par-
ticles and successfully be deposited only where protonic and electronic conduction coexists. This method
was able to produce electrodes featuring platinum loadings of 0.05 mg/cm2. This is a significant reduction
in loading from the state of the art thin-film electrode.

The performance of the aforementioned half-cell was revealed in a subsequent publication [31] by the
same research group. Their results showed a definite increase in utilization due to the platinum catalyst
only being deposited where the three-phase zone is located. Their electrodeposited catalyst layer elec-
trode, with a Pt loading of 0.05 mg/cm2, provided equivalent performance to the then state of the art PTFE-
bound electrode with a Pt loading of 0.5 mg/cm2.

In the following years, additional research on electrodeposition of platinum onto porous substrates was
continued by Verbrugge [32]. According to Verbrugge, a distinguishing difference between his study and
the aforementioned patent is the larger amount of sulfuric acid employed by Vilambi Reddy et al. [30].
Another distinguishing feature of Verbrugge’s study is the employment of a membrane instead of a Nafion
impregnated layer. Using the area provided by the deposition channel, platinum was selectively electrode-
posited through the membrane and into the membrane-electrode interfacial region. Verbrugge suggested
that this method has the potential to increase platinum utilization because of the concentrated platinum
found at the membrane-electrode interface. However, he did not provide the results of these electrodes
implemented in a functional fuel cell.

The objective of studies by Hogarth et al. [33], and later by Gloaguen et al. [34], was to improve the
reaction kinetics for the oxidation of methanol using electrodes fabricated with electrodeposition. Hogarth
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et al. placed electrodes in a plating bath that contained 0.02 M chloroplatinic acid and exposed only 1 cm2

of the PTFE impregnated carbon cloth electrode face by using a water seal. In this study, neither a Nafion
layer nor a membrane film was applied to the carbon substrate prior to electrodeposition. The Gloaguen 
et al. study focused on the oxygen reduction reaction kinetics of electrodes formed with the electrodeposi-
tion of platinum on carbon supports that were bound by Nafion onto a glassy carbon stick. One of the most
significant conclusions of the study was that Pt activity is less related to particle size and more to the fine
structure of the platinum surface.

5.1. Effect of current control

Recently (1998), a study was undertaken by Choi et al. [35] that investigated electrodeposition of platinum
for producing electrodes in PEM fuel cells. Their specific interest was the effect of the current density,
duty cycle, and frequency used during the electrodeposition process on the performance of their elec-
trodes. Their uncatalyzed electrode was fabricated by applying a mixture of glycerin, PTFE, carbon black,
and isopropyl alcohol to a carbon cloth backing. No Nafion or membrane film was applied to the carbon
paper prior to the electrodeposition of the catalyst. A pulse generator was used to control the magnitude of
the current passing through the electrodes that were placed in a bath of H2PtCl6 �6H2O.

During the electrodeposition they varied the current density from 10 to 50 mA/cm2, the duty cycle from
15 to 50%, and the frequency from 0 to 20 Hz. The group found that the optimum current density was
25 mA/cm2. At higher values dendritic crystals form and performance falls. However, electrodes were fab-
ricated most efficiently at a current density of 50 mA/cm2 by applying an optimized duty cycle and fre-
quency. The power density found for a fuel cell operating at 70°C with pure oxygen as the oxidant, where
the catalyst layers were fabricated with a current density of 50 mA/cm2, a duty cycle of 25%, and a fre-
quency 2.5 Hz, was shown to be approximately 276 mW/cm2 at a fuel cell voltage of 0.6 V (see Table 7).

5.2. Membrane layer

The highest performance publicized for a fuel cell featuring an electrodeposited catalyst layer was
depicted in a US patent granted to Stäb and Urban [36] in 2001. In contrast to the Vilambi Reddy et al.
patent [30], this group’s uncatalyzed electrode did not feature a Nafion impregnated surface, but rather a
thin membrane film. The membrane was approximately 10 �m thick and was applied to the carbon sub-
strate, which was 75 �m thick. The cathodes were fabricated with the addition of a carbon powder sub-
layer. In the electrodeposition process, the back of the electrode was covered to avoid electrodeposition in
locations far from the future membrane-electrode interface. Thus, during fabrication, the electrocatalyst
passes from the electrolyte solution through membrane and is deposited where it encounters the electri-
cally conductive carbon. The process deposits catalyst only where both protonic and electronic conduction
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Table 7. Effect of frequency (on/off time) for a duty cycle of
25% and deposition current density of 50 mA/cm2, H2/O2,
T � 70°C [35]

Frequency (Hz) Power density at 0.6 V(mW/cm2)

Dc 24
0.25 135
2.5 276
25 252
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is possible. Using this methodology they were able to obtain some of the lowest platinum loading ever
reported for an operational PEM fuel cell (0.0073 mg/cm2 in the anode). The resulting power densities of
this cell are listed in Table 8. Little detail is given to the conditions and components used to obtain these
results. Nevertheless, the results do indicate a promising potential for this method. In this particular case,
the cathode is formed with the electrodeposition method and the anode is a standard electrode with a Pt
loading of 4 mg/cm2. The power density reported at a current density of 200 mA/cm2 is 158 mW/cm2.

6. IMPREGNATED CATALYST LAYER

The ability to use fabrication techniques that require meltable materials, such as molding and extruding,
would be extremely valuable in the production of MEAs. The conventional perfluorosulfonate acid mem-
branes are not melt-processable because of side chain entanglement and the ionic interactions between the
functional groups [37]. Kim et al. [37] have been working on a melt-processable membrane and the encap-
sulating MEA, which is formed out of perfluorosulfonyl fluoride copolymer (PFSF). PFSF is melt-
processable and can be fabricated into many forms. Kim et al. formed membrane sheets by hot-pressing
PFSF powder at 200–250°C. Since the membrane can be melted, the catalyst ink no longer requires Nafion
ionomer. Kim et al. applied a catalyst ink that contained only Pt/C, glycerol, and water to both sides of the
PFSF preformed sheet. Subsequently, they hot-pressed the catalyzed sheet at 200°C, which imbedded the
catalyst layer into the softened surface of the membrane. This forms a composite membrane-electrode.
The MEA is reported to have effective three-phase boundaries and good adhesion between the membrane
and the catalyst layer. Though the performance depicted in the polarization curves of a test cell lags the
present state of the art electrodes, the method does show promise (Table 9).

7. CATALYST SUPPORTS

The most common supported catalyst is platinum supported by high surface area carbon and is used in
both the cathode and anode. When CO is present in the fuel stream because of reforming, the platinum 
is alloyed with other materials such as Ruthenium to reduce poisoning of the fuel cell and retain the 
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Table 8. Power densities of a cell fabricated by Stäb and Urban, which features a
cathode produced by electrodeposition [36]

Power density at Power density at 
Catalyst layer 200 mA/cm2(mW/cm2) 0.6 V(mW/cm2)

Produced by electrodeposition 158 408

Table 9. Power densities a MEA made by pressing a perfluorosulfonyl
fluoride sheet with Pt/C catalyst at two different temperatures
(0.2 mg Pt/cm2, H2/O2 � 1/1 atm) [37]

Power density at Power density at 
Temperature 200 mA/cm2(mW/cm2) 0.6 V(mW/cm2)

70 126 144
80 134 180
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performance. Electrocatalysts are commonly prepared by solution precipitation, which is followed by
reduction of platinum salt in either the gas or liquid phase [13]. Though platinum and platinum alloys are
employed in virtually all PEM fuel cell electrodes, other noble metals have been evaluated and there has
been development of methods to synthesize non-noble metal catalysts, such as the pyrolysis of iron [38].

Catalyst metals employed in PEM fuel cells will not be reviewed herein as it is beyond the scope of the
review. The metal chosen can have a profound effect on fuel cell performance, but does not alter the gen-
eral design or fabrication of the electrode. However, in the following section it will be shown that the sup-
porting material can influence the general design and fabrication of PEM fuel cell electrodes. The catalyst
supports discussed in this section are not relevant to the vacuum deposition and electrodeposition methods
of constructing the catalyst layer. In these methods, the catalyst metal is deposited directly onto the mem-
brane or gas diffusion layer and no intermediate support is necessary.

7.1. Pt/C weight ratio

The most common support for the catalyst metal is carbon powder. The platinum to carbon weight ratio
(Pt/C) is the ratio of the weight of platinum deposited onto the carbon support to the weight of the carbon
support itself. Paganin et al. [14] found that their thin-film cell’s performance was approximately unchanged
when the Pt/C weight ratio was varied from 10 to 40 wt.% with a platinum loading of 0.4 mg/cm2. However,
the performance deteriorated as the weight ratio was increased beyond 40 wt.%. Paganin et al. suggested that
this indicates a negligible change in the active catalyst area for weight ratios between 10 and 40 wt.%, and
that the active area markedly decreases beyond these values. The Qi and Kaufman [17] electrodes performed
marginally better when the platinum to carbon ratio (Pt/C) was increased from 20% to 40% with a platinum
loading of 0.2 mg/cm2.

7.2. Binary carbon catalyst supports

Wang et al. [39] reported on the use of binary carbon support catalysts. Their thin-film layer was catalyzed
with platinum supported on Vulcan XC-72 and Black pearl 2000 carbon powders, featuring surface areas
of 254 and 1475 m2/g and particle sizes of 30 and 15 nm, respectively. The catalysts were mixed in a ratio
of 9:1. The group constructed their thin-film catalyst layers according to Wilson’s descriptions [3] with a
platinum loading of 0.20 mg/cm2. The results found using cyclic voltammetry showed the binary sup-
ported catalyst layer had a greater active area and increased the utilization efficiency by 14%. In addition,
the higher power density found at 200 mA/cm2 (Table 10) reveals an increase in the oxygen reduction reac-
tion kinetics.
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Table 10. Power densities for single- and binary-support electrodes

Power density at Power density at 
Support type 200 mA/cm2(mW/cm2) 0.6 V(mW/cm2)

Binary 150 312
Single 136 246

Pt loading in cathode and anode are 0.2 and 0.35 mg/cm2, respectively. Operating
conditions: cell temperature, 60°C; atmospheric pressure; O2 and H2 flow rate at
stoichiometry of 5 [39].
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7.3. Conducting polymer catalyst supports

Qi et al. [40] prepared supported catalyst by depositing platinum onto protonically and electronically con-
ductive polymers. The conducting polymers were fabricated from a composite of polypyrrole and poly-
styrenesulfonate. These supports were developed to provide a catalyst support that could fulfill the roles
of both the electron conducting carbon powder and the Nafion in conventional catalyst layers. The devel-
opment of these supports dissolves the need for Nafion layers or impregnation.

To fabricate electrodes, the conducting polymer supported catalyst was mixed with a 15% PTFE solution
and applied to the carbon paper gas diffusion layer. The researchers attained maximum current densities
of 100 mA/cm2. Even though this does not compare well with state of the art electrodes, it does suggest
future possibilities for this concept if the procedure for the synthesis of the conducting support composite
is optimized.

7.4. Carbon nanohorn catalyst supports

Yoshitake et al. [41] deposited platinum catalyst onto high surface area single-wall carbon nanohorns for
use in the catalyst layers of PEM fuel cells. The catalyst supports were prepared by CO2 laser ablation. The
platinum was deposited via a colloidal method. The platinum to support ratio in typical PEM fuel cells is
20% and ratios of 20–40% were obtained for the nanohorn-supported catalyst particles. The size of parti-
cles was 2 nm. The research group compared a fuel cell they prepared with catalyst supported by the usual
carbon black to that of a fuel cell with catalyst supported by single-wall carbon nanohorn supports. The
latter was shown to have better performance.

8. GAS DIFFUSION LAYER DEVELOPMENT

The gas diffusion layer has many roles to fulfill. Firstly, it is the electronic conductor between the current
collecting bipolar plates and the catalyst layers. Thus, thin gas diffusion layers with a high conductivity is
desired for electrical efficiency. Secondly, the gas diffusion layer is fabricated in the form of porous media
to allow the passage of the reactant and product flows. To improve mass transport, gas diffusion layers can
be made more porous at the cost of increased electrical resistance. In addition, the porous gas diffusion
layer is often employed as the base substrate for the deposition of the catalyst layer. Another important
function of the gas diffusion layer in an MEA is to reject liquid water from the internals of the MEA. If
water collects near, or in, the catalyst layer, a large fraction of the catalyst will not be utilized. Typically,
PTFE (Teflon) is applied through various methods to the gas diffusion layer in order to eject the water.
However, Teflon is not an electric conductor and reduces the porosity, which hinders the transport of reac-
tant gases. Thus, Teflon should be applied with careful measure. The common Nafion content in the solu-
tion applied to the gas diffusion layer is 33%.

Paganin et al. [14] fabricated a typical Teflonated gas diffusion layer by filtering a PTFE and carbon
powder suspension onto both sides of a carbon cloth. The layer had to be dried for 30 min at 280°C to
remove the dispersion agent from the PTFE suspension. The layer was then sintered at 330°C. Prior to use,
the composite gas diffusion layers were cleansed by heat and chemical treatments.

A recent development in gas diffusion layers is the use of carbon aerogels to form the porous substrate.
Glora et al. [42] documented their integration of carbon aerogels in PEM fuel cells. The 300 �m-thick lay-
ers featured micron-thin fine-structured layers on both sides of the gas diffusion layer. These fine layers
are incorporated to decrease contact resistances between the electrode and the membrane, as well as the
current collecting bipolar plate. The highest level of electrical conductivity attained in their study was
28 S/cm in an 80% porous sample. The largest pore sizes were in the range of several microns. The group
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implemented the gas diffusion layers in a test cell and found a power density only 1/6 that of a typical PEM
fuel, but this was attributed to poor catalyst layer preparation and not the gas diffusion layer.

8.1. Polytetrafluoroethylene (PTFE) content

Paganin et al. [14] found that the PTFE content of the gas diffusion layer in their thin-film cell was opti-
mal at a value of 15%. However, no drop in voltage, at any current density, was found when the content
was varied from 10% to 40%.

8.2. Influence of carbon powder

Antolini et al. [43] studied the influence of the powder placed in both the gas diffusion and catalyst layers
of PEM fuel cells. The two carbon powder types investigated were oil-furnace carbon black and acetylene-
black, namely Vulcan XC-72R and Shawinigan carbon powder, respectively. The group found that an elec-
trode featuring Shawinigan carbon powder performed substantially better than an electrode containing
Vulcan carbon powder. The resulting power densities for each formulation of the gas diffusion layer are
listed in Table 11. In addition, even higher levels of performance were attainable when combinations of
the two carbon powders were used and the fuel and oxidant streams were sufficiently pressurized. The
ideal combination found was to use Vulcan carbon powder in the catalyst layer, because of Vulcan’s high
surface area, and to impregnate the gas diffusion side of the electrode with the Shawinigan carbon powder.

8.3. Thickness

Paganin et al. [14] showed that the performance of their thin-film electrodes increases considerably when
the gas diffusion layer thickness is increased from 15 to 35 �m. According to the researchers, this increase
in performance is because the very thin layers provide a poor electrical contact between the catalyst layer
and the current collecting plate. It is also possible that the thinner gas diffusion layers did not possess the
mechanical strength to resist the compression of the bipolar plate. This compression would force the col-
lapse of the pores in the gas diffusion layer underneath the ribs of the bipolar plate.

They also found that the marginal increase in performance was negligible when the thickness was fur-
ther increased from 35 to 50 �m. In addition, they found a drop in performance at higher current densities
when the diffusion layer thickness was increased to 60 �m. This polarization can be attributed to an
increase in the diffusion distance and electrical resistance.
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Table 11. Power for PEM fuel cells operating at 85°C

Power density at Power density at 
Gas diffusion layer 200 mA/cm2(mW/cm2) 0.6 V(mW/cm2)

Carbon paper/Vulcan 152 402
Carbon cloth/Vulcan 156 552
Carbon cloth/Shawiningan 166 744

H2/O2 pressures � 2/2 atm for the electrodes with Vulcan on carbon paper or carbon cloth
and 2/5 atm for the electrode with Shawinigan on carbon cloth in the gas diffusion 
layer [43].
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8.4. Composite gas diffusion layer

A composite gas diffusion layer commonly consists of Teflonated carbon cloth/paper backing with a
microporous hydrophobic sublayer sandwiched between the carbon backing and the catalyst layer. The
role of the hydrophobic sublayer is to improve the transport mechanisms across the porous backing and
catalyst layer interface, and to enhance water management. QK [12] speculated that the improved water
management is caused by the microporosity of the sublayer. The macropore size is largely determined by
the particle size of the carbon aggregate. A common carbon particle size is 30 nm. QK suggest that stable
water particles may not be able to form in such small and hydrophobic pores and is, therefore, less likely
to flood.

Lufrano et al. [44] documented the results of thin-film electrodes with the introduction of an intermedi-
ate hydrophobic carbon layer. This sublayer was composed of carbon and PTFE that was sprayed onto the
carbon paper backing. They found that the optimal PTFE content was 20 wt.%, though no significant
change in performance was found when varying the content from 10 to 60 wt.%. However, when the oxi-
dant stream consisted of air, the cell performance became more influenced by the PTFE content at elevated
current densities.

Song et al. [19] formed a microporous sublayer, consisting of PTFE and carbon powder, that was sand-
wiched between a wet-proofed carbon paper and a thin-film catalyst layer. They employed ac impedance
measurement techniques to optimize their thin-film electrodes. The researchers found that the optimal
loading of the microporous sublayer was 3.5 mg/cm2, with a PTFE concentration of 30 wt.%.

GA [13] from the Center for Electrochemical Systems and Hydrogen Research (CESHR) at Texas A&M
University presented a paper in 2002 describing recent progress in performance improvement of PEM fuel
cells at their center. The CESHR-developed gas diffusion layer consists of a 0.65:0.35 acetylene black-
PTFE mixture spread and rolled at 3 mg/cm2 onto carbon cloth. The porosity of CESHR gas diffusion layer
was much greater than that of the standard ELAT gas diffusion layer that was also used in their study: 60%
in comparison to 45%. Moreover, the thickness of the CESHR gas diffusion layer was 0.08 mm thinner than
the standard 0.38 mm ELAT gas diffusion layer. Thus, a shorter diffusion path is a likely factor in the aug-
mented performance of the CESHR gas diffusion layer over the standard gas diffusion layer.

Qi and Kaufman (QK) [45] documented a study where a microporous sublayer was inserted between
the carbon cloth gas diffusion layer and the catalyst layer to improve water management. The microporous
layer reduced the difference in performance when different batches of carbon paper were used. QK pre-
sented results that prove carbon paper supplied by the same manufacturer with identical specifications can
provide significantly different performances. The best performing sublayer consisted of 35% PTFE and
65% Vulcan XC-72 carbon powder with a carbon loading of 2.0 mg/cm2. The carbon paper, to which the
sublayer was applied, contained 20% PTFE.

8.5. Pore formers in the gas diffusion layer

Kong et al. [46] documented an examination of the effect of pore size distribution in the gas diffusion
layer. In order to study this effect pore former was added in varying amounts during the fabrication of the
gas diffusion layer. The gas diffusion layer was formed from a viscous mixture containing carbon powder,
isopropyl alcohol, and lithium carbonate (the pore former), that was applied to a carbon cloth. The cata-
lyst layer used was thin-film and a Nafion 115 membrane was employed. Kong et al. also compared the
pores formed by heat-treating versus the pore former additive. When the PTFE in the gas diffusion layer
is heated to 350 K, the PTFE melts and transforms into a fibrous phase, increasing the porosity. They found
that a combination of heat-treating and pore former addition produced the highest porosity and power den-
sity. The effect of each was visualized with scanning electron microscopy images presented by Kong et al.
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[46]. Using mercury-intrusion porosimetry measurements they determined that heat-treating increased the
pore volume of pores with diameters between 0.03 and 0.07 �m, whereas the addition of pore former
increased the pore volume of pores with much larger diameters ranging between 2 and 13 �m. The opti-
mum amount of pore former in the diffusion layer was determined to be 7 mg/cm2 with 5 mg/cm2 carbon
loading in the diffusion layer and 0.4 mg/cm2 platinum loading in the catalyst layer. At a voltage of 0.6 V
their optimized cell produced a power density of 174 mW/cm2, and with a current density of 200 mA/cm2

the cell produced a power density of 136 mW/cm2.

9. CONCLUSION

This report outlined major advances made in the fabrication of electrodes for PEM fuel cells from the
PTFE-bound catalyst layers of almost 20 years ago to the present investigation of membrane-impregnated
catalyst layers. It was found that the most common form of electrode is that featuring a thin-film catalyst
layer. This is a common selection because of the ample proton conductivity provided by the binding Nafion
film. This method is shown to significantly increase performance and reduce the level of platinum loading
required. It is evident in the report that one of the main resistances in the catalyst layer is the membrane-
catalyst layer interface contact resistance. The ability of the interface to conduct protons from the mem-
brane into catalyst layer and the deposited catalyst is crucial. Thin sputtered layers have shown promise
for low catalyst loading with adequate performance. This is achieved by the reduced thickness of the sput-
ter deposited catalyst layer. Such short conduction distances alleviate the need for a proton-conducting
medium. Electrodeposition methods were introduced and the suggestions of researchers that this method
deposits catalyst only where electronic and protonic conduction exists were investigated. This and the
ability to mass-produce electrodes in a commercial plating bath are considered to be the key advantages of
electrodeposition. Integrated membrane-electrodes were highlighted to show the edge of the research
envelope for electrode design. In addition, the continued development of gas diffusion layers and catalyst
supports was investigated.
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Chapter 22

Review and analysis of PEM fuel cell design and 
manufacturing

Viral Mehta and Joyce Smith Cooper

Abstract

Design and manufacturing alternatives for Proton Exchange Membrane (PEM) fuel cells are
described and analysed within the context of vehicle applications. Specifically, following a review
of many alternatives, 16 polymer electrolyte membranes, two types of gas diffusion layers (GDL),
eight types of anode catalysts, four types of cathode catalysts and over 100 bipolar plate designs 
are recommended for further study. This work not only reviews membrane electrode assem-
bly manufacturing options and synthesis processes for many of the membranes and for the gas 
diffusion layers, but also adds to the bipolar plate fabrication options described in literature. 
This work is intended to facilitate material and process selection through the consideration of 
the variety of design and manufacturing alternatives prior to capital investment for wide-scale 
production.
© 2002 Elsevier Science B.V. All rights reserved.
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1. INTRODUCTION

On 9 January 2002, the US Secretary of Energy Spencer Abraham and executives of Ford Motor
Company, General Motor Corporation, and Daimler Chrysler announced a new cooperative automotive
research partnership between the US Department of Energy and the US Council for Automotive Research
(USCAR) called FreedomCAR. The partnership, which replaces the partnership for a New Generation of
Vehicles program, focuses on the development of fuel cell vehicle technologies. Fuel cell vehicle tech-
nologies are those that enable mass production of affordable hydrogen-powered fuel cell vehicles and the
hydrogen-supply infrastructure to support them. Among the vehicle technology options, proton exchange
membrane (PEM) fuel cells, also referred to as solid polymer fuel cells, are favored for use in automobiles
([1,2], and many others). This preference is due to the high power density, relatively quick start-up, rapid
response to varying loads, and low operating temperatures provided by PEM fuel cells.

Figure 1 depicts the key components of PEM fuel cells in which the oxidative and reductive half reactions
are kept separate (i.e. in which the bipolar plates to be impervious to the reactants). As shown, a single
PEM cell is comprised of three types of components: a membrane–electrode assembly (MEA), two bipo-
lar (a.k.a. flow field or separator) plates, and two seals. In its simplest form, the MEA consists of a mem-
brane, two dispersed catalyst layers, and two gas diffusion layers (GDL). The membrane separates the half
reactions allowing protons to pass through to complete the overall reaction. The electron created on the
anode side is forced to flow through an external circuit thereby creating current. The GDL allows direct
and uniform access of the fuel and oxidant to the catalyst layer, which stimulates each half reaction. In 
a fuel cell stack, each bipolar plate supports two adjacent cells. The bipolar plates typically have four 
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functions: (1) to distribute the fuel and oxidant within the cell, (2) to facilitate water management within
the cell, (3) to separate the individual cells in the stack, and (4) to carry current away from the cell. In the
absence of dedicated cooling plates, the bipolar plates also facilitate heat management. Individual cells are
combined into a fuel cell stack of the desired power. End plates and other hardware (bolts, springs, intake/
exhaust pipes and fittings, etc. not shown in Fig. 1) are needed to complete the stack.

Previous works summarizing PEM fuel cell design alternatives are provided by Larminie and Dicks [3],
EG&G Services [2], and Gottesfeld and Zawodzinski [1]. Specifically, Larminie and Dicks and EG&G
Services provide textbooks on emerging fuel cell technologies. Their discussions of PEM fuel cell design
include very general descriptions of materials use and configurations, the advantages and disadvantages of
each design, stack performance relationships related to thermodynamics, water management, operating tem-
peratures and pressures, and fuel and oxidant composition, and potential applications issues. Gottesfeld and
Zawodzinski [1] provide a more research-oriented, electrochemistry-based discussion of fuel cell design
when compared to these textbooks.

More specific discussions of materials and topologies for design alternatives can be found for specific
components, typically accompanying related research or an analysis of that component. In particular, sum-
maries of membrane materials have been published by Glipa and Hogarth from Johnson Matthey
Technology Center, UK [4] and Rikukawa and Sanui from Sophia University, Japan [5]. Also, analysis of
some bipolar plate materials is presented by Borup and Vanderborgh [6].

Similarly, PEM fuel cell manufacturing information can be found for specific components, especially
for novel designs. Unlike PEM fuel cell design, current literature does not include summaries of manu-
facturing alternatives. Also, little analysis of fabrication options for more typical designs is available.

This paper, based on [7], reviews and extends existing PEM fuel cell design and manufacturing litera-
ture within the context of vehicle propulsion. We provide a comprehensive review of design and manu-
facturing alternatives described in literature for MEAs and bipolar plates. We also critique and broaden
this set of alternatives based on a functional analysis of design, the application of process selection tech-
niques with respect to component design features, and analyses of process inputs and outputs.

2. REVIEW AND ANALYSIS OF MEMBRANE ELECTRODE ASSEMBLY DESIGN AND
MANUFACTURING

Figures 2 and 3 provide classifications of MEA material and manufacturing alternatives, described as follows.

2.1. MEA design

Again, an MEA consists of a membrane, a dispersed catalyst layer, and a GDL. The membrane separates
the reduction and oxidation half reactions. It allows the protons to pass through to complete the overall
reaction while forcing the electrons to pass through an external circuit. The catalyst layer stimulates each
half reaction. The GDL further improves the efficiency of the system by allowing direct and uniform access
of the fuel and oxidant to the catalyst layer. Design and manufacturing alternatives for each of these three
components are reviewed and analyzed as follows.

2.1.1. Membrane design

Gottesfeld and Zawodzinski [1] suggest that perfluorosulfonic acid (PFSA) is the most commonly used
membrane material for PEM fuel cells. PFSA consists of three regions: (1) a polytetrafluoroethylene
(PTFE, a.k.a. DuPont’s Teflon™)-like backbone, (2) side chains of –O–CF2–CF–O–CF2–CF2– which con-
nect the molecular backbone to the third region, and (3) ion clusters consisting of sulfonic acid ions [8].
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Fig. 2. Classification of MEA materials

When the membrane becomes hydrated, the hydrogen ions in the third region become mobile by bonding
to the water molecules and moving between sulfonic acid sites.

There are two advantages to the use of PFSA membranes in PEM fuel cells. First, because the structure
is based on PTFE backbone, PFSA membranes are relatively strong and stable in both oxidative and
reductive environments. In fact, durability of 60 000 h has been reported [4]. Second, the protonic con-
ductivities achieved in a well-humidified PFSA membrane can be as high as 0.2 S/cm at PEM fuel cell
operating temperatures. This translates to a cell resistance as low as 0.05 �cm2 for a 100 � thick 
membrane with voltage loss of only 50 mV at 1 A/cm2 [1].

Given these advantages, there are several disadvantages to the use of PFSA membranes in PEM fuel cells.
In addition to the membrane material being expensive (currently averaging US$25/kW [4]), disadvantages can
be categorized as those related to safety, supporting equipment requirements, and temperature-related limita-
tions. First, safety concerns arise from toxic and corrosive gases liberated at temperatures above 150°C [4,9].
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Decomposition products could be a concern during manufacturing emergencies or vehicle accidents and could
limit fuel cell recycling options. Second, extensive supporting equipment requirements for use with PFSA
membranes are described by Glipa and Hogarth [4] and Crawford [10]. Among the equipment needed, the
hydration system adds considerable cost and complexity to the vehicle powertrain. Third, at elevated temper-
atures PFSA membrane properties degrade. For example, the conductivity at 80°C is diminished by more than
10 times relative to that at 60°C [5]. Also, phenomena like membrane dehydration, reduction of ionic conduc-
tivity, decreased affinity for water, loss of mechanical strength via softening of the polymer backbone and
increased parasitic losses through high fuel permeation are observed at temperature above 80°C [4]. Making
the temperature problems seem worse, Rikukawa and Sanui [5] note that operation of PEM fuel cells improves
at elevated temperatures. Specifically, operation at elevated temperatures increases the rates of reaction,
reduces problems related to catalyst poisoning by absorbed carbon monoxide in the 150–200°C range, reduces
the use of expensive catalysts, and minimizes problems due to electrode flooding. Because PFSA membranes
must be kept hydrated to retain proton conductivity, the operating temperature must be kept below the boiling
point of water. Some increase in operating temperature, up to 120°C, may be possible at the expense of oper-
ation under pressurized steam. This alternative will however shorten the life of the cell.

Because of the disadvantages of PFSA membranes, an extensive literature review was done to identify
alternatives. Much of the literature is summarized by Glipa and Hogarth from Johnson Matthey Technology
Center, UK [4] and Rikukawa and Sanui from Sophia University, Japan [5]. Particularly, Rikukawa and
Sanui suggest the foremost challenge is to produce materials that are cheaper than PFSA. They note that
some sacrifice in material lifetime and mechanical properties may be acceptable, providing the cost factors
are commercially realistic.

Among the different alternatives, Rikukawa and Sanui suggest the use of hydrocarbon polymers even
though they had been previously abandoned due to low thermal and chemical stability. Hydrocarbon mem-
branes provide some definite advantages over PFSA membranes. First, they are less expensive. Second, many
types are commercially available. Third, polar groups can be formed to have high water uptakes over a wide
temperature range with the absorbed water restricted to the polar groups of polymer chains. Fourth, decom-
position of hydrocarbon polymers can be depressed to some extent by proper molecular design. Finally, it is
possible membranes made from hydrocarbon polymers will be recyclable by conventional methods.
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Fig. 3. Classification of MEA manufacturing alternatives
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Glipa and Hogarth [4] extend upon Rikukawa and Sanui’s list of alternatives. Their final taxonomy
includes five categories of membranes: (1) perfluorinated, (2) partially fluorinated, (3) non-fluorinated
(including hydrocarbon), (4) non-fluorinated (including hydrocarbon) composite, and (5) others. These
authors also note the wide range of material properties among and between membranes in each category.
Specifically, they cite membranes with degradation temperatures ranging from 250 to 500°C, water uptake
from 2.5 to 27.5 H2O/SO3H, and conductance from 10�5 to 10�2S/cm.

Together, Glipa and Hogarth and Rikukawa and Sanui identify over 60 alternatives to PFSA mem-
branes. Among these, we identified 46 membranes with characteristics that make them ill-suited for use as
automotive PEM fuel cells based on the recommendations of and personal communications with Glipa
[11] Rikukawa [12] and with DesMarteau [13]. Table 1 lists these 46 membranes, rejected on the basis of
13 reasons shown as column headings. After removing the 46 “ill-suited” membranes, 16 membranes
remain for further study. Table 2 provides design information for these 16 acceptable membranes.

2.1.2. Catalyst layer design

In PEM fuel cells, the type of fuel used dictates the appropriate type of catalyst needed. Within this con-
text, tolerance to carbon monoxide (CO) is an important issue, particularly when hydrogen is formed from
methanol by steam reforming. Methanol reformate contains as much as 25% carbon dioxide (CO2) along
with a small amount (1%) of carbon monoxide (CO). It has been proven that PEM fuel cell performance
drops with a CO concentration of only several parts per million. This is due to the strong chemisorption
force of CO onto the catalyst [25].

There are two techniques to counter the problem of CO poisoning: fuel reforming or catalyst alloying.
First, the fuel can be reformed to reduce the CO level in fuel. If using on-board fuel reforming, it has been
determined that the PEM fuel cell must be capable of tolerating a CO concentration of at least 100 ppm in
order to reduce the size of the reformer unit. Reforming techniques include [2,26]:

● Selective oxidation: Selective oxidation is usually the preferred method for CO removal because of
the parasitic system loads and energy required by the other methods. In selective oxidation, the reformed
fuel is mixed with air or oxygen either before the fuel is fed into the cell or within the stack itself.
Another approach involves the use of a selective oxidation catalyst that is placed between the fuel stream
inlet and the anode catalyst. Current selective oxidation technologies can reduce CO levels to �10 ppm,
but this is difficult to maintain under actual operating conditions.

● Catalysis: Ballard Power Systems has demonstrated that the CO level in fuel cell can be significantly
reduced (to 100 ppm) by passing reformed methanol and small amount of oxygen over a Pt on aluminum
catalyst.

● Hydrogen peroxide bleeding: The use of hydrogen peroxide (H2O2) in an anode humidifier success-
fully mitigated 100 ppm CO in an H2 rich feed [27]. It was reported that mitigation appears to be pro-
vided by an unintended O2 bleed produced by the decomposition of H2O2 in the humidifier rather than
by H2O2 vapors transported from the humidifier to the anode.

When alloying the catalyst to counter the problem of CO, one (a binary catalyst) or sometimes two ele-
ments (a ternary catalyst) are added to the base catalyst. Table 3 lists 26 anode catalyst alloys. As shown,
binary and ternary anode catalysts are typically, but not always, Pt-based and supported on carbon (or “/C”).
It can be summarized that for hydrogen contaminated with CO there are at least seven Pt-based catalysts that
give performance equal or similar to that given by Pt/C with pure hydrogen cell: Pt-Ru/C, Pt-Mo/C, Pt-W/C,
Pt-Ru-Mo/C, Pt-Ru-W/C, Pt-Ru-Al4, and Pt-Re-(MgH2).

Table 3 lists 12 binary catalysts. Specifically, Iwase and Kawatsu [25] investigated 10 of these catalysts:
Pt-Ru/C, Pt-Ir/C, Pt-V/C, Pt-Rh/C, Pt-Cr/C, Pt-Co/C, Pt-Ni/C, Pt-Fe/C, Pt-Mn/C, and Pt-Pd/C. Each cat-
alyst was made of a 20 wt.% alloy on carbon with a Pt loading rate of 0.4 mg/cm2 in a 5 wt.% PFSA solution.
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Table 1. Membranes ill-suited for automotive applications

1 No 6 Poor 7 8 Shrinks 10 Low 12 13 No 
Membrane FC data 2 3 Fire 4 Low 5 performance Water (low 9 Low thermal 11 Low Depoly- longer in 
no. (conceptual) Expensive risk durability Degradation property soluble flexibility) conductivity stability stability merization production

1 Dow membrane X
2 Watanabe self-humidifying X X

membrane
3 Poly(tetrafluoroethylene)- X

G-polystyrene sulfonic acid
4 Poly(tetrafluoro-co- X

hexafluoropropylene)-
G-polystyrene sulfonic acid

5 Poly(ethylene-alt- X
tetrafluoroethylene)-
G-polystyrene sulfonic acid

6 Sulfonated phthalic polyimide X X
7 Sulfonated poly(phenylqunox- X

aline)-(SPPQ or Ballard 
Advance Materials of first 
Generation-BAM1G)

8 Sulfonated poly(2,6-diphenyl X
1,4-phynylen oxide) or 
(Ballard Advance Materials 
of Second Generation-BAM2G)

9 Sulfonated poly(aryl X
ether sulfone) or (Ballard 
Advance Materials of 
Second Generation BAM2G)

10 Sulfonated styrene/ethylene- X X X
butadiene/styrene triblok 
copolymer

11 Sulfonated polysulphone X
with SO3H on bisphenol-A part

12 Sulfonated polysulphone X
with SO3H on diarylsulphone part

13 Cross-linked sulfonated X
polysulphone with

14 Sulfonated polyethersulphone X
cross-linked with diamines

15 Benzylsulfonate- X
G-polybenzimidazoles

(Continued)

I
0
4
4
6
9
6
-
C
h
2
2
.
q
x
d
 
 
1
1
/
2
1
/
0
5
 
 
1
1
:
3
4
 
A
M
 
 
P
a
g
e
 
4
7
5



Table 1. (Continued)

1 No 6 Poor 7 8 Shrinks 10 Low 12 13 No 
Membrane FC data 2 3 Fire 4 Low 5 performance Water (low 9 Low thermal 11 Low Depoly- longer in 
no. (conceptual) Expensive risk durability Degradation property soluble flexibility) conductivity stability stability merization production

16 Cross- or non-cross-linked X
sulfonated poly[bis(3-
methylphenoxy)phosphazene] 
(S-PP membranes)

17 Macrocomposites-aromatic X
polymers

18 SiO2/poly(ethylene oxide) X
doped with monododecylphosphate 
or phosphotungstic

19 Sulfonated polysulphone doped X
with phosphoantimonic acid

20 Phosphoric acid doped X X
poly(ethylene oxide)-(PEO/H3PO4)

21 Phosphoric acid doped poly(vinyl X X
alcohol)-(PVA/H3PO4)

22 Phospheric acid or sulfuric acid X X
doped poly(acrylamide) 
PAAM/H3PO4/H2SO4

23 Phospheric acid or sulfuric X X
acid doped poly(vinylpyrrolidone)-
(PVP/H3PO4/H2SO4)

24 Phospheric acid or sulfuric X X
acid doped poly(2-vinylpyridine)-
(P2VP/H3PO4/H2SO4)

25 Phospheric acid or sulfuric X X
acid doped poly(4-vinylpyridine)-
(P4VP/H3PO4)

26 Phospheric acid or sulfuric X X
acid doped linear 
poly(ethyleneimine)-
(LPEI/H3PO4/H2SO4)

27 Phospheric acid or sulfuric X X
acid doped branched 
poly(ethyleneimine)-
(BPEI/H3PO4/H2SO4/HCl)

28 Phospheric acid doped X X
poly(diallyldimethylammonium-
dihydrogenophosphate)
(PAMA�/H3PO4)
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Table 1. (Continued)

1 No 6 Poor 7 8 Shrinks 10 Low 12 13 No 
Membrane FC data 2 3 Fire 4 Low 5 performance Water (low 9 Low thermal 11 Low Depoly- longer in 
no. (conceptual) Expensive risk durability Degradation property soluble flexibility) conductivity stability stability merization production

29 KOH or NaOH or LiOH doped X
polybenzimidazoles (PBI/(KOH, 
NaOH, LiOH))

30 Sulfonated polyethersulfone X
doped polybenzimidazoles 
(S-PSU/PBI)

31 Sulfonated polyetherether ketone X
doped polybenzimidazoles 
(S-PEEK/PBI)

32 Sulfonated polyphenylene oxide X
blended with poly(vinylidene 
fluoride) (S-PPO/PVDF)

33 Polystyrene sulfonic acid (PSSA) X
34 Phenol sulfonic acid X
35 Poly(trifluorostyrene sulfonic acid) X
36 Poly(styrene) X
37 Poly(1,4-phenylene) X
38 Poly(oxy-1,4-phenylene) X
39 Poly(phenylene sulfide) X
40 Propane sulfonated X

polybenzimidazoles (PBI-PS)
41 Butane sulfonated X

polybenzimidazoles (PBI-PS)
42 Methylpropane sulfonated X

polybenzimidazoles (PBI-MPS)
43 Propane sulfonated poly X

(p-phenylene terephthalamide) 
(PPTA-PS)

44 Phosphoethylated X
polybenzimidazoles
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Table 2. Possible alternatives to PFSA membranes

Membrane 
no. Membrane type (category) Design information

1 �,�,�-Trifluorostyrene This membrane is based on grafting of �,�,�-trifluorostyrene and 
grafted membrane (partially PTFE/ethylene copolymers [1]
fluorinated)

2 Acid-doped polybenzimidazoles- This membrane is based on PBI and acids like phosphoric acid. 
(PBI) membrane (non-fluorinated PBI is a basic polymer (pKa � 5.5) which can readily be 
composite) complexed with strong acids. The immersion of a PBI film in

aqueous phosphoric acid leads to a membrane which has high
conductivity and thermal stability [14]

3 BAM3G membrane (Ballard This membrane is based on polymerization of 
Advance Material of Third �,�,�-trifluorostyrene and includes monomer(s) selected from 
Generation Membrane) a group of substituted �,�,�-trifluorostyrene. The polymers 
(non-fluorinated) possess favorable properties, such as high heat stability, chemical

resistance and favorable mechanical properties, such as tensile
strength, compared to the homopolymeric material formed from
�,�,�-trifluorostyrene (TFS) alone [15]

4 Base-doped S-polybenzimidazoles This membrane is based on the introduction of organic or 
membrane (non-fluorinated inorganic Bronsted bases to sulfonated PBI [4]
composite)

5 Bis (perfluoroalkylsulfonyl)imide Bis (perfluoroalkylsulfonyl) imide is based on the copolymeriza-
membrane (perfluorinated) tion of sodium 3,6-dioxa-	
-4-trifluoromethyl perfluorooctyl 

trifluoromethyl with tetrafluoroethylene (TFE). This membrane is
thermally stable to nearly 400°C in the acid form. It has excellent
conductivity and its water uptake is typically 40% by weight [13]

6 Cross- or non-cross-linked This membrane is based on polyetheretherketone. Direct 
sulfonated polyetheretherketone sulfonation of polyetheretherketone results in materials with wide 
membrane (non-fluorinated) range of equivalent weights. The initial results obtained with the

cross- and non-cross-linked S-PEEK membranes show very good
thermal stability, proton conductance and water uptake compared
to PFSA at even elevated temperature [16]

7 Gore-Select™ membrane This is an ultra-thin integral composite membrane, which
(perfluorinated) includes a base material and an ion exchange material or ion

exchange resin with 0.025 mm thickness. The preferred base
material is an expanded-polytetrafluoroethylene (e-PTFE) mem-
brane with thickness of less than 0.025 mm and a porous
microstructure. The ion exchange resin substantially impregnates
the membrane. Suitable ion exchange materials include perfluori-
nated sulfonic acid resin, perfluorinated carboxylic acid resin,
polyvinyl alcohol, divinyl benzene, styrene-based polymers, and
metal salts with or without a polymer. A surfactant is preferably
employed with the ion exchange material to ensure impregnation
of the interior volume of the base material. Alternatively, the
composite membrane may be reinforced with a woven or non-
woven material bonded to one side of the base material. Suitable
woven materials may include, scrims made of woven fibers of
expanded porous polytetrafluoroethylene; webs made of extruded
or oriented polypropylene or polypropylene netting [17]
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Table 2. (Continued)

Membrane 
no. Membrane type (category) Design information

8 Imidazole doped sulfonated Sulfonated poly(arylether ketone) membranes and in particular 
polyetherketone (S-PEK) sulfonated polyetherketone (S-PEK) exhibit high proton 
membrane (non-fluorinated) conductivities when in their hydrated forms. S-PEK can be com-

plexed with imidazole to give membranes with high proton conduc-
tivities around 2 � 10�2S/cm at a high temperature of 200°C [4,18]

9 Methylbenzensulfonated These alkylsulfonated aromatic polymer electrolyte posses very 
polybenzimidazoles membrane good thermal stability even above 80°C. Water uptake and proton 
(non-fluorinated) conductivity are also reported to be higher than PFSA membranes

above 80°C [5]

10 Methylbenzensulfonate poly These alkylsulfonated aromatic polymer electrolyte posses very 
(p-phenylene terephthalamide) good thermal stability even above 80°C. Water uptake and proton 
membrane (non-fluorinated) conductivity are also reported to be higher than PFSA membranes

above 80°C [5]

11 Perfluorocarboxylic acid Perfluorocarboxylic acid is based on a copolymer of 
membrane (perfluorinated) tetrafluoroethylene and perfluorovinyl ether having a carbox-

ylated group instead of a sulfonated group. The molar ratio of
functional perfluorovinyl ether to tetrafluoroethylene in the
copolymer is directly related to ion exchange capacity of result-
ing polymeric acid. Copolymerization of tetrafluoroethylene and
functional perfluorovinyl ether is carried out by using a radical
initiator [19]

12 Poly(2-acrylamido-2- This membrane is made from polymerization of AMPS®

methylpropanesulfonic acid) monomer. AMPS® monomer is made from acrylonitrile, 
(poly-AMPS) membrane (other) isobutylene and sulfuric acid [20]

13 Styrene grafted and sulfonated This membrane is based on the pre-irradiation grafting of styrene 
poly(vinylidene fluoride) onto a matrix of poly(vinylidene fluoride) (PVDF) after electron 
membranes (PVDF-G-PSSA) beam irradiation. It can be cross-linked with divinylbenzene 
(partially fluorinated) (DVB) or bis (vinylphenyl) ethane (BVPE). The proton conduc-

tivity of membrane is influenced by degree of cross-linking [21]

14 Sulfonated naphthalenic This membrane is based on sulfonated aromatic diamines and 
polyimide (non-fluorinated) dihydrides. It gives a performance very similar to PFSA 

membranes [4]

15 Sulfonated poly(4- This membrane is based on poly(4-phenoxybenzoyl-1, 
phenoxybenzoyl-1, 4-phenylene) 4-phenylene). This material is a poly(p-phenylene) derivative and 
(S-PPBP) (non-fluorinated) is structurally similar to PEEK. The direct sulfonation of PPBP is

reported to give a membrane that gives water absorption and pro-
ton conductance better than S-PEEK membranes [23]

16 Supported composite Composite membrane is made of ion conducting polymer (ICP)
membrane (other) and poly-p-phenylene benzobisoxazole (PBO) substrates [24]

They found that only the Pt-Ru catalyst showed cell performance equivalent to that of pure hydrogen cell
with a single metal Pt/C catalyst when exposed to reformate gas with 100 ppm of CO. Also, they found
that Ru in the binary catalyst absorbs water and facilitates the oxidation of CO. Although adequate CO tol-
erance can be obtained over a Ru-range of 15–85%, the optimum ratio of Pt/Ru was determined by Iwase
and Kawatsu to be 50:50.
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Other researchers add Pt-Mo/C and a non-Pt-based alloy Au-Pd/C to the list of possible binary catalysts.
Specifically, Bauman et al. [28] found Pt-Mo/C to achieve high tolerance to low levels (10–20 ppm) of CO in
reformate without the need of an air bleed. However, at CO levels above 20 ppm, the benefit of this catalyst is
lessened. Although Pinheiro et al. [35] also found Pt-Ru/C to outperform Pt-Mo/C, Bauman et al. [28] found
better performance with Pt-Mo/C as compared to Pt-Ru/C catalyst. Finally, Lawrence Berkeley researchers
[33] have developed a non-platinum-based binary catalyst. They reported a three-fold improvement in electro-
oxidation of CO/H2 with their Au-Pd catalyst as compared to a Pt-Ru catalyst.

Tertiary catalysts are typically based on a Pt-Ru alloy. The largest number of tertiary catalysts along
with some binary catalyst has been investigated by scientists at ECI Laboratories [29] and performances
were compared to pure Pt/C catalyst performance. They investigated Pt-Ru alloys with Ni, Pd, Co, Rh, Ir,
Mn, Cr, W, Zr, and Nb. They found that out of all the catalyst investigated, in the presence of CO, the
binary catalysts Pt0.53–Ru0.47 and Pt0.82–W0.18 were far superior to pure platinum. Of the two, Pt-Ru was
better in the low potential region while Pt-W proved superior in the plateau region except at very high cur-
rent densities. But the performance of ternary Pt0.53–Ru0.32–W0.15 alloy exceeded both binaries in the low
potential and potential plateau regions. Similarly, Pinheiro et al. [35] analyzed the performance of Pt-Ru,
Pt-Mo, and Pt-Ru-Mo/C and found the tertiary catalyst to have the best performance.

In another ternary catalyst development, Denis et al. [30] investigated the ternary electrocatalyst of
Pt–Ru–Al4 with no carbon support. Their results show that an unsupported Pt-Ru-Al4 catalyst produced 
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Table 3. Anode catalyst materials [22,25,28–34]

Single metal Binary Tertiary 
catalyst catalyst catalyst

Pt/C X
Pt-Co/C X
Pt-Cr/C X
Pt-Fe/C X
Pt-Ir/C X
Pt-Mn/C X
Pt-Mo/C X
Pt-Ni/C X
Pt-Pd/C X
Pt-Rh/C X
Pt-Ru/C X
Pt-V/C X
Au-Pd/C X
Pt-Ru-Al4 X
Pt-Ru-Mo/C X
Pt-Ru-Cr/C X
Pt-Ru-Ir/C X
Pt-Ru-Mn/C X
Pt-Ru-Co X
Pt-Ru-Nb/C X
Pt-Ru-Ni/C X
Pt-Ru-Pd/C X
Pt-Ru-Rh/C X
Pt-Ru-W/C X
Pt-Ru-Zr/C X
Pt-Re-(MgH2) X

I044696-Ch22.qxd  11/21/05  11:34 AM  Page 480



by high-energy ball milling gives equal performance to Pt-Ru/C when exposed to reformate gas with
100 ppm of CO. Using similar kind of ball milling technique, Dodelet et al. [31] produced a ternary cata-
lyst Pt-Re-(MgH2) without carbon support that performed better than Pt-Ru/C when exposed to reformate
gas with 100 ppm of CO.

Little information was found on cathode catalysts for PEM fuel cells, which do not have to be CO tolerant.
Notably, in addition to the use of Pt/C, Ross et al. [33] at Lawrence Berkeley National Laboratory report the use
of Pt-Ni/C and Pt-Co/C as cathode catalyst. Also, Faubert et al. [34] produced a special, non-platinum-based
cathode catalyst. The catalyst is produced by pyrolysis of iron acetate adsorbed on perylenetetracarboxylic
dianhydride in Ar:H2:NH3 under ambient conditions. Also, at the National Renewable Energy Laboratory [32],
a “rapid throughput” system has been developed to identify catalysts for oxygen reduction. This study investi-
gates 1200 bimetallic complexes. Approximately 20 complexes were found suitable for fuel cells although
detailed information about what these complexes was not included in the report.

2.1.3. Gas diffusion layer design

The GDLs, one next to the anode and the other next to the cathode, are usually made of a porous carbon
paper or carbon cloth, typically 100–300 �m thick. The porous nature of the GDL material ensures effec-
tive diffusion of each reactant gas to the catalyst on the membrane/electrode assembly. The structure allows
the gas to spread out as it diffuses so that the gas will be in contact with the entire surface area of the catalyzed
membrane [8,36].

The GDL also assists in water management during the operation of the fuel cell. A GDL that allows the
appropriate amount of water vapor to reach the membrane/electrode assembly keeps the membrane humid-
ified and improves the efficiency of the cell. The GDL allows the liquid water produced at the cathode to
leave the cell so it does not flood. The GDL is typically wet-proofed to ensure that at least some, and hope-
fully most, of the pores in the carbon cloth or paper do not become clogged with water, which would pre-
vent the rapid gas diffusion necessary for a good rate of reaction to occur at the electrodes [8,36]. PTFE is
the wet-proofing agent used for carbon-based PEM GDLs by several research groups [1,37,38].

A literature review did not reveal any research group who has studied both carbon paper and carbon cloth
with the specific objective of identifying the most favorable among these two in a PEM fuel cell. In a study
of water management, Ralph et al. [39] found that carbon cloth offered a distinct advantage at high current
densities in Ballard Mark V cells. In fact, the slope of the pseudolinear region of the cell potential versus
current density plot was lowered from 0.27 to 0.21 �cm2 and the limiting current was substantially raised
by the use of the carbon cloth. Also, the cloth was found to enhance mass transport properties at the cath-
ode derived from improved water management and enhanced oxygen diffusion rates. Finally, the surface
porosity and hydrophobicity of the cloth substrate are more favorable for the movement of the liquid water.

2.2. MEA manufacturing

2.2.1. Membrane and GDL fabrication

Whereas the catalyst layer is typically prepared and applied during MEA assembly, the membrane and
GDL are fabricated prior to assembly. Considering membranes first, a variety of polymerization processes
are used in the fabrication of PFSA membranes and the alternatives listed in Table 2. Table 4 presents the
processing steps and the primary inputs and outputs for many of these membranes. Notably, the process-
ing steps include many chemical processes and a number of energy-intensive heating and drying steps. Process
flow diagrams and additional synthesis information is available in [7].

Like the membrane, the GDL is fabricated prior to assembly. Carbon paper is fabricated in four steps: pre-
pregging (continuous strands are aligned with spools and a surface treatment is followed by a resin bath and
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Table 4. Analysis of membrane synthesis methods

Processing steps Primary process inputs Primary process outputs

Synthesis of PFSA membranes [40]
1. Partial fluorination Hydrogen fluoride (HF), Chlorodifluoromethane

antimony fluoride, chloroform
2. Pyrolysis Chlorodifluoromethane Tetrafluoroethylene (TFE)
3. Pyrolysis [290–370°C] Diacyl fluoride Perfluorinated vinyl ether
4. Copolymerization TFE, perfluorinated vinyl ether PFSA solution
5. Casting PFSA solution PFSA film
6. Sulfonation PFSA film, sodium/potassium Sulfonated PFSA membrane

hydroxide

Synthesis of perfluorocarboxylic acid membranes [19]
1. Reaction Oleum, 1,4-diiodo-perfulorobutane Cyclic lactone
2. Reaction Methanol, cyclic lactone 3-Methoxycarbonyl perfluoro-propionyl fluoride
3. Pyrolysis 3-Methoxycarbonyl Carboxylated perfluorovinyl ethers

perfluoro-propionyl fluoride, 
HFPO

4. Partial fluorination HF antimony fluoride, chloroform Chlorodifluoromethane
5. Pyrolysis Chlorodifluoromethane TFE
6. Copolymerization Carboxylated perfluorovinyl Perfluorocarboxylic acid (PFCA) solution

ethers, TFE
7. Casting PFCA solution PFCA film
8. Sulfonation PFCA film, sodium/potassium Sulfonated PFCA membrane

hydroxide

Synthesis of poly-AMPS membranes [1]
1. Reaction Acrylonitrile, Isobutylene, AMPS monomer

Sulfuric acid
2. Addition (40°C) Distilled water, AMPS monomer Dissolved AMPS monomer
3. Addition Dissolved AMPS monomer, AMPS with ammonium persulfate

ammonium persulfate in distilled 
water

4. Polymerization (60°C) AMPS with ammonium Poly-AMPS
persulfate, sodium metabisulfite 
in distilled water

5. Casting Poly-AMPS Poly-AMPS membrane

�,�,�-Trifluorostyrene grafted onto poly(tetrafluoroethylene-ethylene) with post sulfonation membranes [1]
1. Fluorination at �, HF, vinylbenzene Fluorinated vinylbenzene

� position
2. Grafting Fluorinated vinylbenzene, PTFE grafted fluorinated vinylbenzene

PTFE/ethylene
3. Sulfonation PTFE grafted fluorinated �,�,�-Trifluorostyrene grafted 

vinylbenzene, sulfuric acid poly(tetrafluoroethylene-ethylene) membrane

Styrene grafted and sulfonated PVDF membranes [21]
1. Electron beam irradiation PVDF films Irradiated films
2. Mixing Styrene, DVB or BVPE, toluene Monomer
3. Grafting (immersion into Monomer, irradiated films Styrene grafted membranes

monomer)
4. Sulfonation Styrene grafted membranes, PVDF-G-PSSA membrane

sulfuric acid
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Table 4. (Continued)

Processing steps Primary process inputs Primary process outputs

Synthesis of bis(perfluoroalkylsulfonyl) imide membranes [13]
1. Polymerization Monomer, TFE, C8F17CO2NH4, Emulsion

(NH4)2S2O8/NHSO3

2. Filtration Emulsion, acid Bulk polymer
3. Drying Bulk polymer Dried polymer
4. Sonication Dried polymer, DMF Sonicated polymer
5. Removal of DMF in Sonicated polymer DMF-free polymer

vacuum oven
6. Annealing at 220–250°C DMF-free polymer Annealed polymer
7. Boiling HNO3, annealed polymer Bis(perfluoroalkylsulfonyl) imide membrane

Synthesis of Gore-Select™ membranes [17]
1. Roll lamination/ultrasonic Polypropylene woven fabric, Laminated e-PTFE sheets

lamination/adhesive e-PTFE
lamination

2. Mixing HC/FC based surfactant, Solution
PFSA/PFCA

3. Roll coating/Reverse roll Laminated e-PTFE sheets Coated sheets
coating/Gravure coating

4. Removal of excess Coated sheets, solution Excess solution-free sheets
solution

5. Oven drying Excess solution-free sheets Dried sheets
6. Repeat steps 3–5 several 

times
7. Soaking Water/H2O2/CH3OH, dried sheets Surfactant-free membrane
8. Boiling in swelling agent Surfactant free membrane Gore-SelectTM membrane

Synthesis of BAM3G membranes [15]
1. Mixing (35–96°C, �,�,�-Trifluorostyrene monomer, Base copolymer

24–74 h, inert substituted-�,�,�-trifluorostyrene 
atmosphere) comonomers, free radical 

initiator, emulsifying agent
2. Dissolve in solvent Base copolymer, dichloroethane, Dissolved copolymer

tetrachloroethylene and 
chloroform

3. Sulfonation Dissolved copolymer, BAM3G membrane
chlorosulfonic acid

Synthesis of cross- or non-cross-linked sulfonated PEEK membranes [16]
1. Polymerization EEK monomer PEEK
2. Sulfonation 60% PEEK, 95–96.5% sulfuric acid Sulfonated PEEK
3.1. Conversion of sulfonic Sulfonated PEEK, Sulfonyl PEEK

acid group into sulfonyl PC15/thionyl chloride
chloride

3.2. Crosslinking by Sulfonyl PEEK, Cross-linked S-PEEK
high-energy radiation aliphatic/aeromatic amine, 
or heat chloroform or dichloroethane

OR
3.1. Intra/inter chain Sulfonated PEEK Cross-linked S-PEEK

polymerization (120°C, 
under vacuum)

4. Casting Cross-linked S-PEEK S-PEEK membrane
(Continued )
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Table 4. (Continued)

Processing steps Primary process inputs Primary process outputs

Synthesis of sulfonated PPBP membranes [23]
1. Mixing Triphenylphosphine, nitrogen Solution

bis (triphenylphosphine) 
nickel(II) chloride, sodium 
iodide, zinc dust, anhydrous 
N-methylpyrrolidinone (NMP)

2. Stirring overnight Solution Solution
3. Coagulation in acetone Solution Coagulated solution

bath
4. Blending Coagulated solution Crude polymer
5. Removal of excess zinc Crude polymer, hydrochloric Excess zinc-free crude polymer

acid in ethanol
6. Filtration Excess zinc-free crude polymer Filtrate
7. Washing Filtrate, water/acetone Washed filtrate
8. Dissolve Methylene chloride, washed Dissolved solution

filtrate
9. Filtration with Dissolved solution Filtrate

polypropylene membrane
10. Coagulation Acetone, filtrate Coagulated polymer
11. Filtration Coagulated polymer Filtrate
12. Drying Filtrate Poly(4-phenoxybenzoyl-1,4-phenylene) (PPBP)
13. Dissolve Chloroform, PPBP Dissolved PPBP
14. Reprecipitation Dissolved PPBP, methanol Solid polymer
15. Drying Solid polymer Dried polymer
16. Pulverization Dried polymer Dried PPBP
17. Dissolve in H2SO4 Dried PPBP, H2SO4 Dissolved PPBP
18. Add Dissolved PPBP, water Water mixed PPBP
19. Filtration Water mixed PPBP Precipitate
20. Washing Precipitate, water Washed precipitate
21. Pulverization Washed precipitate Pulverized precipitate
22. Washing Pulverized precipitate Pulverized precipitate
23. Dialyzation Pulverized precipitate, Sulfonated polymer

distilled water
24. Dissolve NMP, sulfonated polymer Dissolved polymer
25. Reprecipitation in Dissolved polymer, Re-precipitated polymer

tetrahydrofuran tetrahydrofuran
26. Drying Re-precipitated polymer Dried polymer
27. Dissolve NMP, dried polymer 2% wt. Solution
28. Casting 2% wt. Solution Cast films
29. Drying Cast films Dried films
30. Washing Dried films, methanol Washed films
31. Vacuum drying Washed films Sulfonated PPBP membrane

Synthesis of acid-doped PBI membranes [41]
1. Casting Dimethylacetamide Cast films
2. Boiling Water, cast films Films
3. Doping Film, phosphoric acid Acid doped PBI membrane

OR
1. Casting PBI Cast films
2. Boiling Water, cast films Films
3. Doping Film, phosphoric acid Acid doped PBI membrane
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formation of a layered structure), molding, carbonization, and graphitization [24]. Carbon cloth is also fab-
ricated in four steps: carbonaceous fiber production (made from mesophase pitch spun by melt spinning, 
centrifugal spinning, blow spinning, etc.), fiber oxidation, cloth formation by weaving or knitting, and graphi-
tization [42]. Finally, the carbon cloth or paper is wet-proofed, typically using PTFE. Specifically, Bevers et al.
[37] describe their wet-proofing process in which a carbon/PTFE suspension is applied to both sides of the 
carbon cloth or paper substrate. Application of the carbon/PTFE mixture flattens out any roughness of the cloth
or paper and improves the gas and water transport properties.

2.2.2. MEA assembly

As shown in Fig. 4, there are two modes of MEA assembly: (1) application of the catalyst layer to the GDL
followed by membrane addition or (2) application of the catalyst layer to the membrane followed by GDL
addition. No matter the mode of assembly, the catalyst layer can be prepared and applied in two separate
steps (catalyst preparation and application) or using a single sputtering process. As described later, several
manufacturing options exist within these two modes of MEA manufacturing.

For either mode, early catalyst preparation methods were based on the use of platinum black. Later, Raistrick
[43] used 10% carbon-supported platinum (Pt/C, 2 nm size particles) and a 100 �m thick catalyst layer instead
of platinum black. The obvious advantage was a higher degree of platinum dispersion. Raistrick impregnated
the Pt/C/PTFE catalyst layer on carbon cloth with a solution of PFSA, in order to fill it, or at least a significant
part of it, with recast ionomer prior to hot pressing the impregnated electrode onto the membrane. This process
overcame cell performance problems related to the lack of protonic access to the majority of catalyst sites not
in intimate contact with membrane. Ticianelli et al. [44] further improved cell performance by optimizing the
percentage of PFSA impregnant. They replaced a 10% Pt/C-100 m catalyst layer with a 20% Pt/C-50 m cata-
lyst layer. Although this work was considered a major breakthrough by Gottesfeld and Zawodzinski [1], not all
methods use ionomer impregnation, as follows. As described later, spreading method, spraying method, and
catalyst powder deposition method do not use ionomer impregnation.

For mode 1, we identified five methods for catalyst preparation and application to prepare a GDL/cata-
lyst assembly.

● Spreading: The spreading method described by Srinivasan et al. [45] consists of preparing a catalyzed
carbon and PTFE dough by mechanical mixing and spreading it on a wet-proofed carbon cloth using
a heavy stainless steel cylinder on a flat surface. This operation leads to a thin and uniform active layer
on the GDL/catalyst assembly for which the Pt loading is directly related to the thickness.
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Table 4. (Continued)

Processing steps Primary process inputs Primary process outputs

Supported composite membranes [24]
1. Water quench of Bi-axially oriented PBO Hydrated substrate

substrate extruded polymers, water
2. Sulfonation of ion PFSA, H2SO4 Sulfonated PFSA

conducting polymer
3. Solvent exchange Hydrated substrate, sulfonated PFSA rich substrate

PFSA
4. Tension drying PFSA loaded substrate Dried substrate
5. Degassing for complete PFSA loaded dried substrate Composite membrane

solvent removal
6. Hot pressing Composite membrane Supported composite membrane
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● Spraying: In the spraying method described by Srinivasan et al. [45], the electrolyte is suspended in a
mixture of water, alcohol, and colloidal PTFE. This mixture is then repeatedly sprayed onto wet-proofed
carbon cloth. Between each spraying, the electrode is sintered in order to prevent the components from
re-dissolving in the next layer. The last step is rolling of the electrode. This operation has been found to
produce a thin layer of uniform thickness and of low porosity on the GDL/catalyst assembly.

● Catalyst powder deposition: In catalyst powder deposition described by Bevers et al. [37], the com-
ponents of the catalytic layer (Vulcan XC-72, PTFE powder, and a variety of Pt/C loadings) are mixed
in a fast running knife mill under forced cooling. This mixture is then applied onto a wet-proofed car-
bon cloth. Also applying a layer of carbon/PTFE mixture flattens out the roughness of the paper and
improves the gas and water transport properties of the MEA.

● Ionomer impregnation: In the ionomer impregnation method described by Gottesfeld and Zawodzinski
[1], the catalytically active side of GDL is painted with solubilized PFSA in a mixture of lower aliphatic
alcohols and water. To improve reproducibility of the GDL/catalyst assembly, the catalyst and ionomer
are premixed before the catalyst layer is deposited, rather then ionomer impregnation of Pt/C/PTFE layer.

● Electro-deposition: Electro-deposition as described by Gottesfeld and Zawodzinski [1] and Taylor et al.
[46] involves impregnation of the porous carbon structure with ionomer, exchange of the cations in the
ionomer by a cationic complex of platinum and electrodeposition of platinum from this complex onto
the carbon support. This results in deposition of platinum only at sites that are accessed effectively by
both carbon and ionomer.

In mode 2, we identified six methods for catalyst application to prepare a membrane/catalyst assembly.
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Mode 1: Application of the catalyst layer to the GDL

OR

OR

Membrane
fabrication

Membrane
addition

Catalyst
preparation

GDL fabrication
from carbon

cloth or paper

Catalyst
application

Sputtering

Wet-proofing

Mode 2: Application of the catalyst layer to the membrane

OR

Membrane
fabrication

GDL
addition

Catalyst
preparation

GDL fabrication
from carbon

cloth or paper

Catalyst
application

Sputtering

Wet-proofing

Fig. 4. Modes of MEA assembly
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● Impregnation reduction: In impregnation reduction (a.k.a. electroless deposition) as described by
Foster et al. [47] and Fedkiw and Her [48], the membrane, ion exchanged to the Na� form is equili-
brated with an aqueous solution of (NH3)4PtCl2 and a co-solvent of H2O/CH3OH. Following impreg-
nation, vacuum-dried PFSA in the H� form is exposed on one face to air and the other to an aqueous
reductant NaBH4. The method has been found to produce metal loadings of the order of 2–6 mg Pt/cm2

on the membrane/catalyst assembly.
● Evaporative deposition: In evaporative deposition as described by Foster et al. [47] and Fedkiw and

Her [48], (NH3)4PtCl2 is evaporatively deposited onto a membrane from an aqueous solution. After
deposition of the salt, metallic platinum is produced by immersion of the entire membrane in a solu-
tion of NaBH4. The method has been found to produce metal loadings of the order of 0.1 mg Pt/cm2

on the membrane/catalyst assembly.
● Dry spraying: In the dry spraying method described by Gulzow et al. [49], reactive materials (Pt/C,

PTFE, PFSA powder and/or filler materials) are mixed in a knife mill. The mixture is then atomized
and sprayed in a nitrogen stream through a slit nozzle directly onto the membrane. Although adhesion
of the catalytic material on the surface is strong, in order to improve the electric and ionic contact, the
layer is fixed by hot rolling or pressing. Depending upon the degree of atomization, a completely, uni-
formly covered reactive layer with thickness down to 5 �m can be prepared with this technique.

● Novel fabrication method: In a novel method suggested by Matsubayashi et al. [50], PFSA solution is
mixed with the catalyst and dried in a vacuum. Then, the PFSA coated catalyst is mixed with a PTFE
dispersion, calcium carbonate used to form pores, and water. The mixture is passed through a filter
and the filtrate is formed into a sheet. The sheet is then dipped in nitric acid to remove any calcium
carbonate. The sheet is then dried and PFSA solution is applied to one side of the electrode catalyst
layer. Finally catalyst layer is applied to the membrane.

● Catalyst decaling: In the catalyst decaling method described by Gottesfeld and Wilson [51,52] and
Gottesfeld and Zawodzinski [1], Pt ink is prepared by thoroughly mixing the catalyst and solubilized
PFSA. The protonated form of PFSA in the ink is next converted into the TBA� (tetrabutylammonium)
form by the addition of TBAOH in methanol to the catalyst and PFSA solution. The paintability of the
ink and the stability of the suspension can be improved by the addition of glycerol. Membranes are cat-
alyzed using a “decal” process in which the ink is cast onto PTFE blanks for transfer to the membrane
by hot pressing. When the PTFE blank is peeled away, a thin casting layer of catalyst is left on the
membrane. In the last step, the catalyzed membranes are rehydrated and ion-exchanged to the H� form
by immersing them in lightly boiling sulfuric acid followed by rinsing in deionized water.

● Painting: In the painting method described by Gottesfeld and Wilson [51,52] and Gottesfeld Zawodzinski
[1], Pt ink is prepared as described for the decaling method. A layer of ink is painted directly onto a
dry membrane in the Na� form and baked to dry the ink. When using thinner membranes or heavy 
ink applications, there will be considerable amount of distortion of the painted area. The distortion is
managed through drying on a specially heated and fixtured vacuum table. Also, the bulk of the solvent
is removed at a lower temperature to alleviate cracking and the final traces of solvent are rapidly
removed at higher temperatures. In the last step, the catalyzed membranes are rehydrated and ion-
exchanged to the H� form by immersing them in lightly boiling sulfuric acid followed by rinsing in
deionized water.

In modes 1 and 2, sputtering can also be used as a single step option to catalyst preparation and appli-
cation. In mode 1, Srinivasan et al. [45] describe a method in which a �5 �m layer is sputter deposited on
the wet-proofed GDL. Also, a remarkable improvement in performance was achieved when the catalyzed
GDL was over-coated with a very thin layer of sputter deposited catalyst at the anode. Alternatively, they
did not find over-coating improved performance at the cathode. In mode 2, Cha and Lee [38] describe a
method in which the catalyst is sputtered onto both sides of the membrane. To enhance the performance,
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a mixture of PFSA solution, carbon powder, and isopropyl alcohol is brushed on the catalyzed surfaces of
membrane/catalyst assembly. The assembly is then dried in a vacuum chamber to remove any residential
solvent. Sputtering and application of the ink is repeated to form a second layer of catalyst.

Tables 5 and 6 present processing steps and the primary inputs and outputs for catalyst preparation and
application in two steps or by sputtering. Again, process flow diagrams and additional manufacturing infor-
mation is available in [7].

The final step in modes 1 and 2 is the addition of the membrane and GDL respectively. Hot pressing is
used in both modes. During the hot pressing procedure, the membrane will dry out but becomes re-hydrated
adequately after insertion in the stack with humidified gases. Also, in mode 1, Ticianelli et al. [44] suggest
that prior to hot pressing, the membrane be treated with a H2O2/H2O solution heated to the boiling point,
rinsed in deionized water, immersed in hot dilute sulfuric acid, and treated several times in boiling water.
The process oxidizes organic impurities, removes any metallic impurities, and removes traces of acid from
the finished MEA.

No matter the mode of assembly, the primary challenge in the assembly of MEAs is to achieve good con-
tact between the membrane, the GDL, and the catalyst layers. Good contact maximizes catalyst utilization
during cell operation. Gottesfeld and Zawodzinski [1] suggest good reproducibility is gained by hot press-
ing Pt/C/ionomer layers (that is Pt/C impregnated with premixed catalyst and ionomer) to the membrane as
opposed to ionomer-impregnation of the GDL. This is because ionomer-impregnation is hard to achieve due
to hydrophobic nature of GDL. Alternatively, Stuve [53] suggests that pressing a catalyzed GDL against the
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Table 5. Analysis of catalyst preparation and application for MEA assembly mode 1

Processing steps Primary process inputs Primary process outputs

Catalyst preparation and application: spreading method [45]
1. Dough making Carbon supported metal-catalyst, PTFE Dough
2. Spreading Dough, wet-proofed GDL Coated GDL
3. Rolling Coated GDL GDL/catalyst assembly

Catalyst preparation and application: spraying method [45]
1. Composite mixture making Carbon supported metal-catalyst, water, Mixture for spraying

PTFE, alcohol
3. Spraying Mixture, wet-proofed GDL Coated GDL
4. Sintering Coated GDL Coated and sintered GDL
5. Rolling Coated and sintered GDL GDL/catalyst assembly

Catalyst application: catalyst powder deposition method [37]
1. Mixing Carbon supported metal-catalyst, PTFE Reactive powder
2. Powder application
2.1. Using a line funnel under gravity Powder, wet-proofed GDL Coated GDL
OR
2.1. Horizontal powder application Powder, wet-proofed GDL Coated GDL
3. Rolling Coated GDL GDL/catalyst assembly

Catalyst preparation and catalyst application: ionomer impregnation method [1]
1. Mixing Carbon supported metal-catalyst, PTFE, Catalyst solution

PFSA in aliphatic alcohols and water
2. Painting Catalyst solution, wet-proofed GDL GDL/catalyst assembly

Sputtering [45]
1. Sputtering Wet-proofed GDL, metal-catalyst Sputter deposited paper
2. Rolling Sputter deposited paper GDL/catalyst assembly
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Table 6. Analysis of catalyst preparation and application for MEA assembly mode 2

Processing steps Primary process inputs Primary process outputs

Catalyst preparation and application: impregnation reduction method (electroless deposition method) [48]
1. Platinum salt impregnation Membrane, (NH3)4PtCl2(aq) Membrane loaded with metal salt
2. Reduction of (NH3)4Pt2� Membrane loaded with metal salt, Membrane/catalyst assembly

NaBH4(aq)

Catalyst preparation and application: evaporative deposition [47]
1. Metal salt evaporation Membrane, heat, metal salt such as Membrane impregnated with 

(NH3)4PtCl2(aq) metal salt
2. Reduction of metal ion Membrane impregnated with metal Membrane/catalyst assembly

salt, NaBH4(aq)

Catalyst preparation and application: dry spraying method [49]
1. Composite powder making Metal-catalyst supported C, PTFE, Composite powder

membrane material powder
2. Atomization Composite powder Atomized powder
3. Dry spraying Atomized powder, membrane Coated membrane
4. Hot rolling Coated membrane Membrane/catalyst assembly

Catalyst preparation and application: novel fabrication method [50]
1. Catalyst preparation PFSA, metal-catalyst PFSA coated catalyst
2. Vacuum drying PFSA coated catalyst Dried catalyst
3. Mixing catalyst with other Catalyst, PTFE, CaCO3, water Composite mixture

elements
4. Filtration Composite mixture Filtrate
5. Rolling Filtrate Rolled sheet
6. CaCO3 removal HNO3, sheet CaCO3 free sheet
7. Drying Sheet Electrode catalyst assembly
8. Hot pressing at 150°C Electrode catalyst assembly, membrane Membrane/catalyst assembly

Catalyst preparation and application: catalyst decaling method [1]
1. Mixing Metal-catalyst supported C, solubilize Metal ink

ionomer
2. Conversion of ink to TBA� form Metal ink, TBAOH TBA� ink
3. Apply TBA� ink to PTFE blank TBA� ink, PTFE blank Coated blank
4. Drying Coated blank Dried blank
5. Hot press to Na� membrane Membrane, dried blank, heat Membrane/blank assembly
6. Peel of blank Membrane/blank assembly Coated membrane
7. Protonation Coated membrane, boiling H2SO4 Protonated membrane
8. Rinsing Deionized water, membrane Clean, protonated membrane
9. Air drying Clean, protonated membrane Membrane/catalyst assembly

Catalyst preparation and application: painting method [1]
1. Painting of ink on Na� polymer TBA� ink, Na� membrane Coated membrane

electrolytemembrane
2. Oven dry in a vacuum table Heat, coated membrane Semi-dried coated membrane
3. Rapid heating Semi-dried membrane Dried coated membrane
4. Protonation Coated membrane, boiling H2SO4 Protonated membrane
5. Rinsing Deionized water, membrane Clean, protonated membrane
6. Air drying Clean, protonated membrane Membrane/catalyst assembly

Sputtering [38]
1. Mixing PFSA solution, carbon powder, Ion conducting polymer ink

Isopropyl alcohol
2. Sputtering Membrane Sputtered membrane
3. Brushing Ion conducting polymer ink, Coated membrane

sputtered membrane
4. Repeat 2 and 3 Membrane/catalyst assembly

I044696-Ch22.qxd  11/21/05  11:34 AM  Page 489



membrane might cause some ionomer particles to embed in the electrode structure and thereby improve
protonic access.

3. REVIEW AND ANALYSIS OF BIPOLAR PLATE DESIGN AND MANUFACTURING

Figures 5 and 6 provide classifications of bipolar plate material and manufacturing alternatives, described
as follows.

3.1. Bipolar plate design

Bipolar plates perform a number of functions within the PEM fuel cell. They have been used to distribute
the fuel and oxidant within the cell, separate the individual cells in the stack, carry current away from 
each cell, carry water away from each cell, humidify gases, and keep the cells cool. Plate topologies and
materials facilitate these functions. Topologies can include straight, serpentine, or inter-digitated flow
fields, internal manifolding, internal humidification, and integrated cooling. Materials have been proposed
on the basis of chemical compatibility, resistance to corrosion, cost, density, electronic conductivity, gas 
diffusivity/impermeability, manufacturability, stack volume/kW, material strength, and thermal conductivity
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Bipolar plates

Non-porous
graphite plates

Coated
metallic plates

Composite
plates

Metal-based Carbon-based

Base material
* Aluminum
* Stainless steel
* Titanium
* Nickel

* Layered graphite,
 poly carbonate
 plastic and
 stainless steel

Coating material
* Carbon-based
 * Graphite
 * Conductive polymer
 * Diamond like carbon
 * Organic self-assembled
  monopolymers
* Metal-based
 * Noble metals
 * Metal carbides
 * Metal nitrides

Resin
* Thermoplastics
 * Poly(vinylidene fluoride)
 * Polypropylene
 * Polyethylene
* Thermosets
 * Epoxy resin
 * Phenolic resins
  (phenyl-aldehyde
  resol, phenyl-aldehyde
  novolac, etc.)
 * Furan resin
 * Vinylester

Filler
* Carbon/graphite powder
* Carbon black
* Coke-graphite

Fiber
* Carbon/graphite fibers
* Cellulose fibers
* Cotton flock

Fig. 5. Classification of bipolar plate materials
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[6,8,36]. Given the criteria found in literature, non-porous graphite, a variety of coated metals, and a num-
ber of composite materials have been suggested for use in bipolar plates, as described later.

3.1.1. Non-porous graphite plates

Long experience has shown that non-porous graphite has the chemical stability to survive the fuel cell
environment. Natural as well as synthetic graphite has been used to make non-porous bipolar plate mate-
rial for PEM fuel cells.

3.1.2. Coated metallic plates

Aluminum, stainless steel, titanium, and nickel are considered possible alternative materials for the bipo-
lar plate in PEM fuel cells. Although typically metallic plates are based on a single piece of metal, Allen
[54] developed a modular metallic bipolar plate. The design provides for parallel flow of coolants within
each sub-section arranged perpendicular to the direction of manufacture. The plate design combines nested
subplates. The difference in depth of the nested subplates produces a center-cooling chamber with the interior
surfaces of the subplates not in contact. Flat wire current collectors are bonded to the diffusion electrode
or to the flow channels of the bipolar plate.
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Bipolar plate fabrication

Non-porous
graphite plate

fabrication

Coated
metallic plate

fabrication

Composite
plate

fabrication

Metal-based Carbon-based

* Composite mixture
 production, molding,
 baking, rolling, shearing
 and stamping, gluing,
 hot pressing, injection
 molding, gluing and cold
 pressing

Composite formation
* Compression molding
* Injection molding
* Transfer molding
* Reaction injection molding

Prepreg manufacture
* Commingling
* Melt impregnation
* Powder impregnation
* Solvent impregnation

Fiber preparation
* Braiding
* Knitting
* Waving

Mold fabrication
* Direct manual
* Use of a master model
* Use of direct machining
* Use of flexible molds

Carbonization and
graphitization

Molding of
plate with
flow fields

Flow field
machining

Flat plate
molding

Coating
* Physical vapor deposition
  * Electron beam evaporation
  * RF planer magnetron sputter
* Deposition
  * RF diode sputter deposition
* Chemical vapor deposition
* Liquid phase chemical techniques
  * Electroplating
  * Electroless plating
  * Electrolytic anodization

Surface preparation/
cleaning operations

Base plate formation
* Solid plate formation
 * Machining
 * Cold closed die forging
 * Stamping
 * Die casting
 * Investment casting
 * Powder metal forging
 * Electroforming
* Modular plate formation
 * Stretch forming and wire bonding

Fig. 6. Classification of bipolar plate manufacturing alternatives
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No matter the plate configuration, because bipolar plates are exposed to an operating environment with
a pH of 2–3 at high temperatures, if not designed properly, dissolution or corrosion of the metal will occur.
Specifically, when the metal plate is dissolved, the dissolved metal ions diffuse into the membrane and are
trapped at ion exchange cites, resulting in a lowering of ionic conductivity. In addition, a corrosion layer
on the surface of a bipolar plate increases the electrical resistance in the corroded portion and decreases
the output of the cell.

Because of these issues, metallic bipolar plates are designed with protective coating layers. Borup and
Vanderborgh [6] suggest that coatings for bipolar plates should be conductive and adhere to the base material
properly to protect the substrate from the operating environment. They present an overview of carbon-based
and metallic bipolar plate coating materials. Carbon-based coatings include: (1) graphite, (2) conductive poly-
mer, (3) diamond like carbon, (4) organic self-assembled monopolymers. Metal-based coatings include: (5)
noble metals, (6) metal nitrides, (7) metal carbides. Table 7 lists bipolar plate coatings suggested by Borup and
Vanderborgh and others. The coating techniques for these methods can be found in Table 10.

Woodman et al. [55] studied the corrosion failure mechanism for coated bipolar plates. They concluded
that the coefficient of thermal expansion (CTE), corrosion resistance of coating, and micro-pores and
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Table 7. Coating materials for metallic bipolar plates

Applicable base plate 
materials

Coating method Coating materials Al SS Ti Ni

Conductive polymers coating [6] Conductive polymers Not specified
Diamond-like carbon coating [6] Diamond-like carbon Not specified
Gold topcoat layering [55,56] Gold over nickel over copper x

Graphite foil layering [57] (1) Sublayer – sonicated graphite particles x x x
in an emulsion, suspension or paint (e.g. 
graphite particles in an epoxy resin thinned 
by an organic solvent, such as toluene); 
(2) topcoat – exfoliated graphite in the 
form of sheets of flexible, graphite foil

Graphite topcoat layering [57] (1) Sublayer – titanium over titanium– x x x x
aluminum-nitride; (2a) overcoat – transient 
metal sublayer of Cr (Ti, Ni, Fe, Co) 
followed by sulfuric/chromic acid OR; 
(2b) topcoat – graphite

Indium-doped tin oxide layering [58] Indium doped tin oxide (Sn(In)O2) x
Lead oxide layering [58] (1) Sublayer – lead; (2) topcoat – x

lead oxide (PbO/PbO2)

Organic monopolymer coating [6] Organic self-assembled monopolymers Not specified
Silicon carbide layering [58] (1) n-type silicon carbide (SiC); (2) gold x
Stainless-steel layering [59] (1) Sublayer – chromium/nickel/ x x x

molybdenum-rich stainless steel OR 
nickel-phosphorus alloy; (2) topcoat – 
titanium nitride

Titanium–aluminum nitride Titanium–aluminum-nitride layer x
layering [58]
Titanium nitride layering [58] Titanium nitride (TiN) layer x
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micro-cracks play a vital role in protecting the bipolar plate from the hostile PEM fuel cell environment.
Woodman et al. also state that even though PEM fuel cells typically operate at temperatures less than
100°C, vehicle service would impose frequent startup and shut down conditions, and temperature differ-
entials of 75–125°C would be expected. This is an important consideration for metal-coated bipolar plates
because the two metals may expand and contract at different rates. The resulting micro-pores and micro-
cracks may lead to failure if the base metal becomes exposed to the acidic fuel cell environment. A large
difference in the CTE of the substrate and coating materials may lead to coating layer failure. One tech-
nique to minimize the CTE differential is to add intermediate coating layers with CTEs between that of
adjacent layers.

3.1.3. Composite plates

Composite plates can be categorized as metal- or carbon-based. A metal-based composite bipolar plate has
been developed by Los Alamos National Laboratory [24]. This design combines porous graphite, poly-
carbonate plastic and stainless steel in an effort to leverage the benefits of the different materials. Since
producing porous graphite plates is not as time consuming or expensive as producing non-porous graphite
plates, it can be used while impermeability is provided by the stainless steel and polycarbonate parts. Stainless
steel also provides rigidity to the structure while the graphite resists corrosion. The polycarbonate provides
chemical resistance and can be molded to any shape to provide for gaskets and manifolding. The layered plate
appears to be a very good alternative from stability and cost standpoints.

Extensive literature was found citing the use of carbon-based composite bipolar plates in fuel cells.
Table 8 summarizes notable citations. As shown, carbon composite bipolar plates have been made using
thermoplastic (polypropylene, polyethylene, poly(vinylidene fluoride)) or thermosetting resins (phenolics,
epoxies, and vinyl esters) with fillers and with or without fiber reinforcement. In the early years of devel-
opment, thermoplastics were preferred as the resin material. However, in the late 1980s the preference
changed to thermosets. Wilson [60] suggests this preference was due to short processing cycles. However,
more recently select bipolar plate manufacturers, such as Micro Molding Technology [61], are producing
bipolar plates using thermoplastic resin because they are more readily recyclable.
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Table 8. Summary of carbon composite materials used in bipolar plates [62–71]

Resin Type of resin Filler Fiber

Poly(vinylidene fluoride) Thermoplastic Carbon/graphite particles
Poly(vinylidene fluoride) Thermoplastic Carbon/graphite particles Carbon/graphite fibers
Polypropylene Thermoplastic Carbon black, graphite powder
Mixture of an epoxy resin Thermoset Graphite powder
and an aromatic amine 
hardener
Phenyl-aldehyde resol OR Thermoset Graphite powder Graphite fibers or whiskers
phenyl-aldehyde novolac
Phenyl-aldehyde resol OR Thermoset Coke-graphite particles
phenyl-aldehyde novolac
Reichhold 24-655 phenolic Thermoset Graphite powder Cellulose fibers (but not rayon 
resin and cellulose acetate)
Phenol resin or furan resin Thermoset Graphite powder Cellulose fibers (but not rayon 

and cellulose acetate)
Phenolic resin Thermoset Carbon fibers (PAN-based)
Vinyl ester Thermoset Graphite powder Cotton flock (graphite/carbon, 

glass, cotton, and polymer)
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3.2. Bipolar plate manufacturing

3.2.1. Non-porous graphite plate fabrication

Woodman et al. [55] states that state-of-the-art PEM fuel cells contain graphite bipolar plates that are machined
or molded with flow fields. Although no other citation was found that discussed machined graphite bipolar
plates, compression molding is discussed by Meissner [72]. In this method, graphite mixtures that contain crys-
talline graphite with additives and/or binders are compression molded and preferably subjected to a heat treat-
ment in the absence of oxygen. Suitable additives include aluminum oxide, zircon dioxide, silicon dioxide,
titanium dioxide, silicon carbide, and powdered coke. Suitable binders are cokable from 300 to 800°C and
include carbohydrates such as fructose, glucose, galactose, and mannose and oligosaccharides such as sucrose,
maltose, and lactose.

3.2.2. Coated metallic plate fabrication

The process for fabricating coated metallic bipolar plates includes formation of the base plate, surface
preparation and cleaning operations, and coating processes. For the more typical solid metallic bipolar
plate designs, formation of the base plate by machining or stamping is suggested by Woodman et al. [55].
Mehta [7], in an effort to extend Woodman’s suggestions, applied the process selection system, Cambridge
Engineering Selector by Granta Designs to identify additional solid plate formation processes. Using design
information such as materials, part shape and size, tolerance, surface finish, production quantity and a “qual-
ity factor” (used to select among processes prone to defects), Mehta added five fabrication alternatives to
Woodman et al.’s original two: cold closed die forging, die casting, investment casting, powder metal forg-
ing, and electroforming. The result of Mehta’s analysis, which assumed production quantities above 10 000,
is presented in Table 9 for two basic plate designs. The analysis captures changes in quality (factors 5–10),
tolerance (from 0.05 to 0.1 mm) and surface finish (10–100 �m) for the two basic designs. In general, the
number of manufacturing options increases as tolerances increase and as surface finish and quality require-
ments decrease. No differences were noted above these ranges, and literally no processes fall below them.
A significant observation was that more processes were identified for the larger faced plate. Specifically,
investment casting and powder metal forging and often die-casting were not compatible to produce the smaller
faced design.

For Allen’s less typical modular metallic bipolar plate [54] discussed in Section 3.1.2, plate formation is
more specialized. In plate formation, flow channels and manifolds are “stretched formed” into finite sub-
sections by progressive tooling. The tooling is designed such that the tool may be closed to any engagement
to produce any depth for the flow ribs within the elongation constraints of the material being formed. As
such, a subplate stretch formed to the maximum extent will nest with a subplate stretch formed to less than
the maximum extent. Finally, parallel flat wire current collectors are continuously slit from coiled material
and bonded to the diffusion electrode or to the flow channels of the bipolar plate prior to assembly.

Coating processes for solid or modular metallic bipolar plates include a variety of deposition processes
as listed in Table 10. Processes include physical vapor deposition techniques like electron beam evapora-
tion, sputtering and glow discharge decomposition, chemical vapor deposition technique, and liquid phase
chemical techniques like electro- and electroless deposition, chemical anodization/oxidation overcoating,
and painting.

3.2.3. Composite plate fabrication

For the layered metal composite bipolar plates developed at Los Alamos [24] described in Section 3.1.2,
a multi-step process is used in fabrication. First, a stainless steel layer is produced using shearing and
stamping methods. Next, graphite powder and resin are mechanically mixed and molded to the required
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Table 9. Analysis of process options for solid metallic bipolar plates

Basic design

Smaller faced, thicker platea Larger faced, thinner plateb

Quality factorc 5–6 7–8 9–10 8 8 8 5–6 7–8 9 10 8 8 8
Design tolerance (mm) 0.1 0.1 0.1 0.05 0.08 0.1 0.1 0.1 0.1 0.1 0.05 0.08 0.1
Surface finish (�m) 10 10 10 10 10 50–100 10 10 10 10 10 10 50–100

Aluminum
Machining x x x x x x x x x x X x x
Cold closed die forging x x x – – x x x x x – – x
Stamping x x – – x x x x – – – x x
Die casting x – – – – – x – – – – – –
Investment casting – – – – – – x x – – – – x
Powder metal forging – – – – – – x x x x X x x

Stainless steel
Machining x x x x x x x x x x X x x
Cold closed die forging x x x – – x x x x x – – x
Stamping x x – – x x x x – – – x x
Die casting – – – – – – – – – – – – –
Investment casting – – – – – – x x – – – – x
Powder metal forging – – – – – – x x x – X x x

Titanium
Machining x x x x x x x x x x X x x
Cold closed die forging x x x – – x x x x x – – x
Stamping x x – – x x x x – – – x x
Die casting – – – – – – – – – – – – –
Investment casting – – – – – – x x – – – – x
Powder metal forging – – – – – – x x x – X x x

Nickel
Machining x x x x x x x x x x x x x
Cold closed die forging x x x – – x x x x x – – x
Stamping x x – – x x – – – – – – –
Die casting – – – – – – – – – – – – –
Investment casting – – – – – – x x – – – – x
Powder metal forging – – – – – – x x x – x x x
Electroforming x x x x x x – – – – – – –

a Maximum surface area 100 � 150 mm; thickness 5.4 mm; flow channel width 1.6 mm; maximum hole diameter 6.4 mm; minimum
section 1.6 mm; aspect ratio 30.
b Maximum surface area 250 � 600 mm; thickness 4.7 mm; flow channel width 1.6 mm; maximum hole diameter 6.4 mm; minimum
section 1.6 mm; aspect ratio 49.
c The quality factor is assessed on a numerical scale of 1–10 such that processes that are prone to produce defects receive a 1 and
processes that minimize defects receive a 10.

shape by conventional compression or injection molding. The resulting graphite plate is baked in an oven.
Next, a conductive adhesive is applied to the graphite plate using a screen-printing method. Next, a hot-
press is used to join the stainless steel and graphite plates. Finally, to form the polycarbonate plates, poly-
carbonate resin is injection molded to the required shape and adhesive is applied to bond the plate with the
stainless steel/graphite plate assembly using cold pressing.

For carbon-based composite bipolar plates, fabrication includes mold fabrication (direct manual, fabri-
cation using a master model, fabrication through direct machining, fabrication through flexible molds),
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fiber preparation (braiding, knitting, weaving), prepreg manufacture (commingling; melt, powder, or solvent
impregnation), and composite formation. Post-processing steps include carbonization and graphitization.
In carbonization, the resin is converted into carbon by controlled decomposition of the carbon–hydrogen
bonds. In graphitization, the structure gets denser.

Mehta [7] again applied Cambridge Engineering Selector to identify composite plate formation
options. The result of Mehta’s analysis, which again assumed production quantities above 10 000, is pre-
sented in Table 11 for the smaller faced plate design. Again, the number of manufacturing options increase
as tolerances increase and as surface finish and quality requirements decrease. Again no differences were
noted above the quality, tolerance, and surface finish ranges analyzed, and no processes fall below them or
were recommended for production of the larger-faced plate.

4. DISCUSSION

For use in PEM fuel cells, this work identified 16 polymer electrolyte membranes, 2 types of GDLs, and
over 100 bipolar plate designs that are promising and require further study for use in PEM fuel cells. This
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Table 10. Coating processes for metallic plates

Coating methoda Coating processes

Gold topcoat layering Pulse current electrodeposition
Stainless steel layering Physical vapor deposition (PVD) (e.g. magnetron sputtering), or chemical

vapor deposition (CVD), and electroless deposition for Ni–Ph alloy
Graphite topcoat layering PVD (closed-field, unbalanced, magnetron sputter ion plating) and chemical 

anodization/oxidation overcoating
Graphite foil layering Painting OR pressing
Titanium nitride layering RF-diode sputtering
Indium doped tin oxide layering Electron beam evaporation
Lead oxide layering Vapor deposition and sputtering
Silicon carbide layering Glow discharge decomposition and vapor deposition
Titanium aluminum nitride layering RF-planar magnetron (sputtering)

a See also Table 7.

Table 11. Analysis of process options for carbon composite bipolar plate designs

Basic design

Smaller faced, thicker platea

Quality factor 5–6 7–10 8 8 8
Design tolerance (mm) 0.1 0.1 0.05 0.08 0.1
Surface finish (�m) 10 10 10 10 50–100

Compression molding x – – – X
Injection molding x – – x X
Transfer molding x – – x X
Reaction injection molding x – – x X

a Maximum surface area 100 � 150 mm; thickness 5.4 mm; flow channel width 1.6 mm; maximum hole diameter 6.4 mm; minimum
section 1.6 mm; aspect ratio 30.
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work also reviews synthesis processes for many of the membranes and GDLs and added several processes
to the bipolar plate fabrication options described in literature.

The review presented here combines the work of many researchers. As such, the designs and manufac-
turing methods can for the most part not be directly compared based on the information presented because
there is no reason to believe fuel cell operating conditions or manufacturing process parameters are com-
parable. For example, for the process steps listed in the input–output tables (Tables 4–6), the level of
abstraction presented is dependent upon that provided by the citations listed. This, and the lack of con-
sistent data on input and output quantities, makes quantitative comparison impossible and qualitative 
comparison of processes difficult. But, we can recommend a basis for future comparisons, as provided in
Table 12.

MEA design is dominated by a variety of materials issues. For membrane materials, issues relate to 
the dependence on complicated polymers (fluorinated, sulfonated or otherwise) that solve one problem
while having repercussions (safety, temperature limitations, etc.) at the MEA, stack, and systems (sup-
porting equipment) levels. For catalyst materials, tertiary alloys seem to offer the best performance when
CO poisoning is of concern. However, in spite of environmental, social, and political concerns surround-
ing the use of Pt and other more rare and valuable metals in fuel cells, the use of non-Pt-based alloys 
has been limited to investigation of only one binary catalysts. Finally, for the GDL, although the carbon
cloth offered superior performance in the Ballard Mark V cell study, no corroborating study was found.
Also, properties like density, thickness, pore-size distribution, electrical conductivity should also be 
investigated.

For MEA manufacturing, catalyst preparation and application dominates research opportunities. With
several processes able to prepare a catalyst layer with thickness down to 5 �m, the ability to maximize fuel
cell performance and still meet the speed requirements of mass production will be the basis for final selec-
tion. With respect to performance, there is still disagreement on the preferred mode of application. Also,
although sputter deposition is considered as one of the better approaches to apply catalyst to either of GDL
or membrane, it is quite a slow process.
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Table 12. Areas for future research

Area for future research Recommended basis for comparison of alternatives

Membrane materials Fuel cell performance, cost, safety, supporting equipment requirements, synthesis
issues (such as hazardous materials used in processing), and temperature-related
limitations

Catalyst materials Fuel cell performance, cost, abundance of materials and related social and 
political concerns, recyclability

GDL materials Density, thickness, pore-size distribution, electrical conductivity
Catalyst preparation and Fuel cell performance, metal loadings of the order of 0.1 mg/cm2; degree of 
application methods (in one or metal dispersion; energy use, hazardous material use and waste
two steps)

Bipolar plate materials Fuel cell performance, chemical compatibility, resistance to corrosion, cost, 
density, resistance to dissolution (for metallic plates), electronic conductivity,
gas diffusivity/impermeability, manufacturability, recyclable/recycled, stack 
volume/kW, strength, surface finish requirements, thermal conductivity, and 
tolerance requirements

Bipolar plate fabrication Fuel cell performance, tolerance and surface finish capability, capacity relative to
mass production needs, and flexibility relative to incorporating unique features
(seals, manifolding, cooling systems, etc.)
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Bipolar plate design is dominated by the management of cost and stack mass and durability in the low
pH, high temperature fuel cell operating environment. Bipolar plate design criteria, compiled from this
and other research, are presented in Table 13. Among the bipolar plate materials presented in Section 3.1,
none meet all the design criteria. Specifically, when compared to metal bipolar plates, non-porous graphite
provides high corrosion resistance without the need for coating (�15 �m/year) and thermal conductivity
(�4 W/cm K) at a low density. Although tending to be lower in electrical conductivity, compressive strength,
and recyclability, graphite plates have been preferred for space applications over other materials. Also,
graphite plates are expensive, from both material and processing standpoints [24]. Composite plates, although
processing can include many steps, have the advantage of being flexible for incorporating seals, manifolding,
cooling systems, and other features.

For bipolar plate manufacturing, two non-porous graphite plate formation options, eight metal plate 
formation processes and nine coating processes, and five composite formation processes are presented.
Although forming non-porous graphite plates can be a time-consuming and therefore expensive process,
hazardous materials costs related to purchasing, handling/training, and the management of wastes in all of
the composite fabrication processes and most of the coating processes investigated could balance costs.

The research described here is part of a larger project analyzing the environmental life cycle of fuel cells
for transportation applications. The project applies Life Cycle Assessment (LCA), a protocol for assessing
the environmental aspects (for example, oil and platinum consumption, greenhouse gas emissions, etc.) of
a product from various points in their life cycle: from raw materials acquisition through production, use, and
disposal [73–75]. Understanding product design is important to the development of a bill-of-materials for
the identification of materials used in the product for the application of LCA. Because the bills-of-materials
used in LCA need to represent equivalent products (for example, a variety of fuel cells capable of moving
the same automobile), linking the design alternative above to fuel cell performance is an important research
need. Also, understanding manufacturing alternatives allows the production phase and ultimately materials
acquisition to be modeled. For both design and manufacturing, understanding the variety of alternatives that
exist prior to wide-scale production facilitates product design and process selection based on environmen-
tal criteria prior to large capital investment.
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Table 13. Design criteria for bipolar plate materials [6–8,36]

S. no. Material selection criteria Limit

1 Chemical compatibility Anode face must not produce disruptive hydride layer; cathode face
must not passivate and become non-conductive

2 Corrosion Corrosion rate � 0.016 mA/cm2

3 Cost Material � fabrication � US$0.0045/cm2

4 Density Density � 5 g/cm3

5 Dissolution Minimization of dissolution (for metallic plates)
6 Electronic conductivity Plate resistance � 0.01 � cm2

7 Gas diffusivity/impermeability Maximum average gas permeability � 1.0 � 10�4cm3/s cm2

8 Manufacturability Cost of fabrication (see 3) should be low with high yield
9 Recyclable Material can be recycled during vehicle service, following a vehicle

accident, or when the vehicle is retired
10 Recycled Made from recycled material
11 Stack volume/kW Volume � 1 g/kW
12 Strength Compressive strength � 22 lb/in.2

13 Surface finish �50 �m
14 Thermal conductivity Material should be able to remove heat effectively
15 Tolerance �0.05 mm
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Chapter 23

Aging mechanisms and lifetime of PEFC and DMFC

Shanna D. Knights, Kevin M. Colbow, Jean St-Pierre and 
David P. Wilkinson

Abstract

This paper provides an overview of several operating conditions which can have a significant effect
on the durability of polymer electrolyte fuel cells (PEFCs) and direct methanol fuel cells (DMFCs),
including: low reactant flows, high and low humidification levels, and high and low temperatures.
The possible effects of these conditions, along with possible mitigating strategies, are discussed.
Data from various tests are presented demonstrating lifetimes from 1000 h to greater than 13 000 h
for various conditions and applications.

Keywords: Polymer electrolyte fuel cells; Direct methanol fuel cells; Lifetime; Aging mechanisms;
Failure; Mitigation strategies
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1. INTRODUCTION

Fuel cell systems, when properly designed, can be a reliable and durable method to produce efficient and
environmentally friendly energy for various applications. As polymer electrolyte fuel cells (PEFCs)
approach commercialization, significant progress is being made towards producing systems that achieve
the optimum balance of cost, efficiency, reliability, and durability.

Fuel cell lifetime requirements vary significantly, ranging from 3000 to 5000 operating hours for car appli-
cations, up to 20 000 operating hours for bus applications and up to 40 000 operating hours for stationary 
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applications. There can be various lifetime requirements for other types of applications, such as portable power,
uninterrupted power supply (UPS), etc. Degradation rate requirements are normally set based on beginning-
of-life (BOL) performance, end-of-life (EOL) performance requirements, and lifetime durability requirements
in terms of operational hours and/or stand-by hours. The degradation range of 2–10 �V/h is common for most
applications.

The most common fuel for the PEFC is hydrogen, which can be either in an essentially pure gas stream or
in the form of reformate produced from various fuels, such as methane, methanol, and gasoline. A special
case of PEFCs is that of direct methanol fuel cells (DMFC), which convert methanol directly into electrical
energy, without the use of a reformer. Wasmus [1] provides an overview of DMFC technology. Such systems
offer many advantages in terms of system simplicity and will likely be preferred for a number of niche mar-
kets, but development lags hydrogen-based PEFCs. Degradation rates of DMFCs are generally higher than
that of hydrogen PEFCs, and depend on the application, but are typically in the range of 10–25 �V/h.

The ability of the fuel cell to operate under a wide range of operating conditions with different system char-
acteristics is described by the term, “fuel cell operational flexibility.” Optimum fuel cell operational flexibility
must take into account both specified and an estimated amount of unexpected, or “out-of-specification” con-
ditions over the fuel cell target lifetime. Some of the conditions to consider include: reactant flow rates and
composition, operating and environmental temperature, operating and environmental pressure, humidification
levels, peak load requirements and turn-down ratios, duty-cycle characteristics (including percentage of time
at different load points), and required rate of transient responses.

Due to the absence of moving parts, the fuel cell is an inherently reliable system, but can be prone to
material degradation from the presence of reactants; various materials, including catalyst; significant elec-
trical potential and current density; and various operating conditions, including temperature and pressure
ranges. The management of the fuel cell stack for lifetime is dependent on how these components and
interacting conditions are designed and managed. As a very general statement, the lifetime achieved in a
fuel cell can often be traded-off against another characteristic, such as operating regime, cost, and power
density. Targeted lifetime and failure testing can be conducted during the development stage, to provide
the basis to understand potential failure mechanisms and develop the necessary technology to mitigate
such mechanisms. Therefore, a fuel cell system may be custom designed to meet the needs of a particular
application, including a target lifetime requirement.

This paper will provide an overview of some operational conditions that can affect fuel cell lifetime. The
conditions to be discussed include: low reactant flows, high and low humidification levels, and high and low
temperatures. Each of these conditions and associated failures can be discussed in much more depth, but is
beyond the scope of this paper. For a discussion on the effects of water management, please refer to the
paper by St-Pierre et al. [2]. For a literature review of PEFC durability, please refer to the discussion by
Wilkinson and St-Pierre [3].

2. EXPERIMENTAL

Various standard Ballard fuel cells and fuel cell stacks were used to generate the data presented in this
paper, with active areas ranging from 49 to 1280 cm2. Tests were conducted on single-cells or short-stacks
(typically in the range of 4–20 cells). The conditions used varied with the application and are noted with the
data when relevant. Standard Ballard test equipment, including humidifier, test station, gas mixer, and elec-
tronic load, was used for control of operating conditions.

Fuel starvation was induced by replacing the fuel with humidified nitrogen. An external power supply was
used to simulate the stack power to drive the current through the cell or short-stack. External humidifiers
were used for humidification experiments, with control of humidification level through adjustment of dew
point temperature. Lifetime tests were generally conducted by applying a constant load (unless otherwise
stated) over a fixed period of time. During the lifetime, voltage performance points were recorded continuously.
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Diagnostic tests were generally conducted throughout the test period, but are not shown on the charts. Only
operational hours are included in the lifetime calculations. Freeze–thaw data was collected by running a cell
through a repetitive cycle, consisting of operation at two different load points, removal of the load and gases,
cool down and purging of the cell, freezing, then warm-up and re-introduction of gases and load.

3. DISCUSSION

3.1. Low reactant flow

High reactant utilization is generally required for most applications in order to maximize fuel efficiency and
reduce system parasitic load, size, and weight that may be associated with the oxidant and fuel delivery and/or
storage systems. Transient operation, particularly under the demanding conditions of automotive applications,
introduces greater challenges due to rapid load changes and the resulting wide range of conditions.

During high overall stack utilization, uneven flow sharing between cells can result in partial fuel and/or air
starvation conditions in individual cells. This situation can be exacerbated by the presence of liquid water in
channels or other blockages, resulting in further flow sharing difficulties that in extreme cases can lead to
complete starvation conditions. One example of such a condition is sub-zero start-up or operation. As long
as the stack temperature remains below zero, the cells are prone to ice formation and subsequent flow chan-
nel blockage. Although the stack and system operation can be designed to reduce these occurrences, it is gen-
erally accepted that rapid heating of the stack to minimize ice formation is desirable.

In the case of oxidant starvation, the protons passing through the membrane will combine, in the absence
of oxygen, to form hydrogen, and the cell essentially acts as a hydrogen pump. The cathode potential drops
due to the lack of oxygen and the presence of hydrogen, and the cell voltage generally drops to very low levels
or may even become negative.

In the case of fuel starvation, if hydrogen is no longer available to be oxidized, the anode potential will
rise to that required to oxidize water, assuming water is available, resulting in the evolution of oxygen and
protons at the anode, according to

(1)

The protons will pass through the membrane and combine with oxygen at the cathode in the normal
reduction reaction to produce water (reverse of reaction (1)).

A polarization of a complete fuel starvation (no hydrogen) with humidified nitrogen flowing on the
anode is presented in Fig. 1 for an anode with a 4 mg Pt/cm2 loading of Pt black catalyst on the anode. The
cell voltage, as measured from the cathode to the anode, drops due to a rise in anode potential, which
reaches levels sufficient for water oxidation, i.e. �1.23 V. The values of the cathode and anode potential
are not individually known, but the presence of oxygen on the anode due to reaction (1) was confirmed by
gas chromatographic (GC) analysis, indicating that high anode potentials are being achieved.

Most current technology development is focussed on the use of platinum (or platinum and ruthenium)
supported on carbon particles, in order to reduce the amount of platinum required on the anode down to
0.05–0.45 mg/cm2, and as described in [4]. These types of anodes are prone to degradation during fuel
starvation due to reaction (2), the oxidation of carbon, which is catalyzed by the presence of platinum [5].
This reaction proceeds at an appreciable rate at the electrode potentials required to electrolyze water in the
presence of platinum (greater than approximately 1.4 V [6]):

(2)

This is shown schematically in Fig. 2. The catalyst support is converted in to CO2, and Pt and/or Ru 
particles may be lost from the electrode, resulting in the loss of performance.

C 2H O CO H e2 2� � �→ + +4 4

H O O H e2 2
1

2
2 2→ � �� �
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Reduced degradation can be achieved through modification of the anode structure to favour oxidation
of water over carbon. Some strategies to accomplish this include: enhanced water retention on the anode
(e.g. through modifications to PTFE and/or ionomer, and addition of water blocking components such as
graphite); use of improved catalysts to reduce the required anode potential for water electrolysis and thus
the associated carbon oxidation (e.g. additional Ru on the anode); use of a more robust catalyst support
(e.g. more graphitic carbon or alternative support materials); and increased catalyst coverage on the sup-
port to reduce contact of carbon with reactants (e.g. higher weight percentage Pt on the carbon) [7–10].

Figure 3 shows the cell voltage response over time of four different four-cell stacks with different anode
designs. Each stack was subjected to fuel starvation conditions through an equivalent number of cycles.
Each stack was then finally starved of hydrogen and allowed to go into voltage reversal until an average
cell voltage of �2 V was reached. The length of time the cells operated prior to reaching �2 V is a meas-
ure of robustness to fuel starvation.

3.2. Low humidification

Water management is key to optimum reliability and durability of fuel cells. Inadequate water content,
either globally within the stack or locally at certain locations within the unit cell, results in reduced con-
ductivity in the membrane and in any ionomer present in the catalyst layer. This results in increased ohmic
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losses and a drop in cell voltage. This effect can be demonstrated by conducting controlled tests on a cell
design that has not been optimized for low humidification conditions. The results of such a test are shown
in Fig. 4. The cell is initially running fully humidified with a constant performance. Once a step-change is
made through a reduction in humidification level, the performance quickly drops. The drier the conditions,
the greater the loss in performance. When the humidification level is subsequently increased, the per-
formance quickly recovers.

Inadequate water content can also accelerate membrane physical degradation, and can ultimately result
in membrane holes and reactant gas cross-over. This effect was observed through a series of tests in which
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the same type of non-optimized cell design was run under varying humidification conditions. The results
of these tests are shown in Fig. 5, where, as conditions become drier, failure due to significant reactant gas
cross-over occurs after shorter lifetimes.

It is possible to continue running a cell with membrane holes present, but the performance becomes
very sensitive to pressure differentials across the membrane. In this case, the reactants are able to transfer
across the membrane, and dilute or consume the opposite reactant. When this occurs, either fuel or air star-
vation can result, depending on the direction of the pressure differential. Figure 6 shows a lifetime plot for
an eight-cell stack during which a large cross-over leak developed in one cell. The stack was operated with
the fuel pressure slightly higher than the air pressure, resulting in air starvation in that cell. It can be
observed that the cell voltage dropped to negative values, but continued operation for approximately 500 h
prior to the end of the lifetime test. The remaining cells in the stack continued to operate with stable volt-
ages for the entire planned 3000 h test duration.

Improved water management can be achieved through various strategies. One challenge faced by cell
and stack designers is how to effectively distribute the product water within the cell. Unless the inlet gas
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streams are fully humidified, the inlet region will have low humidity. High oxygen concentration at the
inlet can also result in high catalytic activity in this region, which, when combined with the reduced water
for heat transfer removal, can result in increased local temperatures. The combined effects of low humidi-
fication and locally increased temperatures can result in a region prone to membrane failure. Conversely,
as the product water accumulates, the back portion of the cell may be fully saturated, leading to the possi-
bility of two-phase flow and potential mass transport losses, contamination, and flow sharing issues.

One of the easiest strategies to implement to redistribute product water within the cell is through oper-
ation with countercurrent reactant flows, essentially using the MEA as an in-cell humidifier [2,11,12]. A
study was conducted to determine the optimum flow configuration for drier conditions (no air humidifica-
tion, fuel humidification at 10°C lower than the inlet coolant temperature). The strategies tested included
co- and counter-flow strategies for the three fluid streams: air, fuel, and coolant. In this case, the cell was
operated with a 15°C temperature differential from inlet to outlet in the coolant stream. Operation with
fuel counter-flow to air and coolant achieved the most stable performance and the lowest cell resistance.
Figure 7 shows a lifetime test run under these conditions, with no degradation observed. The other configu-
rations tested resulted in a steady decrease in cell voltage and the accompanying increase in cell resistance,
indicating the effect was due to membrane drying, resulting in proton conductivity loss.

3.3. High humidification

While insufficient humidification can introduce problems for durability and reliability, excess humidifica-
tion can also cause many potential problems. Excess humidification may result from several scenarios.
During transient operation, rapid electrical load changes may be demanded of the fuel cell. The change in
operating conditions may lag behind that of the load and the conditions can become temporarily non-
optimized. This situation may cause flooding or drying conditions to exist in the stack. Stack and system
design must be carefully optimized to ensure uniform temperatures throughout the stack. Any local
regions of lower temperature have the potential to cause associated water condensation and/or pooling.
The use of reformed fuel is generally associated with a large fuel water content which in some cases may
result in greater than 100% saturation upon being cooled to stack temperature if the moisture is not 
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adequately removed prior to entering the stack. A more fundamental problem with the fuel cell is the pro-
duction of water as the gases are consumed, resulting in the tendency for product water to accumulate in
the back half of the cell. In most applications, the fuels are run with low gas flows to minimize parasitic
losses, which may be inadequate to completely vaporize and/or entrain all of the water produced, although
various strategies exist to reduce oversaturation [12,13].

Excess water content, if not properly managed, can result in reactant diffusion blockages, particularly on
the cathode, causing an increase in mass transport losses. Excess water can also increase flow-sharing issues,
which becomes particularly significant when running under low flows. A further effect of excess water is the
increase in contaminants that may be leached out of system/stack components, and the increased opportun-
ities to transfer these to the cell. This has resulting degradation effects, such as a reduction in hydrophobicity
in the cell, which further exacerbates the effects of increased water content [2]. Other contamination effects
may include loss of membrane conductivity, loss of active catalyst sites, and increased mass transport losses.

Many of the strategies for mitigation of excess water are similar to those used to reduce the impact of dry-
ing conditions. The product and humidification water must be properly distributed throughout the cell and
between cells. Strategies which can be used include reactant flow strategies (such as counter-flow design
discussed previously), flowfield and plate design, and membrane–electride assembly (MEA) design [14].

One example of MEA design to mitigate the product water accumulation is the use of a non-uniform 
in-plane electrode structure to improve water retention in the drier inlet regions, and enhance water removal
in the wetter outlet regions [2,14,15]. This strategy minimizes both dry and flooded regions. This may be
achieved through a localized increase in electrode gas diffusion layer (GDL) substrate porosity in areas
where water accumulates, such as the oxidant outlet. Figure 8 shows one example of electrode design and
performance improvements achieved at high current densities [14,15]. In this case, the GDL contains
added perforations, with increased density of perforations in the wetter outlet region. The performance is
equivalent in the low current density region, but shows a significant improvement to conventional GDL
design in the region of greater than 1 A/cm2, which is typically limited by mass transport losses.

A particular case where water management is of high importance is that of DMFCs. Although the cath-
ode reactions in a DMFC are the same as that of hydrogen based fuel cells, the fuel consists of a methanol
and water mixture, usually introduced into the anode in the liquid phase. DMFCs do not suffer from issues
with dry regions due to the liquid fuel, but are particularly prone to cathode flooding. A significant portion
of the liquid water in the fuel stream will ultimately cross over to the cathode. This results in increased
cathode mass transport losses due to the difficulty of the reactants to diffuse through water vapour and/or
liquid present which must be removed by the cathode gas stream.

As a result of liquid fuel feed, DMFCs require different water management strategies than hydrogen-
based PEFCs. One strategy that can be used to recover performance loss is load cycling. When operating
under constant load, the cells tend to suffer high performance degradation due to an increase in gas diffu-
sion limitations as water builds up on the cathode. This can be seen in the polarization curves of Fig. 9. A
cell operating for only 16 h under constant current load has lost significant performance at high current dens-
ities, indicative of mass transport losses due to gas diffusion limitations. Quantification of this increased
loss can be accomplished through testing of the cell in the high current density region on each of two dif-
ferent oxidants, air and a mixture, termed “helox,” consisting of 21% oxygen and 79% helium. The voltage
response as a function of current density and oxidant used provides information on gas diffusion limited
performance, with an increasing gap at high current densities indicating increased losses [2,16]. The change
in gas diffusion limited performance of a DMFC run continuously for only 16 h is compared in Fig. 10
against one run under load cycling for almost 2000 h. These cells suffered a change in gas diffusion limited
performance of �370% and �35%, respectively, an order of magnitude improvement in degradation. The
load cycling strategy used in this case consists of removing the load from the cell for 30 s during every
30 min operational period. As can be observed given the results in Fig. 10, this has proven to be very effect-
ive in maintaining low degradation rates. In Fig. 11, a DMFC lifetime plot at 0.2 A/cm2, during which the
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load cycling strategy was used, is presented. The lifetime performance was very good for this type of fuel
cell, with a degradation rate of only 13 �V/h for almost 2000 h with no failures. It is important to note that
many DMFC applications can also achieve these low degradation rates simply due to the dynamic nature of
load conditions, including on–off cycles.

3.4. Low temperature

A wide range of operating temperatures is required for fuel cells, depending on the application. For auto-
motive applications, this may include sub-zero operation upon start-up in freezing temperatures [17].
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Regardless of the start-up requirements, the stack and system will likely be required to withstand many
freeze–thaw cycles. Possible low temperature effects can include: reduced material degradation rates;
increased contamination effects, e.g. carbon monoxide, which is generally present in reformed fuel, is
adsorbed much more strongly at lower temperatures [18]; lower performance due to increased kinetic,
ohmic, and reactant transport losses; and increased importance of water management. Water management
is particularly important for sub-zero operation, as water blocking channels may freeze, resulting in partial
or complete reactant starvation in some cells.

One mitigation strategy that can be used for operation when sub-zero temperatures are expected, is
purging of flow channels. This is an effective technique to clear the channels of water prior to freezing
[19]. Figure 12 shows the performance of a cell after each of 55 freeze–thaw cycles, with operation and pur-
ging during each cycle. No significant performance loss is observed at 0.5 A/cm2, and at 1.0 A/cm2 a loss of
only 0.2 mV/cycle is observed. This is consistent with data reported in [20], in which no degradation was
observed when the cell was cooled to �78°C, and with that reported in [21], in which three freeze–thaw
cycles to �10°C were completed with no observable degradation.

3.5. High temperature

Operation of the fuel cell at increased temperature has several advantages. Higher temperatures result in
reduced cooling requirements, which is particularly important for automotive applications in which engine
size can be limited by radiator capacity [22]. Higher temperatures are preferred for co-generation of heat
and electricity, which is particularly advantageous for residential applications. Contaminants tend to
adhere less strongly to the catalyst and other fuel cell components as the temperature is increased. For
example, carbon monoxide present in reformed fuel has less poisoning effect at higher temperatures.
However, the disadvantages can include: increased material degradation rates and associated contaminant
levels; and, a reduction in membrane and ionomer moisture content for a given set of operational condi-
tions [23]. The last effect can result in loss of performance due to decreased proton conductivity and
increased membrane degradation leading to holes and/or thin spots.

The use of reformed fuel provides an example of a localized high temperature effect that has the poten-
tial to reduce lifetime of the fuel cell. The use of a small stream of air bleed into the fuel is often used to
recover the CO induced anode catalyst poisoning by oxidizing the CO to CO2 [24]. However, the presence
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of this air bleed can result in localized hot spots generally close to the fuel flow channel inlet area, depend-
ing on the cell design. Failure analysis of the problem region is important to detect any link between the fail-
ure and specific features of the flow channel design [25]. The use of modeling techniques can be further
used to determine the most likely contributing factors, such as coolant channel location, plate conductivity,
air and coolant channel locations, interactions with MEA design, etc. In this way, the cell can be designed
to prevent the occurrence of hot spots and extend the lifetime of the fuel cell under these conditions.

An example of the improvement achievable using this approach is represented in Fig. 13. In this case, the
application was the Ballard 250 kW Natural Gas Power plant. In an early design, the cells began to fail very
early for this type of application; at 5000 h for MEA type 1 and in less than 2000 h for MEA type 2. In this
case, the MEA type 2 was the preferred design in all other respects. Thus, the strategy mentioned above of
failure analysis and modeling was accomplished to highlight key contributors to the early failures. Sub-
sequent redesign and testing resulted in very significant improvements to durability, particularly with the
target MEA type 2. In laboratory simulation trials, a short stack (17-cells) operated for over 13 000 h with-
out failure, with an average cell degradation rate of only 0.5 �V/h, as presented in Fig. 14. In a field trial
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under dynamic operation, the full power plant operated for 7400 h, to the end of the field trials, with no
MEA failures.

4. CONCLUSIONS

An overview of the effect of various operational conditions on the durability of the fuel cell was presented.
Lifetime can be extended both through control of these conditions, within application and system abilities,
and through optimized design to reduce the impact of these conditions. Fundamental understanding of
failure mechanisms and development of mitigating technology is facilitated by directed lifetime and fail-
ure testing throughout the technology development cycle. Various lifetime plots were presented showing
very stable performance. Although DMFC is at an earlier stage of development, significant progress has
been made in achieving good durability, and it is a prime candidate for niche markets with moderate life-
time requirements.
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Chapter 24

Materials for hydrogen storage

Andreas Züttel

Abstract

Hydrogen storage is a materials science challenge because, for all six storage methods currently being
investigated, materials with either a strong interaction with hydrogen or without any reaction are
needed. Besides conventional storage methods, i.e. high-pressure gas cylinders and liquid hydrogen,
the physisorption of hydrogen on materials with a high specific surface area, hydrogen intercalation
in metals and complex hydrides, and storage of hydrogen based on metals and water are reviewed.

Article Outline

1. Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 517
2. Storing hydrogen as a gas  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 518

2.1. High-pressure gas cylinders  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 519
3. Liquid-hydrogen storage  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 520
4. Physisorption of hydrogen  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 521
5. Metal hydrides  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 524
6. Complex hydrides  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 527
7. Storage via chemical reactions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 528
8. Conclusion  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 528
Acknowledgments  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 529
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 529

1. INTRODUCTION

The goal is to pack hydrogen as close as possible, i.e. to reach the highest volumetric density by using as lit-
tle additional material as possible. Hydrogen storage implies the reduction of an enormous volume of hydro-
gen gas. At ambient temperature and atmospheric pressure, 1 kg of the gas has a volume of 11 m3. To increase
hydrogen density, work must either be applied to compress the gas, the temperature decreased below the crit-
ical temperature, or the repulsion reduced by the interaction of hydrogen with another material.

The second important criterion for a hydrogen storage system is the reversibility of uptake and release.
Materials that interact with hydrogen, therefore, as well as inert materials, are important. The reversibility
criterion excludes all covalent hydrogen–carbon compounds because hydrogen is only released if they are
heated to temperatures above 800°C, or if the carbon is oxidized. Basically, six methods of reversible hydro-
gen storage with a high volumetric and gravimetric density are known today, listed in Table 1. This article
reviews the various hydrogen storage methods and illustrates their advantages and the material challenges.
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2. STORING HYDROGEN AS A GAS

Three isotopes of hydrogen are known, hydrogen or protium (H), deuterium (D), and the unstable tritium
(T). All the isotopes of hydrogen form covalent molecules like H2, D2, and T2, respectively, because of the
single electron in the atom. Hydrogen has an ambivalent behavior toward other elements, occurring as an
anion (H�) or cation (H�) in ionic compounds, forming covalent bonds, e.g. with carbon, or even behav-
ing like a metal to form alloys or intermetallic compounds at ambient temperature.

The phase diagram of the hydrogen molecule H2 is shown in Fig. 1. At low temperatures, hydrogen is a
solid with a density of 70.6 kg m�3 at �262°C, and a gas at higher temperatures with a density of
0.089886 kg m�3 at 0°C and a pressure of 1 bar. Hydrogen is a liquid in a small zone between the triple
and critical points with a density of 70.8 kg m�3 at �253°C. At ambient temperature (298.15 K), hydrogen
gas is described by the Van der Waals equation

(1)

where p is the gas pressure, V the volume, T the absolute temperature, n the number of moles, R the gas
constant, a the dipole interaction or repulsion constant, and b the volume occupied by the hydrogen mol-
ecules [1]. The strong repulsive interaction between hydrogen is responsible for the low critical tempera-
ture (Tc � 33 K) of the gas.

p V
nRT

V nb
a

n

V
( ) �

�
−

2

2
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Table 1. The six basic hydrogen storage methods and phenomena. The gravimetric density Rm, the volumetric
density Rv, the working temperature T, and pressure p are listed. RT stands for room temperature (25°C)

Rm Rv T p
Storage method (Mass%) (kg H2 m�3) (°C) (Bar) Phenomena and remarks

High-pressure gas cylinders 13 �40 RT 800 Compressed gas (molecular H2) in light
weight composite cylinders (tensile
strength of the material is 2000 MPa)

Liquid hydrogen in cryogenic Size 70.8 �252 1 Liquid-hydrogen (molecular H2) 
tanks dependent continuousloss of a few % per day of

hydrogen at RT

Adsorbed hydrogen �2 20 �80 100 Physisorption (molecular H2) on 
materials, e.g. carbon with a very large 
specific surface area, fully reversible

Absorbed on interstitial �2 150 RT 1 Hydrogen (atomic H) intercalation in 
sites in a host metal host metals, metallic hydrides working

at RT are fully reversible

Complex compounds �18 150 �100 1 Complex compounds ([AlH4]
� or

[BH4]
�), desorption at elevated 

temperature, adsorption at high 
pressures

Metals and complexes �40 �150 RT 1 Chemical oxidation of metals with water 
together with water and liberation of hydrogen, not directly

reversible?
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2.1. High-pressure gas cylinders

The most common storage system is high-pressure gas cylinders, which are operated at a maximum pres-
sure of 20 MPa. The wall thickness of a cylinder capped with two hemispheres is given by the following
equation:

(2)

where dw is the wall thickness, do the outer diameter of the cylinder, �p the overpressure, and �V the ten-
sile strength of the material. The tensile strength of materials varies from 50 MPa for Al to more than
1100 MPa for high quality steel. Other materials like B have a tensile strength of up to 2410 MPa and a
density of only 2370 kg m�3. New lightweight composite cylinders have been developed that are able to
withstand pressures up to 80 MPa, so that hydrogen can reach a volumetric density of 36 kg m�3, approx-
imately half as much as in its liquid form at normal boiling point. The ideal material for a high-pressure
cylinder has a very high-tensile strength (not necessarily isotropic), a low density, and does not react with
hydrogen or allow hydrogen to diffuse into it. Most pressure cylinders to date have used austenitic stain-
less steel (e.g. AISI 316 and 304 and AISI 316L and 304L above 300°C to avoid carbon grain-boundary
segregation [2]), Cu, or Al alloys, which are largely immune to hydrogen effects at ambient temperatures.
Figure 2 shows the volumetric density of hydrogen inside the cylinder and the ratio of the wall thickness
to the outer diameter of the pressure cylinder for stainless steel with a tensile strength of 460 MPa. The vol-
umetric density increases with pressure and reaches a maximum above 1000 bar, depending on the tensile
strength of the material. However, the gravimetric density decreases with increasing pressure, and the
maximum gravimetric density is found for zero overpressure! Therefore, the increase in volumetric 
storage density is sacrificed with the reduction in the gravimetric density in pressurized gas systems.

The safety of pressurized cylinders is a concern, especially in highly populated regions. It is envisaged that
future pressure vessels will consist of three layers: an inner polymer liner over-wrapped with a carbon-fiber
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composite (which is the stress-bearing component) and an outer layer of an aramid-material capable of
withstanding mechanical and corrosion damage. Industry has set itself a target of a 110 kg, 70 MPa cylin-
der with a gravimetric storage density of 6 mass% and a volumetric storage density of 30 kg m�3.

Hydrogen can be compressed using standard, piston-type mechanical compressors. The theoretical
work for the isothermal compression of hydrogen is given by the equation:

(3)

where R is the gas constant, T the absolute temperature, p and p0 the end pressure and the starting pressure,
respectively. The error of the work calculated with Eq. (3) in the pressure range of 0.1–100 MPa is less
than 6%. The isothermal compression of hydrogen from 0.1 to 80 MPa therefore consumes 2.21 kWh kg�1.
In a real process, the work consumption is significantly higher because compression is not isothermal.
Compression ratios of greater than 20:1 are possible [3] with final pressures �100 MPa.

The relatively low hydrogen density together with the very high gas pressures in the system are impor-
tant drawbacks of this technically simple and, on the laboratory scale, well-established high-pressure stor-
age method.

3. LIQUID-HYDROGEN STORAGE

Liquid hydrogen is stored in cryogenic tanks at 21.2 K at ambient pressure. Because of the low critical
temperature of hydrogen (33 K), the liquid form can only be stored in open systems, as there is no liquid
phase existent above the critical temperature. The pressure in a closed storage system at room temperature
(RT) could increase to �104 bar.

The simplest liquefaction cycle is the Joule–Thompson cycle (Linde cycle). The gas is first compressed and
then cooled in a heat exchanger, before it passes through a throttle valve where it undergoes an isenthalpic
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Joule–Thomson expansion, producing some liquid. The cooled gas is separated from the liquid and returned
to the compressor via the heat exchanger [4]. The Joule–Thompson cycle works for gases, such as nitrogen,
with an inversion temperature above RT. Hydrogen, however, warms upon expansion at RT. For hydrogen to
cool upon expansion, its temperature must be below its inversion temperature of 202 K. Hydrogen is usually
precooled using liquid nitrogen (78 K), therefore, before the first expansion step occurs. The free enthalpy
change [5] between gaseous hydrogen at 300 K and liquid hydrogen at 20 K is 11640 kJ kg�1. The necessary
theoretical energy (work) to liquefy hydrogen from RT is Wth � 3.23 kWh kg�1, the technical work [6] is
about 15.2 kWh kg�1, almost half of the lower heating value of hydrogen combustion.

The boil-off rate of hydrogen from a liquid storage vessel because of heat leaks is a function of its size,
shape, and thermal insulation. Since boil-off losses as a result of heat leaks are proportional to the surface-
to-volume ratio, the evaporation rate diminishes as the storage tank size increases. For double-walled, 
vacuum-insulated spherical dewars, boil-off losses are typically 0.4% per day for those with a storage vol-
ume of 50 m3, 0.2% for 100 m3 tanks, and 0.06% for 20 000 m3 tanks.

The large amount of energy necessary for liquefaction and the continuous boil-off of hydrogen limit the
possible use of liquid-hydrogen storage systems to applications where the cost of hydrogen is not an issue
and the gas is consumed in a short time, e.g. air and space applications.

4. PHYSISORPTION OF HYDROGEN

Resonant fluctuations in charge distributions, which are called dispersive or van der Waals interactions, are
the origin of the physisorption of gas molecules onto the surface of a solid. In this process, a gas molecule
interacts with several atoms at the surface of a solid. The interaction is composed of two terms: an attrac-
tive term, which diminishes with the distance between the molecule and the surface to the power of –6, and
a repulsive term, which diminishes with distance to the power of �12. The potential energy of the mole-
cule, therefore, shows a minimum at a distance of approximately one molecular radius of the adsorbate.
The energy minimum [7] is of the order of 0.01–0.1 eV (1–10 kJ mol�1). Because of the weak interaction,
significant physisorption is only observed at low temperatures (�273 K).

Once a monolayer of adsorbate molecules is formed, gaseous molecules interact with the surface of the
liquid or solid adsorbate. The binding energy of the second layer of adsorbate molecules is, therefore, sim-
ilar to the latent heat of sublimation or vaporization of the adsorbate. Consequently, a single monolayer is
adsorbed at a temperature equal to or greater than the boiling point of the adsorbate at a given pressure [8].
To estimate the quantity of adsorbate in the monolayer, the density of the liquid adsorbate and the volume
of the molecule is required. If the liquid is assumed to consist of a close-packed, face-centered cubic struc-
ture, the minimum surface area, Sml, for 1 mole of adsorbate in a monolayer on a substrate can be calculated
from the density of the liquid, �liq, and the molecular mass of the adsorbate, Mads:

(4)

where NA is the Avogadro constant. The monolayer surface area for hydrogen is Sml(H2) �
85 917 m2mol�1. The amount of adsorbate, mads, on a substrate material with specific surface area, Sspec,
is given by mads � MadsSspec/Sml. In the case of carbon as the substrate and hydrogen as the adsorbate, the
maximum specific surface area of carbon is Sspec � 1315 m2g�1 (single-sided graphene sheet) and the
maximum amount of adsorbed hydrogen is mads � 3.0 mass%. From this approximation, we may con-
clude that the amount of adsorbed hydrogen is proportional to the specific surface area of the adsorbent
with mads/Sspec � 2.27 � 10�3 mass% m�2g, and can only be observed at very low temperatures.
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Materials with a large specific surface area like activated or nanostructured carbon and carbon nano-
tubes (CNTs) are possible substrates for physisorption. The main difference between CNTs and high sur-
face area graphite (HSAG) is the curvature of the graphene sheets and the cavity inside the tube. In
microporous solids with capillaries, which have a width of less than a few molecular diameters, the poten-
tial fields from opposite walls overlap so that the attractive force acting upon adsorbate molecules is
increased compared with that on a flat carbon surface [9]. This phenomenon is the main motivation for the
investigation of the hydrogen–CNT interaction.

Most work on the theoretical absorption of hydrogen in carbon nanostructures uses the Feynman (semi-
classical) effective potential approximation to calculate the adsorption potential [10] or the grand canoni-
cal Monte Carlo simulation [11,12]. The adsorption potential is 9 kJ mol�1 (0.093 eV) for hydrogen
molecules inside (13,0) zigzag CNTs with a diameter of 1.018 nm at 50 K – about 25% higher than the flat
surface of graphite. The amount of absorbed hydrogen depends on the surface area of the sample, the max-
imum is 0.6 mass% (at p � 6 MPa, T � 300 K). The investigation of hydrogen absorption inside CNTs has
shown that it is energetically more favorable for hydrogen atoms to recombine and form molecules, [13].
Molecular dynamics simulations of hydrogen atom implantation [14] with an energy of 20 eV through the
sidewalls of a (5,5) single-walled carbon nanotube (SWNT) consisting of 150 atoms and a diameter of
0.683 nm has been performed. The hydrogen atoms recombine to form molecules inside the tube and
arrange themselves in a concentric pattern. The hydrogen pressure inside the SWNT increases with the
number of injected atoms and reaches 35 GPa for 90 atoms (5 mass%). This simulation does not show con-
densation of hydrogen inside the nanotube. The critical temperature [15] of hydrogen is 33.25 K. If we
assume that hydrogen behaves in a similar way to nitrogen [16], it should only form one monolayer of liq-
uid at the carbon surface at temperatures above its boiling point. Geometrical considerations of CNTs lead
to the specific surface area and to the maximum amount of condensed hydrogen in a surface monolayer.
Figure 3 shows the maximum amount of hydrogen in mass% for the physisorption of hydrogen on CNTs [17].
The theoretical maximum amount of adsorbed hydrogen is 3.0 mass% for SWNTs with a specific surface
area of 1315 m2g�1 at a temperature of 77 K.
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A large variety of different nanostructured carbon samples have been investigated using a high-pressure
microbalance [18,19] at 77 K, electrochemical galvanostatic measurements at RT [20–23], and volumetric
(mass flow) gas-phase measurements at 77 K. From adsorption–desorption experiments, it is evident that
reversible physisorption takes place with all samples. The amount of adsorbed hydrogen correlates with
the specific surface area of the sample (Fig. 3). The electrochemical hydrogen absorption is reversible. The
maximum discharge capacity measured at 298 K is 2 mass% with a very small discharge current. A few
electrochemical measurements are shown in Fig. 3 compared with calculated values. It is remarkable that
measurements of hydrogen uptake in the gas phase at 77 K have the same value as electrochemical meas-
urements at 298 K.

To summarize, the reversible hydrogen sorption process is based on physisorption. The amount of adsorbed
hydrogen is proportional to the surface area of the nanostructured carbon sample. The amount of adsorbed
hydrogen from the gas phase at 77 K and electrochemically at RT is 1.5 � 10�3 mass% m�2g. Together with
the maximum specific surface area of carbon (1315 m2g�1), the maximum measured absorption capacity of
the nanostructured material is 2 mass%. The experimental results are in good agreement with theoretical esti-
mations if we take into account that the measurements were carried out at a temperature of 77 K. This is still
far above the critical temperature of hydrogen, which means that the monolayer of hydrogen is not complete.
There is no evidence that the geometric structure of nanostructured carbon influences the amount of adsorbed
hydrogen. It is obvious that the curvature of nanotubes influences the adsorption energy, but not the amount of
absorbed hydrogen. All attempts to open nanotubes and absorb hydrogen inside do not show any increased
absorption. Theoretical studies beyond the well-known physisorption routes lead to various maximum hydro-
gen absorption capacities. Most of the experiments were performed under special conditions, e.g. at zero K or
high-energy hydrogen atom implantation. No evidence has been found for a higher density of hydrogen in and
on carbon nanostructures compared with liquid hydrogen at ambient conditions.

Besides carbon nanostructures, other nanoporous materials have been investigated for hydrogen absorp-
tion. Zeolites of different pore architecture and composition, e.g. A, X, and Y, have been analyzed [24] in
the temperature range 293–573 K and at pressures of 2.5–10 MPa. In this work, hydrogen was absorbed at
the desired temperature and pressure. Samples were cooled to RT and then evacuated. Hydrogen release
upon heating of the samples to the absorption temperature was measured. The amount of hydrogen
absorbed increased with temperature and absorption pressure. The maximum amount of desorbed hydro-
gen was found to be 0.08 mass% for a sample loaded at a temperature of 573 K and a pressure of 10 MPa.
This behavior indicates that absorption is caused by a chemical reaction rather than physisorption. At liq-
uid nitrogen temperatures (77 K), zeolites physisorb hydrogen in proportion to the specific surface area of
the material. A maximum of 1.8 mass% of adsorbed hydrogen was found [25] for a zeolite (NaY) with a
specific surface area of 725 m2g�1. The low-temperature physisorption (type I isotherm) of hydrogen in
zeolites is in good agreement with the model for nanostructured carbon. The desorption isotherm follows
the same path as adsorption [25], indicating that no pore condensation is occurring.

Recently, a microporous metal-organic framework of the composition Zn4O (1,4-benzenedicarbox-
ylate)3 was proposed as a hydrogen storage material [26]. The material was shown to absorb hydrogen at
a temperature of 298 K in proportion to the applied pressure. The slope of the linear relationship between
the gravimetric hydrogen density and the hydrogen pressure was found to be 0.05 mass% bar�1. No satu-
ration of the hydrogen absorption was found, which is very unlikely for any kind of hydrogen absorption
process. At 77 K, the amount of adsorbed hydrogen was 3.7 mass% at very low hydrogen pressures and
showed an almost linear increase with pressure. This behavior is not a type I isotherm, as the authors
claim, and the results should be taken with care.

The big advantages of physisorption for hydrogen storage are the low operating pressure, the relatively
low cost of the materials involved, and the simple design of the storage system. The rather small gravimet-
ric and volumetric hydrogen density on carbon, together with the low temperatures necessary, are 
significant drawbacks.
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5. METAL HYDRIDES

Hydrogen reacts at elevated temperatures with many transition metals and their alloys to form hydrides.
The electropositive elements are the most reactive, i.e. Sc, Yt, lanthanides, actinides, and members of the
Ti and Va groups. The binary hydrides of the transition metals are predominantly metallic in character and
are usually referred to as metallic hydrides. They are good conductors, have a metallic or graphite-like
appearance, and can often be wetted by Hg.

Many of these compounds (MHn) show large deviations from ideal stoichiometry (n � 1, 2, 3) and can
exist as multiphase systems. The lattice structure is that of a typical metal with hydrogen atoms on the
interstitial sites, and for this reason they are also called interstitial hydrides. This type of structure is lim-
ited to the compositions MH, MH2, and MH3, with the hydrogen atoms fitting into octahedral or tetrahe-
dral holes in the metal lattice, or a combination of the two. The hydrogen carries a partial negative charge,
depending on the metal, but an exception [27] is PdH0.7. Pt and Ru are able to adsorb considerable quan-
tities of hydrogen, which becomes activated. These two elements, together with Pd and Ni, are extremely
good hydrogenation catalysts, although they do not form hydrides [28].

Especially interesting are the metallic hydrides of intermetallic compounds, in the simplest case the 
ternary system ABxHn, because the variation of the elements allows the properties of these hydrides to be
tailored. Element A is usually a rare earth or an alkaline earth metal and tends to form a stable hydride.
Element B is often a transition metal and forms only unstable hydrides. Some well-defined ratios of B:A,
where x � 0.5, 1, 2, 5, have been found to form hydrides with a hydrogen/metal ratio of up to 2.

The reaction of hydrogen gas with a metal is called the absorption process and can be described in terms
of a simplified one-dimensional potential energy curve [29] (Fig. 4). The hydrogen atoms contribute their
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rated by the dissociation energy (H2 → 2H, ED � 435.99 kJ mol�1). The first attractive interaction of the hydro-
gen molecule approaching the metal surface is the Van der Waals force leading to the physisorbed state (EPhys �
10 kJ mol�1) approximately one hydrogen molecule radius (�0.2 nm) from the metal surface. Closer to the sur-
face, the hydrogen has to overcome an activation barrier for dissociation and formation of the hydrogen metal
bond. The height of the activation barrier depends on the surface elements involved. Hydrogen atoms sharing
their electron with the metal atoms at the surface are then in the chemisorbed state (EChem � 50 kJ mol�1 H2).
The chemisorbed hydrogen atoms may have a high surface mobility, interact with each other, and form surface
phases at sufficiently high coverage. In the next step, the chemisorbed hydrogen atom can jump in the subsur-
face layer and finally diffuse on the interstitial sites through the host metal lattice
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electron to the band structure of the metal. At a small hydrogen/metal ratio (H/M � 0.1), the hydrogen is
exothermically dissolved in the metal (solid-solution, �-phase). The metal lattice expands proportional to
the hydrogen concentration by approximately 2–3 Å3 per hydrogen atom [30].

At greater hydrogen concentrations in the host metal (H/M � 0.1), a strong hydrogen–hydrogen interac-
tion becomes important because of the lattice expansion, and the hydride phase (�-phase) nucleates and
grows. The hydrogen concentration in the hydride phase is often found to be H/M � 1. The volume expan-
sion between the coexisting � and �-phases corresponds, in many cases, to 10–20% of the metal lattice. At
the phase boundary, therefore, a large stress builds up and often leads to a decrepitation of brittle host metals
such as intermetallic compounds. The final hydride is a powder with a typical particle size of 10–100 �m.

The thermodynamic aspects of hydride formation from gaseous hydrogen are described by pressure–
composition isotherms (Fig. 5). When solid solution and hydride phases coexist, there is a plateau in the
isotherms, the length of which determines the amount of hydrogen stored. In the pure �-phase, the hydro-
gen pressure rises steeply with the concentration. The two-phase region ends in a critical point, Tc, above
which the transition from the �- to �-phase is continuous. The equilibrium pressure, peq, is related to the
changes �H and �S in enthalpy and entropy, respectively, as a function of temperature by the Van’t Hoff
equation

(5)

As the entropy change corresponds mostly to the change from molecular hydrogen gas to dissolved solid
hydrogen, it is approximately the standard entropy of hydrogen (S0 � 130 J K�1mol�1) and is, therefore,
�Sf � �130 J K�1mol�1 H2 for all metal–hydrogen systems. The enthalpy term characterizes the stability
of the metal–hydrogen bond. To reach an equilibrium pressure of 1 bar at 300 K, �H should amount to
39.2 kJ mol�1 H2. The entropy of formation term for metal hydrides leads to a significant heat evolution
�Q � T �S (exothermal reaction) during hydrogen absorption. The same heat has to be provided to the
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metal hydride to desorb the hydrogen (endothermal reaction). If the hydrogen desorbs below RT, this heat
can be delivered by the environment. However, if the desorption is carried out above RT, the necessary
heat has to be delivered from an external source, such as the combustion of hydrogen. For a stable hydride
like MgH2, the heat necessary for the desorption of hydrogen at 300°C and 1 bar is �25% of the higher
heating value of hydrogen.

Several empirical models allow the estimation of the stability and concentration of hydrogen in an inter-
metallic hydride. The maximum amount of hydrogen in the hydride phase is given by the number of inter-
stitial sites in the intermetallic compound [31,32]. As a general rule, it can be stated that all elements with
an electronegativity in the range of 1.35–1.82 do not form stable hydrides (hydride gap) [33]. Here, the sta-
bility of a hydrogen atom on an interstitial site is the weighted average of the stability of the correspond-
ing binary hydrides of the neighboring metallic atoms [34]. More general is the Miedema model: the more
stable an intermetallic compound is the less stable the corresponding hydride and vice versa [35].

These semiempirical models allow estimation of the stability of binary hydrides as long as rigid band
theory can be applied. However, the interaction of hydrogen with the electronic structure of the host metal
is often more complicated. In many cases, the crystal structure of the host metal and, therefore, the elec-
tronic structure change upon the phase transition and the theoretical calculation of the stability of the
hydride becomes very complex, if not impossible. The stability of metal hydrides is usually presented in
the form of Van’t Hoff plots according to Eq. (5) (Fig. 6). The most stable binary hydrides have enthalpies
of formation of �Hf � �226 kJ mol�1 H2, e.g. HoH2. The least stable hydrides are FeH0.5, NiH0.5, 
and MoH0.5 with enthalpies of formation of �Hf � �20 kJ mol�1 H2, �Hf � �20 kJ mol�1 H2, and
�Hf � �92 kJ mol�1 H2, respectively [36].

Metal hydrides, because of this phase transition, can absorb large amounts of hydrogen at a constant pres-
sure, i.e. the pressure does not increase with the amount of hydrogen absorbed. The characteristics of hydro-
gen absorption and desorption can be tailored by partial substitution of the constituent elements in the 
host lattice. Some metal hydrides absorb and desorb hydrogen at ambient temperature and close to atmos-
pheric pressure. Several families of intermetallic compounds listed in Table 2 are interesting for hydrogen
storage. They all consist of an element with a high affinity to hydrogen, element A, and a low affinity one,
element B. The latter is often at least partially Ni, since it is an excellent catalyst for hydrogen dissociation.
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One of the most interesting features of metallic hydrides is the extremely high volumetric density of
hydrogen atoms present in the host lattice. The highest volumetric hydrogen density reported to date is
150 kg m�3 in Mg2FeH6 and Al(BH4)3. Both hydrides belong to the complex hydrides family (see below).
Metallic hydrides can reach a volumetric hydrogen density of 115 kg m�3, e.g. LaNi5. Most metallic
hydrides absorb hydrogen up to a hydrogen/metal ratio of H/M � 2. Greater ratios up to H/M � 4.5, e.g.
for BaReH9, have been found [37]. However, all hydrides with a hydrogen to metal ratio of more than 2
are ionic or covalent compounds and belong to the complex hydrides group.

Metal hydrides are very effective at storing large amounts of hydrogen in a safe and compact way. All
the reversible hydrides working around ambient temperature and atmospheric pressure consist of transi-
tion metals; therefore, the gravimetric hydrogen density is limited to less than 3 mass%. It remains a chal-
lenge to explore the properties of the lightweight metal hydrides.

6. COMPLEX HYDRIDES

Group 1, 2, and 3 light metals, e.g. Li, Mg, B, and Al, give rise to a large variety of metal-hydrogen complexes.
They are especially interesting because of their lightweight and the number of hydrogen atoms per metal atom,
which is 2 in many cases. The main difference between the complex and metallic hydrides is the transition to
an ionic or covalent compound upon hydrogen absorption. The hydrogen in the complex hydrides is often
located in the corners of a tetrahedron with B or Al in the center. The negative charge of the anion, [BH4]

� and
[AlH4]

�, is compensated by a cation, e.g. Li or Na. The hydride complexes of borane, the tetrahydroborates
M(BH4), and the tetrahydroaluminates M(AlH4) are interesting storage materials. They are known to be 
stable and decompose only at elevated temperatures, often above the melting point of the complex.

In 1996, Bogdanovic and Schwickardi [38] showed, for the first time, adsorption and desorption pressure–
concentration isotherms for catalyzed NaAlH4 at temperatures of 180°C and 210°C. The isotherms, which
have a nearly horizontal pressure plateau, do not show hysteresis. Furthermore, the catalyzed system
reversibly absorbs and desorbs hydrogen of up to 4.2 mass%. The mechanism of the two-step reaction was
also described. A more detailed study of NaAlH4 with an improved catalyst has been conducted more
recently [39]. A desorption hydrogen pressure of 2 bar at 60°C was found and the enthalpy for the disso-
ciation reaction was determined to be 37 and 47 kJ mol�1 for the first and second dissociation steps of 
Ti-doped NaAlH4, respectively, according to the reactions

Na AlH NaH Al 3/2H wt%H)3 6 2→ 3 3 0� � ( .

3 2 3 7NaAlH Na AlH Al 3H wt%H)4 3 6 2→ + � ( .
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Table 2. The most important families of hydride-forming intermetallic compounds, includ-
ing the prototype and the structure. Element A has a high affinity to hydrogen and element
B has a low affinity to hydrogen

Intermetallic compound Prototype Structure

AB5 LaNi5 Haucke phases, hexagonal
AB2 ZrV2, ZrMn2, TiMn2 Laves phase, hexagonal or cubic
AB3 CeNi3, YFe3 Hexagonal, PuNi3-typ
A2B7 Y2Ni7, Th2Fe7 Hexagonal, Ce2Ni7-typ
A6B23 Y6Fe23 Cubic, Th6Mn23-typ
AB TiFe, ZrNi Cubic, CsCl-or CrB-typ
A2B Mg2Ni, Ti2Ni Cubic, MoSi2-or Ti2Ni-typ
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The equilibrium hydrogen pressure at RT, therefore, is approximately 1 bar. Furthermore, the reaction
is reversible, a complete conversion to product was achieved at 270°C under 175 bar hydrogen pressure in
2–3 h [40].

The compound with the highest gravimetric hydrogen density at RT known today is LiBH4 (18 mass%).
This complex hydride could, therefore, be the ideal hydrogen storage material for mobile applications.
LiBH4 desorbs three of the four hydrogens in the compound upon melting at 280°C and decomposes into
LiH and B. The desorption process can be catalyzed by adding SiO2 and significant thermal desorption has
been observed [41], starting at 100°C. The stability of metal tetrahydroborides has been discussed in rela-
tion to their percentage ionic character, and those compounds with less ionic character than diborane are
expected to be highly unstable [42]. Steric effects have also been suggested to be important in some com-
pounds [43,44]. The special feature exhibited by covalent metal hydroborides is that the hydroboride
group is bonded to the metal atom by bridging hydrogen atoms, similar to the bonding in diborane, which
may be regarded as the simplest of the so-called ‘electron-deficient’ molecules. Such molecules possess
fewer electrons than apparently required to fill all the bonding orbitals, based on the criterion that a nor-
mal bonding orbital involving two atoms contains two electrons. The molecular orbital bonding scheme
for diborane has been discussed [44].

Complex hydrides open a new field of hydrogen storage materials. While the alanates have been inves-
tigated extensively during the last 6 years, there is a whole field of new compounds ready to be explored.
The borides are especially interesting because of their very high gravimetric and volumetric hydrogen den-
sity.

7. STORAGE VIA CHEMICAL REACTIONS

Hydrogen can be generated by reacting metals and chemical compounds with water. The common exper-
iment, seen in many chemistry classes, where a piece of Na floating on water produces hydrogen, demon-
strates the process.

The Na transforms to NaOH in this reaction. The reaction is not directly reversible, but NaOH can be
removed and reduced in a solar furnace back to metallic Na. Two Na atoms react with two H2O molecules
and produce one hydrogen molecule. The hydrogen molecule produces a H2O molecule in combustion,
which can be recycled to generate more hydrogen gas. However, the second H2O molecule necessary for the
oxidation of the two Na atoms has to be added. Therefore, Na has a gravimetric hydrogen density of 3
mass%. The same process carried out with Li leads to a gravimetric hydrogen density of 6.3 mass%. The
major challenge of this storage method is reversibility and control of the thermal reduction process in order
to produce the metal in a solar furnace. The process has been successfully demonstrated with Zn [45].

8. CONCLUSION

The materials science challenge of hydrogen storage is to understand the interaction of hydrogen with
other elements better, especially metals. Complex compounds like Al(BH4)3 have to be investigated and
new compounds of lightweight metals and hydrogen will be discovered. Hydrogen production, storage,
and conversion has reached a technological level, although plenty of improvements and new discoveries
are still possible.

Six different hydrogen storage methods have been described here. Alongside well-established, high-
pressure cylinders for laboratory applications and liquid-hydrogen storage methods for air and space
applications, metal hydrides and complex hydrides offer a safe and efficient way to store hydrogen.
Further research and technical development will lead to higher volumetric and gravimetric hydrogen den-
sity. The best materials known today show a volumetric storage density of 150 kg m�3, which can still be
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improved by approximately 50% according to theoretical estimations. Figure 7 shows the volumetric versus
gravimetric hydrogen density for the various materials reviewed in this article.
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Chapter 25

Fuel economy of hydrogen fuel cell vehicles

Rajesh K. Ahluwalia, X. Wang, A. Rousseau and R. Kumar

Abstract

On the basis of on-road energy consumption, fuel economy (FE) of hydrogen fuel cell (FC) light-
duty vehicles is projected to be 2.5–2.7 times the FE of the conventional gasoline internal combus-
tion engine vehicles (ICEV) on the same platforms. Even with a less efficient but higher power
density 0.6 V per cell than the base case 0.7 V per cell at the rated power point, the hydrogen FC
vehicles are projected to offer essentially the same FE multiplier. The key to obtaining high FE as
measured on standardized urban and highway drive schedules lies in maintaining high efficiency 
of the FC system at low loads. To achieve this, besides a high-performance FC stack, low parasitic
losses in the air management system (i.e., turndown and part load efficiencies of the compressor–
expander module) are critical.
© 2004 Elsevier B.V. All rights reserved.
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1. INTRODUCTION

Almost all of the major automobile manufacturers around the world are actively engaged in developing pro-
totype fuel cell (FC) vehicles to meet the future transportation needs of people in developed and developing
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countries. Hydrogen-fueled fuel cell vehicles (H2-FCVs) are also an essential component of the hydrogen
economy – a vision of clean, sustainable energy for future generations. For developed countries, such FCVs
hold the promise of greatly reduced urban pollution and decreased dependence on imported petroleum. 
For developing countries, H2-FCVs also offer an attractive alternative to vastly increasing their petroleum
imports, refining, and distribution infrastructure. Underlying these projected benefits is the higher efficiency
of FC systems compared to conventional gasoline-fueled internal combustion engines (ICEs). In this paper,
we present and discuss the results of an analytical study to examine the potential for fuel economy gains 
by FCVs over the conventional gasoline-fueled passenger cars. Such analyses also help to determine the
amounts of hydrogen such vehicles will need to carry onboard to achieve the desired driving range between
refuelings.

We quantify the potential gain in fuel economy (FE) in terms of a multiplier which is defined as the ratio
of the miles per gallon gasoline equivalent (mpgge) achieved by the hydrogen FCV on standardized drive
schedules to the miles per gallon gasoline achieved by the reference gasoline internal combustion engine
vehicle (ICEV) on the same drive cycles. In calculating the multiplier, hydrogen is converted into an
equivalent amount of gasoline that has the same lower heating value. According to this conversion, 1 kg of
hydrogen is approximately equivalent to 1 US gallon of gasoline in heating value.

Several well-to-wheel studies have also evaluated the FE of H2-FCVs relative to their conventional gaso-
line ICEV counterparts. Two of these studies are particularly noteworthy because of the extremes in the
methodologies employed. The MIT study [1] broadly defines the performance of the FC system by a simple
tabulation of the integrated efficiency as a function of the fraction of peak power and makes gross assump-
tions for the specific power of the FC propulsion system. Other components of the propulsion system and
the vehicle power demand were simulated in much greater detail. For a typical US mid-size family sedan,
the MIT study estimated the FE of future H2-FCVs to be 3.5–3.8 times that of the reference 2001 gasoline
ICEV. The future H2-FCV platform in this study was lighter, more aerodynamic, and had lower rolling
resistance coefficient and a smaller frontal area than the reference ICEV. With the ICE and FC systems on
the same vehicle platforms and with projected advancements in the ICE technology, the study estimated
the FE of the future FC vehicle to be 2.2–2.4 times that of the future (2020) gasoline ICE vehicle.

The GM study [2] modeled the complete vehicle architecture and designed the components to meet
specified performance requirements such as 0–60 mph acceleration time, passing maneuvers, top speed
and gradeability. The baseline vehicle selected for this study was the Chevrolet Silverado full-size pickup
truck. Details of the FC system are considered proprietary but the performance was stated to be a projec-
tion of experimental data obtained in GM’s laboratories. The study conducted a statistical analysis to pro-
vide the best estimate and a measure of the uncertainty around the best estimate. At the 50% likelihood
point, the GM study estimated the FE of the H2-FCVs to be 2.1 times that of the ICEV for year 2005 and
beyond.

2. FUEL CELL SYSTEM

Pressurized and ambient pressure polymer electrolyte fuel cell (PEFC) systems are being developed for
automotive propulsion and other applications. Pressurization permits FC operation at a higher temperature
(e.g., 80°C for 3 atm versus 60–70°C for 1 atm), which eases thermal management, improves cell per-
formance, thereby decreasing the required cell active area (hence, volume, weight, and cost), and facilitates
water recovery. The scope of the present study is limited to pressurized hydrogen-fueled automotive PEFC
systems of the type shown schematically in Fig. 1.

It is assumed in this study that the FC system operates at 2.5 atm (absolute) at the rated power point; the
operating pressure decreases at partial loads according to the performance map of the compressor–expander
module (CEM). At the rated power point, the average cell voltage is 0.7 V, and the nominal operating 
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temperature of the FC stack is 80°C. At part load, the cell voltage is higher than 0.7 V and it may not be
possible to maintain the stack at 80°C. The hydrogen and the air fed to the FC stack are humidified to a
relative humidity of 90% at the stack’s operating temperature.

The FC power system shown in Fig. 1 may be described in terms of three circuits – one each for the hydro-
gen, air, and process water. In addition, a coolant circuit is used for thermal management in the system.

Hydrogen from the source (e.g., a compressed gas cylinder) is humidified by using process water and
heat from the coolant circuit. The humidified hydrogen is fed to the FC stack; the excess is recirculated to
avoid any stagnant zones.

Ambient air is compressed, humidified, and fed to the FC stack at a rate nominally twice that needed for
the electrochemical oxidation of the hydrogen to achieve 50% oxygen utilization. During deceleration and
at low loads, it may not be feasible to rapidly decrease the air flow rate to achieve 50% oxygen utilization.
Exhaust air from the FC stack is cooled in a condenser to recover process water, and then expanded
through the turbine to provide some of the compression energy.

Process water is pumped from the tank to the hydrogen and air humidifiers. Inertial separators at the
exits from the stack, condenser, and expander recover water from the air stream and return it to the process
water tank.

The coolant, which may be water or other fluid, removes waste heat from the FC stack and provides the
heat to vaporize water at the gas humidifiers. Excess waste heat is rejected to the ambient air at the
radiator–condenser. Although not shown in Fig. 1, the coolant circuit can also provide heat to the passen-
ger cabin, as is done in today’s vehicles.

Alternative FC system configurations may also be considered, but they are not discussed in this paper.

3. PERFORMANCE OF FUEL CELL SYSTEM

The performance of the hydrogen FC system shown in Fig. 1 was analyzed with GCtool [3], a systems design
and analysis software package developed at Argonne National Laboratory. Although the comprehensive
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Fig. 1. Schematic diagram of a hydrogen-fueled, PEFC system for automotive applications
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analysis considers heat, mass, and energy flows into and out of each component, only the aspects pertaining
to energy efficiency are discussed below.

3.1. Air management system

Developers are pursuing different options for delivery of compressed air to the cathode side of the FC stack.
These include a twin-screw compressor, centrifugal compressor and expander on a common shaft, and 
a toroidal intersecting vane machine [4]. Results presented in this work are based on the projected perform-
ance shown in Fig. 2 for a turbo CEM being developed by Honeywell [5]. This module uses a mixed axial and
radial flow compressor matched to, and on a common shaft with, an expander with variable inlet nozzle vanes.
Because of relatively small flow, less than 200 g/s for a 160 kW FC system, the shaft spins at speeds exceed-
ing 90 000 rpm at the design point. The shaft is supported on air bearings that require a minimum speed of
about 36 000 rpm to maintain the air cushion. The module is equipped with a high-speed AC induction motor
and a motor controller that also includes a DC/AC inverter so that the module can be directly run by the DC
power generated by the PEFC stack. Over the operating range, the motor has an efficiency of about 91% and
the motor controller has an efficiency of about 92%. At the design point, the compressor delivers air at 2.5 atm
and the compressor and expander have isentropic efficiencies of about 80% and 78%, respectively. With a
20.4 kPa (�3 psi) pressure drop between the compressor and expander, i.e., across the air heater–humidifier,
PEFC stack, and the condenser, the module for a 160 kW FC system requires a mechanical power of 7.7 kW
at the shaft and a DC power input of 9.1 kW to the motor controller. At part load, the isentropic efficiency of
the compressor decreases only gradually from 80% at design point to 72% at one-fourth of the rated flow; the
efficiency drops off rapidly as the flow is further reduced towards idling conditions. The expander efficiency
behaves similarly. Even though the compressor and expander efficiencies decrease at part load, the net power
consumed by the CEM per unit of air flow is actually lower than at rated power because of the drop-off in the
compressor discharge pressure.
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3.2. PEFC stack

Figure 3 shows the polarization curves used in this study. The curves are based on a correlation of cell volt-
age as a function of current density, temperature, and oxygen partial pressure. The experimental data under-
lying the correlation may be somewhat dated but show the proper trend with respect to the independent
variables. Consistent with the reported performances of GM2001 [6] and Ballard stacks [7], PEFC system
weights and volumes were estimated by using the published stack power density and specific weight and
adjusting them for the design-point cell voltage. For example, the GM2001 stack with 640 cells was stated
to have a power density of 1.75 kW/l and specific power of 1.25 kW/kg. Within the simulation model, the
current density abscissa in Fig. 3 is renormalized to match the assumed power density at the design point.

3.3. PEFC system performance

Table 1 shows the steady-state performance attributes of three representative stand-alone FC systems. The
air management system for FCS-1 includes both a compressor and an expander and the design-point cell
voltage is 0.7 V. It has an overall efficiency of 50.6% (based on the lower heating value of hydrogen) at
rated power and 61.6% at 25% of rated power.

FCS-2 is similar to FCS-1 except that it does not have an expander. As a result, the compressor in FCS-2
requires an electric motor that is nearly three times the rated capacity of the motor in FCS-1. The FCS-2
has an overall efficiency of 47.0% at rated power and 61.5% at quarter power.

FCS-3 differs from FCS-1 in that the cell voltage at rated power is 0.6 V. FCS-3 has on overall efficiency
of only 43.2% at rated power and 60.1% at quarter power.

Also included in Table 1 are the specific powers of the three FC systems. The specific power of FCS-2
is about 10% lower than that of FCS-1 primarily because the stack has to generate additional power to
compensate for the power produced by the expander in FCS-1. Because of lower efficiency, the balance of
plant is also somewhat larger. The specific power of FCS-3 is about 10% higher than that of FCS-1. The
stack for FCS-3 has higher power density because it is sized for a lower cell voltage, but the balance-of-
plant is larger due to the lower overall system efficiency at rated power.
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The maximum allowable turndown of the CEM is also an important parameter that affects the system effi-
ciency at part load as well as oxygen utilization and water balance. This limiting turndown is determined by
the minimum idle speed defined as the shaft rpm at which the air management system can provide sufficient
cathode air to enable the FCS to generate the power needed by the CEM. This definition is appropriate for 
a stand-alone FCS in which all FCS accessory loads are provided by the stack. In general, the idle speed may
be determined by the power input to the motor controller and by the design of the CEM. For example, in the
Honeywell design the air bearings require a minimum speed of 36 000 rpm to support the shaft. Our simula-
tions for the high-speed CEM indicate that with an expander in the system, the idle speed can be as low as
42 500 rpm and the corresponding maximum turndown as high as 20. Without an expander, the minimum
idle speed may be as high as 51 500 rpm corresponding to a maximum turndown as low as 5.

Figure 4 illustrates the effect of CEM turndown on dynamic efficiency of FCS-1, the system with an
expander, along a simulated urban drive cycle. Simulation results are presented for two variations of FCS-1,
one with the theoretically achievable maximum turndown of 20 and the other with a maximum turndown of 5.
Differences in efficiencies for the two simulations are clearly evident at low loads. Whereas both give effi-
ciencies in excess of 60% on the urban drive cycle, the peak efficiency can be greater than 70% at low loads
for the system with a maximum turndown of 20. However, the scatter in efficiency is also wider at the max-
imum turndown of 20. This scatter is largely due to acceleration demands that are made with the shaft rpm
near the idle speed. At these instances, the CEM motor controller draws large power from PEFC stack to
ramp up the shaft speed and increase the cathode flow to meet the surge in demand. The power consumed by
the motor is a parasitic loss and contributes to lowering of dynamic efficiency. The frequency and magnitude
of the shaft acceleration events are greater at 42 500 rpm idle speed (maximum turndown of 20) than at
51 500 rpm idle speed (maximum turndown of 5). During the acceleration events, the dynamic system effi-
ciency is lower than the steady-state efficiency. Conversely, the dynamic efficiency can be greater than the
steady-state efficiency during the deceleration events because some of the CEM parasitic power can be 
supplied by the inertial power stored in the shaft, compressor, expander, and motor.

For an urban drive cycle, Fig. 5 compares the dynamic efficiencies of FCS-1, the system with an expander,
and FCS-2, the system without an expander. In these simulations, FCS-1 is assumed to have the maximum
turndown achievable with an expander (20) and FCS-2 the maximum turndown achievable without an
expander (5). The differences in efficiencies at high loads are due to the additional power generated by the
expander in FCS-1. At low loads, where the parasitic power consumed by the CEM as a fraction of the
power produced by the FCS is small, the differences in efficiencies are due to the larger turndown available
with the expander in FCS-1. FCS-1 shows a wide scatter in dynamic efficiency at low loads (10–30 kW)
whereas FCS-2 exhibits only minor fluctuations. At higher loads (35–60 kW), efficiency fluctuations are
damped in FCS-1 but amplified in FCS-2. In general, efficiency fluctuations appear in a narrow band of
power demand starting at P/N, where P is the rated power and N the CEM turndown. More importantly, for
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Table 1. Attributes of scalable 160 kW FC systems

FCS-1 FCS-2 FCS-3

Air management system With expander Without expander With expander
Design point cell voltage (V) 0.7 0.7 0.6
CEM motor power (kW) 7.7 22.3 9.0

FCS efficiency
Rated power (%) 50.6 47.0 43.2
50% power (%) 58.3 57.5 55.5
25% power (%) 61.6 61.5 60.1

Specific power (W/kg) 360 320 400
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power demand less than P/N, the oxygen utilization is much lower than the design value of 50% and water
recovery becomes an issue.

4. PERFORMANCE OF FUEL CELL VEHICLES

The performance of the hydrogen FCVs was modeled by integrating GCtool with the PSAT vehicle simu-
lation software [8], also developed at Argonne. For this study, we analyzed three US vehicle platforms: the
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compact Chevrolet Cavalier, the mid-size Ford Taurus, and the sport utility vehicle (SUV) Ford Explorer.
We simulated the performance of each vehicle with a gasoline ICE and an H2-FC power plant. Each vehi-
cle was simulated over the US Federal Urban Driving Schedule (FUDS) (Fig. 6) and the Federal Highway
Driving Schedule (FHDS) (Fig. 7). We then determined the FUDS, FHDS, and combined (a weighted 
harmonic mean of the two) FEs for each vehicle/power train combination.

Table 2 provides values for the major vehicle parameters that affect the FE, including mass, drag coefficient,
frontal area, and coefficient of rolling friction. The values for the hydrogen platform are based on FCS-1,
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the FC system with an expander and PEFC stack at a design-point cell voltage of 0.7 V. For each vehicle,
the test mass of the hydrogen version is greater than that of the gasoline version to account for the lower fuel
storage energy density and FC system power density. Table 2 also shows the gasoline engine power (mechan-
ical) and the net FC system power (electrical) needed to provide similar drivability characteristics for the
FC version of the vehicle. Other vehicle parameters are the same for the two versions of each vehicle.

The modeled electric drivetrain for the FC vehicles consists of a permanent magnet AC traction motor
followed by a one-speed transmission and a final drive. The efficiency and torque map of the traction motor
includes a DC/AC inverter that is scaled from the data obtained in our laboratory. The electric motor–inverter
has a combined peak efficiency of 94%. The one-speed transmission is assigned a constant efficiency of
97% and the final drive a constant efficiency of 93%. It is assumed that the traction motor–inverter is directly
connected to the PEFC stack without an intermediate DC/DC converter.

4.1. Fuel economy

Table 3 lists the FE results from base case simulations (i.e., using the FCS-1 FC system configuration) of
the six vehicle cases discussed above. The table shows the miles per gallon of gasoline (mpg) or gasoline
equivalent (mpgge, based on the lower heating value (LHV) of the fuel) for the different vehicles, power
trains, and driving schedules. The US Environmental Protection Agency (EPA) fuel economy ratings for
the three conventional gasoline-fueled vehicles are also listed in Table 3 for comparison. In general, there
is good agreement between the simulated combined cycle mpg and the values obtained by EPA for the
conventional vehicles. The small differences arise from factors such as the engine performance maps in
PSAT not being identical to the actual engine performance in the vehicles tested by EPA. The listed FEs
have separate correction factors for FUDS and FHDS applied to the calculated values to reflect real-world
driving experiences. EPA applies the same correction factors to the FEs of conventional vehicles measured
on test tracks; we have assumed that they are applicable to FC vehicles as well.

Table 3 also shows the FE multiplier for the H2-FCVs versus the ICEVs for the combined urban and
highway driving simulations. The multiplier is 2.7 for the compact Cavalier and mid-size Taurus and 2.5
for the SUV. For all three vehicle platforms, the multiplier is higher over FUDS (e.g., 2.6 for SUV) than
over FHDS (e.g., 2.3 for SUV). The FHDS to FUDS (FUDS has a lower average speed and power demand
than FHDS.) mpgge ratio is higher for ICEVs (e.g., 1.3 for SUV) than for the H2-FCVs (e.g., 1.1 for SUV).
This result simply reinforces our understanding that whereas the efficiency of an ICE decreases at part
load that of the H2 FCS generally increases at part load.

We also examined the sensitivity of these results to variations in several FC and vehicle design and oper-
ating parameters. For the FC system, these included the FC polarization curves, the design point cell voltage,
and the configuration of and the parasitic losses in the CEM. Vehicle parameters investigated included vehicle
mass, drag coefficient, and the coefficient of rolling friction.

Table 2. Values of key vehicle simulation parameters used in the analyses

Cavalier Taurus Explorer

Parameter ICE H2-FC ICE H2-FC ICE H2-FC

Mass (kg) 1.214 1.400 1.693 1.850 2.055 2.320
Drag coefficient 0.38 0.32 0.41
Frontal area (m2) 1.8 2.2 2.46
Coefficient of rolling friction 0.009 0.009 0.0084
Engine power (kW) 86 90 116 120 160 160
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4.2. Effects of fuel cell system parameters

The base case analyses discussed above employed reference cell polarization curves based on a published
correlation of FC stack data. We also examined the influence of a more aggressive polarization curve (i.e.,
a higher-performing FC) derived from recent laboratory data on small test cells (see Fig. 3). In the more
aggressive polarization curve, the cell voltage at a given current density is less sensitive to system pres-
sure. Table 4 indicates that the FE multiplier for the SUV platform improves by about 6% with the more
aggressive polarization curve.

We have also analyzed the effect of selecting a design point cell voltage of 0.6 V (FCS-3) rather than the
0.7 V (FCS-1) used in the base case. At the lower cell voltage, the cell-level power density (in terms of
W/cm2) is almost 40% higher than at 0.7 V per cell. This makes for a smaller, less expensive stack because
of the decreased FC active area, but lowers the design point system efficiency. The results are summarized
in Table 4, which shows that use of FCS-3 instead of FCS-1 in the SUV platform results in less than 2%
decrease in the FE multiplier. Even though FCS-3 is almost 15% less efficient than FCS-1 at the rated
power point, the system efficiency is only slightly lower at partial loads. The vehicles’ FE is determined
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Table 3. Calculated FEs of conventional (ICE) and FC (H2-FC) vehicles

Cavalier Taurus Explorer

Parameter ICE H2-FC ICE H2-FC ICE H2-FC

Fuel economy (mpgge)
FUDS 25 73 20 58 18 47
FHDS 32 75 29 69 23 54
Combined 27.6 73.8 23.2 62.4 19.8 49.7

H2-FC/ICE (mpgge) 2.7 2.7 2.5

EPA fuel economy combined (mpgge) 26.0 23.7 18.4

Table 4. Effect of FC system parameters on FE of SUV

FCS Cell voltage at CEM maximum FUDS FHDS Combined FC/ICE Change in
configuration rated power (V) turndown (mpgge) (mpgge) (mpgge) (mpgge) FE (%)

Base case
FCS-1 0.7 20 46.1 53.0 49.0 2.5 0

More aggressive polarization curve
FCS-1 0.7 20 49.0 56.1 52.0 2.6 6.1

Effect of cell voltage at rated power
FCS-3 0.6 20 45.5 52.3 48.3 2.4 �1.4

Effect of removing expander
FCS-2 0.7 5 41.6 50.4 45.1 2.3 �7.9

Effect of maximum turndown of CEM
FCS-1 0.7 15 45.7 53.0 48.7 2.5 �0.6
FCS-1 0.7 7 44.2 52.1 47.4 2.4 �3.2
FCS-1 0.7 3 40.6 49.8 44.3 2.2 �9.7
FCS-1 0.7 2.5 38.6 48.4 42.5 2.1 �13.3
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over the FUDS and FHDS, however, which do not require the full rated power at any time during the driv-
ing schedules. As shown earlier in Table 1, the difference in efficiencies of FCS-1 and FCS-3 is less than
2% (61.6% versus 60.1%) at 25% of rated power. Consequently, the FE multiplier for the H2-FCV versus
the ICEV decreases very little if the design point cell voltage is 0.6 rather 0.7 V.

The power consumed by CEM represents the largest parasitic loss in the FC system. The FE multiplier
can be degraded if the compressor is not as efficient at part load as implied in Fig. 2, does not have the
expander, does not have the necessary turndown, or operates as a positive displacement device, and deliv-
ers air at constant or high pressure at part load.

We have evaluated the change in FE with removal of the expander, i.e., by using FCS-2 rather than FCS-1
as the FC system configuration for the SUV. Table 4 shows that the effect of removing the expander is to
decrease the FE multiplier by about 4% even though FCS-2 is almost 7% less efficient than FCS-1 at the
rated power point.

We have also analyzed how the FE of the H2-FCVs is affected by the maximum turndown of the CEM
by varying the minimum “idling” air flow rate and CEM power consumption. Table 4 shows that the FE
multiplier decreases by less than 1% if the maximum turndown is 15 rather than the theoretically available
value of 20, by about 3% if the maximum turndown is 7, by about 10% at the maximum turndown of 3 and
by about 13% at maximum turndown of 2.5.

4.3. Effects of improved H2-FCV parameters

We have investigated the potential for further improvements in the fuel economies of the two smaller 
vehicles – the Cavalier and the Taurus – by considering versions of these two vehicles with reduced mass
(same as for the ICE version); lower drag coefficient, by improving the vehicles’ aerodynamics; and
decreased coefficients of rolling friction, by using, for example, advanced tires. The modified parameters,
and the resulting FEs, are summarized in Table 5. These results show that significant further increases in
FE are possible if these vehicle improvements can be achieved.

The FE multipliers listed in the last row of Table 5 are relative to the conventional ICE vehicles. Of
course, with the improved vehicle parameters, the ICEVs’ FE would also be improved. In the present dis-
cussion, however, we are assessing the potential for improvement in vehicle FE using advanced technolo-
gies as compared to current gasoline ICE technology. Thus, the potential improvements in FE offered by
lighter, more aerodynamic, and lower-rolling-friction gasoline ICEVs are not discussed.

Table 5. Increase in FE of Cavalier and Taurus with improved vehicle parameters

Cavalier Taurus

Parameter H2-FCV H2-FCV (improved) H2-FCV H2-FCV (improved)

Mass (kg) 1400 1214 1850 1693
Drag coefficient 0.38 0.26 0.32 0.26
Frontal area (m2) 1.8 1.8 2.2 2.2
Coefficient of rolling friction 0.009 0.006 0.009 0.006
“Engine” power (kW) 90 90 120 120

Fuel economy (mpgge)
FUDS 73 83 58 62
FHDS 75 101 69 84
Combined 73.8 90.0 62.4 70.4

H2-FCV/ICEV (mpgge) 2.7 3.3 2.7 3.0
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4.4. Onboard hydrogen storage requirements to yield 320-mile range

A significant issue for hydrogen-fueled vehicles is the amount of hydrogen that must be stored onboard to
provide the desired range between refuelings. For the US passenger car market, a minimum driving range
of 320 miles is considered essential for customer acceptance. The FEs discussed above are useful for
determining the amounts of hydrogen needed for the three vehicles. The corresponding “fuel tank”
weights and volumes may be determined by using the characteristics of the specific fuel tank designs or
approaches, such as compressed hydrogen, liquefied hydrogen, physical or chemical hydrides, or other
hydrogen-storage matrix materials (such as various forms of carbon or complex hydrides).

Table 6 lists the characteristics of representative, current-technology compressed hydrogen storage
tanks. We used the energy density (kWh/l) and specific energy (kWh/kg) of the hydrogen stored in the
tanks listed in Table 6 as a guide to estimate the volume and weight of compressed hydrogen tanks sized
for the H2-FCVs (Cavalier, Taurus, and Explorer), as shown in Table 7. With the improved vehicle param-
eters (i.e., lower mass, drag coefficient, and coefficient of rolling friction), correspondingly less hydrogen
would be needed onboard the vehicles to yield the same driving range between refuelings.

5. CONCLUSIONS

● For equal LHV energy content of the fuel, the H2-fueled fuel cell vehicles offer potential mpgge fuel
economy multipliers of 2.7, 2.7, and 2.5 for a compact, mid-size, and sport utility vehicle, respectively.
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Table 6. Parameters for compressed hydrogen storage tanks for automotive 
applications (specifications from quantum [9])

Specification

Parameter Tank 1 Tank 2 Tank 3 Tank 4

Storage pressure (psia) 5000 10 000 5000 10 000
Amount of hydrogen stored (kg) 3 3 7 7

Tank system
Volume (l) 145 100 320 220
Weight (kg) 45 50 90 100

Tank system
Energy density (kWh/l) 0.69 1.00 0.73 1.06
Specific energy (kWh/kg) 2.20 2.00 2.60 2.30

Table 7. Hydrogen storage system requirements and parameters for the H2-FC Cavalier, Taurus, and
Explorer to obtain a 320-mile driving range between refuelings

Cavalier Taurus Explorer

H2-FC/ICE (mpgge) 2.7 2.7 2.5
Recoverable H2 needed (kg) 4.3 5.1 6.5

Fuel tank
Pressure (psia) 5000 10 000 5000 10 000 5000 10 000
Volume (l) 205 150 240 165 295 200
Weight (kg) 60 75 75 80 80 95
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● For a non-hybrid vehicle, the potential improvement in fuel economy over standard urban and high-
way drive schedules degrades only slightly if the design-point cell voltage is lowered from 0.7 to
0.6 V. Thus, there is little incentive in selecting a higher cell voltage at the rated power point given that
the size and cost of the fuel cell stack, likely the most expensive component in the fuel cell system,
increase non-linearly with increasing cell voltage.

● The power consumed by the air management system represents the largest parasitic loss in the fuel
cell system. To preserve the benefit of the enhanced efficiency of the fuel cell stack at part load, it is
important to select an air management system capable of achieving a reasonable turndown and oper-
ating at reduced pressures at part load where the CEM component efficiencies are generally lower.

● The compact, mid-size, and sport utility fuel-cell vehicles analyzed in this work will need 4.3, 5.1,
and 6.4 kg, respectively, of recoverable H2 stored onboard to achieve a 320-mile driving range between
refuelings (based on the combined fuel economy over the US Federal Urban and Highway Driving
Schedules).

● Further gains in the vehicles’ fuel economies are possible if their mass, drag coefficient, and/or the
coefficient of rolling friction can be reduced.
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Chapter 26

PEMFC systems: the need for high temperature 
polymers as a consequence of PEMFC water 
and heat management

Ronald K.A.M. Mallant

Abstract

The proton exchange membrane fuel cell (PEMFC) is usually operated at elevated pressure, requir-
ing the use of a compressor. Also the operating temperature is low, generally below 80°C. For many
applications, a somewhat higher operating temperature would be preferable. This paper describes
the reasons for pressurised operation at, or close to, 80°C in terms of water and heat management
issues. It is concluded that a new type of proton conducting material is highly desirable, having
many of the good Nafion properties, but based on a proton conduction mechanism that does not
require the presence of large amounts of water in the electrolyte.

Keywords: PEMFC; Water management; Heat management; Compressor
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1. INTRODUCTION

It is quite common to operate proton exchange membrane fuel cell (PEMFC) systems at pressures of 2–3 bar
(a) and at or below 80°C. Pressurised operation requires that the system includes a compressor, possibly an
intercooler and an expander to reclaim part of the energy that was required for compression. A typical air
management system is given in Fig. 1. The relevant components are

● a compressor or blower;
● the humidifier, which may be integrated with the cooling circuit;
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● the stack (cathode);
● a water separator;
● a pressure release device (backpressure controller or expander);
● a cooling circuit: pump, buffer and heat exchanger.

In case of pressurisation above about 1.6 bar an air cooler is required. Cooling of the inlet air can also
be done by injection of water into the compressor; this option is however not considered here.

For many systems, the use of a compressor is not a viable option. In particular, this is the case for small
systems. These systems require low airflows, for which efficient compressors are not available. Also noise
and wear may not be acceptable. Such systems are operated close to atmospheric pressure. In this case, the
operating temperature will be limited to 60–65°C. This may or may not be acceptable, depending on the
application. Some applications however, would benefit from a higher operating temperature in order to
make use of the waste heat or to reduce heat rejection problems. This paper addresses why PEMFC sys-
tems have difficulty in being operated at both a low pressure and high (�70°C) temperature.

2. THEORY

Application of Faraday’s law yields the relation between the current I and the dry air feed (g/s) [1]:

(1)

where I is the current produced (A), n the number of electrons involved in the reaction (in this case, n � 2),
e is elementary charge (1.6022E � 19 Coulomb), N the Avogadro’s constant (6.022045E � 23/mol), lair

is the air stoichiometry (the inverse of the oxygen utilisation), x the fraction of oxygen in air (0.20946) and
Mair the molar mass of air (28.964 g/mol).

For the remainder, all calculations are based on the general gas law

and the associated equations
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to calculate the partial pressure for each component in a gas mixture and

for calculations on gas mixtures, in which the weighted harmonic mean M of the individual molecular
weights Mi of the gases present in masses mi in the gas mixture is calculated using

The calculation of pmax,H2O(T), the maximal water vapour pressure as function of temperature, was done
using a polynomial approximation of water vapour pressure data taken from [1].

3. EXPERIMENTAL

To assess the effect of pressure and temperature on cell performance, a 7 cm2 cell was operated at 1, 1.5
and 2.5 bar (a), and at temperatures of 65 and 80°C. An air stoichiometry of 2 was maintained by continu-
ously adjusting the cathode flow rate as function of current density. The MEA was made using E-Tek elec-
trodes and a membrane prepared by filling a 50 �m 85% porous substrate (Solupor) with Nafion ionomer
[2]. Both anode and cathode gases were fully humidified. Polarisation curves obtained with this cell under
various P, T conditions are given in Fig. 2.

Although the PEMFC can be operated over a wide range of the displayed curves, it should be noted that
cell efficiency is proportional to cell potential, and is in first approximation given by hcell � 0.8 Vcell (Vcell

in volts, hcell is with respect to LHV, at 100% H2 utilisation). For that reason, operation at a potential lower
than 0.6–0.7 V is hardly attractive. Power density curves are given in Fig. 3. Opting for the highest power
density is tempting in order to reduce the power specific size, weight and cost of the stack.

However, compression of air takes energy, and these losses should be accounted for. The polarisation
curves given in Fig. 2 can be corrected to account for the losses for compression. A straightforward way
to do this is to reduce the cell potential at given current I with a voltage �V, such that I�V equals the power
required for compression of the air required at that current. The amount of air depends on the operating
conditions. At an individual cell potential of 0.675 V and an air stoichiometry of 2, the air consumption of
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a 50 kW system is 150 N m3/h. The calculated compressor power as function of pressure ratio is given in
Fig. 4 ([3], based on 20°C inlet temperature and 70% compressor efficiency).

Using the calculated energy consumption for air compression, the curves of Fig. 2 were corrected, (see Fig.
5). For the 50 kW (gross power) system referred to in this paper, the compressor uses 8.6 kW, equivalent to
17% of the power produced by the fuel cell. The actual power losses will be slightly higher due to losses in 
the drive motor and power electronics. On the other hand, for large systems for which a compressor expander
can be used, the losses can be reduced. For very small systems (less than several kW), more severe losses must
be accounted for, since small air compressors are not likely to attain 70% efficiency.

Ultimately, the two parameters that are of relevance for the system developer and user are the net power
density and the system efficiency. For the system dealt with here, the efficiency is mainly determined by
cell efficiency and losses for compression. Using the approximate relation between cell potential and cell
efficiency, hcell � 0.8 Vcell, the system efficiency is given by hsystem � 0.8 Veffective. The effective cell poten-
tial can also be used to calculate the net power density. The resulting relation between net cell power dens-
ity and system efficiency is given in Fig. 6. From this, it is concluded that the net effect of pressurisation
is negligible at preferred operating conditions, that is, at current densities of less than about 0.6 A/cm2. So,
if for reasons of efficiency, high cell potential/low cell current density operation is preferred, and if no net
system power gain is achieved under such conditions, then why would one prefer pressurised operation?
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The reason is that at pressurised conditions, the water vapour pressure has less effect on water balance, gas
flow rates and gas composition. In the following, this will be shown for the air system only.

4. CONSEQUENCES OF HIGH RELATIVE HUMIDITY

The performance of the PEMFC strongly depends on the conductivity of the polymer [4], which is
strongly related to the relative humidity of the gas the cell is in contact with. The requirement of working
at saturated gas conditions may perhaps not make it impossible to operate the PEMFC at low P and rela-
tively high T, but such conditions require an adapted design of stack and system. High water vapour pres-
sures lead to strong dilution of reactants by water vapour and large heat exchange surfaces.

In terms of water management, the following occurs in the cathode line.

4.1. Humidifier

The air is humidified and heats up to stack temperature. Using saturation vapour pressure data found in lit-
erature [1], the consequences of working at 100% RH are analysed. First of all, the addition of water vapour
increases the volume of gas flowing through the system (when pressure is kept constant). Especially at high
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temperature and low pressure, the increase in gas volume is substantial (Fig. 7). The hydraulic implications
of the increase in gas volume have to be taken into consideration in the design of the fuel cell stack and the
system. The pressure drop in a tube is given by the equation

(2)

where dp is the pressure drop over length dl, �
�
the dimensionless friction factor, d the inside pipe diameter,

r the average gas density over length dl, and v the average gas velocity. The pressure drop is proportional to
the product of the gas density and the square of the gas velocity, although �� is dependent on the Reynolds
number, and therefore gas velocity as well. The effect of humidification is that due to the addition of water
vapour, the gas density decreases whereas the gas volume increases. The lower gas density results in a lower
pressure drop in pipes and bends. The increased volume however will have a much stronger effect, resulting
in an increased pressure drop. This can be compensated for by increasing the diameters of flow channels in
the fuel cell stack and system piping. This will, however, result in increased system volume and weight.

A trivial consequence of humidification is that water is consumed (Fig. 8). This will particularly
become relevant if the water that is produced in the stack is not sufficient to compensate for the water used
in the evaporator. The evaporation of water takes energy (Fig. 9). This energy can be taken from the cool-
ing circuit, in which case no extra energy is required. The waste heat of a 50 kW fuel cell stack operating
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at 0.675 V individual cell potential (the basis for these calculations) under condensing conditions is 61 kW.
Comparing this number with the values given in Fig. 9, it can be concluded that there should generally be
no problem to fulfil this heat demand.

4.2. Cathode

The addition of water vapour results in a dilution of the oxygen present in air (Fig. 10). The concentration
shown here is that at the cathode inlet. It can be concluded that working at low P, high T conditions leads
to high oxygen dilution, which decreases cell performance. Since oxygen is used in the fuel cell reaction,
the downstream part of each cell is exposed to substantially lower concentrations.

Under the conditions assumed here (50% oxygen utilisation), half of the oxygen is used by the electro-
chemical reaction taking place in the fuel cell. Since this reduces the volume of gas, some of the water
originally present in the vapour phase will condense out to form liquid water. This produces heat, which
has to be removed by the stack coolant circuit. Also, some water is produced, in addition to the water pro-
duced by the electrochemical reaction. So, in the cathode, a two-phase flow is established.

4.3. Water separator

The liquid water is separated from the cathode exit gas by a water separator. The amount of water that is
collected should match the amount needed for humidification. Fig. 11 shows the water surplus of a system
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as function of P and T. Negative numbers indicate a net water loss from the system. One way to prevent a
system from turning into a net water consumer is to cool the water separator, such that it now becomes a
condenser. This may seem unattractive since it apparently increases the amount of heat that has to be dis-
carded to the surroundings, which is very undesirable for automotive applications. Theoretically, this is
not the case however since under these conditions a large amount of heat is taken from the stack coolant
flow, to provide the heat required for evaporation of the large amount of water for humidification. So, there
is merely a shift of the heat removal problem.

4.4. Overall heat management

One can try to match heat sources and sinks, to avoid the need for external heating and to reduce the amount
of heat that has to be discarded by a radiator. Even if such matching could be done perfectly, a net cooling duty
is still necessary. This is shown in Fig. 12. At low temperatures, the water content of the cathode exit gas is
low. Little heat is removed in the form of latent heat, but as sensible heat instead. As temperature increases,
cathode exit gas humidity increases, and the net sensible heat removal from the system is reduced. At even
higher temperatures, the water separator has to be cooled in order to become a condenser, e.g. at 60°C for the
1 bar situation. For high operating pressures, the heat removal by latent heat is relatively low, since most water
is in the liquid form. In addition, a significant cooling duty is required for the inter cooler.
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5. DISCUSSION

From Fig. 12 it seems logical to conclude that working at low P and high T is most attractive. A compres-
sor is not required, and heat rejection to the surroundings is minimised. However, to make such a system
work, huge amounts of water have to be evaporated in the humidifier, requiring large amounts of heat. The
water condenser has to make up for the water used in the humidifier and therefore has to withdraw large
quantities of heat from the humid cathode exit flow. In the calculations used to produce Fig. 12, the heat
sources and sinks are coupled. This is however, not realistic at high T, low P combinations, as can be
deduced from Fig. 13. Here, the sum of the duties of the air cooler after the compressor, the humidifier, the
condenser and the external heat exchanger (e.g. car radiator) is presented. From Fig. 13, it can be concluded
that working at high T and low P will lead to huge heat duties (hence sizes) for the heat exchanging com-
ponents. In combination with the large wet gas volumes (Fig. 7), there will be a large effect on system size.

To resume the essentials of all the above, an analysis is made of six system cases, each in the range of
40–50 kW (gross) power (Table 1). The systems are operating at 65 and 80°C and 1, 1.5 and 2.5 bar based on
single-cell performances given in Table 1. It is assumed that all the systems operate at a current density of
0.6 A/cm2. This assumption implies that the systems use the same amount of reactants (H2: 30 N m3/h, air:
145 N m3/h). In the table, a new term is introduced, the “relative pressure drop factor” derived from Eq. (2):
rT,p(VT,p)

2/{r80°C,2.5bar(V80°C,2.5bar)
2}. Here, rx°C,ybar is the humid gas density at x°C/y bar, whereas Vx°C,ybar is

the wet gas volume at x°C/y bar. The reference is the 80°C/2.5 bar case. Assuming equal stack design and sys-
tem piping in all six sample cases, and neglecting the effect of the Reynolds number, the “relative pressure
drop factor” is presented as an indicator for the effects of operating conditions on pressure drops in the system.

From Table 1, it can be concluded that the most pronounced differences in the sample systems are in the
amounts of heat that have to be rearranged in the systems, and in the relative pressure drop factors. It is
also concluded that working at atmospheric pressure and temperatures of 65°C and higher is rather 
complicated. The 80°C/1 bar case is the most extreme. The high wet gas flow has significant consequences
for the pressure drop in the system. The heat required for humidification can be equal to the waste heat of
the stack, making it difficult to humidify the gases with the stack coolant water. The oxygen concentration
at the cell inlet drops to just 11%. Also, the sum of all heat exchanger duties is increasing significantly,
leading to large system dimensions.

It seems that the use of a compressor is inevitable if heat rejection to the surroundings demands for
operating temperatures of close to 80°C. For many applications, a different parameter setting would be
much more attractive though. Preferably, the temperature should be even higher. That is, close to or above
100°C. The pressure should be close to atmospheric to avoid compressors. For cars, the higher operating
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temperature helps to alleviate the problem of heat rejection to the surroundings1. For stationary applica-
tions, the benefit of a higher operating temperature would be in the more versatile use of the waste heat for
space heating and hot tap water.

This paper demonstrated the effect of maintaining 100% relative humidity conditions on operating con-
ditions. The need for operation at such high relative humidity is linked to the characteristics of Nafion and
similar proton conductors. It will be clear that as long as such polymers are used in the PEMFC, the prob-
lems of pressurised operation and heat and water management will not be solved. This will only be the
case if a new type of proton conductor is found, allowing for operation at higher temperatures and low 
relative humidity. Preferably, such a polymer should still have the good properties of Nafion-type poly-
mers: cold start capabilities, toughness and good proton conductivity.
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Table 1. Overview of essential numbers for six sample systems

65�C 80�C

1 bar 1.5 bar 2.5 bar 1 bar 1.5 bar 2.5 bar

Power at the rate of 39.6 43.5 46.3 37 43 47.4
600 mA/cm2 (kW)

Compression losses (kW) 0 2.8 6.7 0 2.8 6.7
Net power (kW) 39.6 40.7 39.6 37 40.2 40.7
Wet gas flow rate (m3/h) 241 145 80 358 184 93
Oxygen concentrationa (%) 15.7 17.5 18.9 11 14.3 17
Duty of air cooler (kW) Not required 0.3 4.3 Not required Not required 3.5
Heat requirement 25.1 15.1 8.4 66.7 34.2 17.3
humidifier (kW)

Heat production 69.8 64.9 61.4 76.8 67.4 61.2
stackb (kW)

Duty condenser (kW) 6.7 Not required Not required 44.2 15.1 Not required
Net system cooling 51.4 50.1 57.3 54.3 48.3 47.4
duty (kW)

Sum of all dutiesc (kW) 101.6 80.3 74.1 187.7 116.7 82
Relative pressure drop 16.4 3.8 0.7 41.9 6.9 1

factord

aAt cathode inlet.
b Includes heat released due to condensation of water as a result of gas volume reflection.
cSum of absolute value of duties, relevant for overall system dimensions.
drT,p(VT,p)

2/{r80°C,2.5bar(V80°C,2.5bar)
2}, Relevant for the pressure drop in the system.

1 The problem of heat rejection is evident when examining current experimental fuel cell vehicles, such as the Daimler Chrysler Necar 4, which have
radiators that are substantially larger than those found in the standard ICE powered cars.
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Chapter 27

Portable and military fuel cells

K. Cowey, K.J. Green, G.O. Mepsted and R. Reeve

Abstract

Portable power for small electronic devices is the driving force for micro fuel cell development and
many prototype systems are being reported with the majority based on direct methanol fuel cells.
Several researchers claim to have solved fuel dilution problems and are close to commercialization.
Research into micro fabrication techniques for fuel cells promises low-cost, micro-scale power
sources for the future.

Keywords: Fuel Cells; Portable Power; Military Fuel Cells; Direct Methanol Fuel Cells; Micro fuel cells;
Hydrogen storage; Hydrogen Generation; Hydrides
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1. INTRODUCTION

There is a growing demand for power systems for portable electronic equipment both in the consumer mar-
ket and for the military. The factors driving the research are fundamentally the same for both, that is power
hungry electronics and batteries unable to provide sufficient energy. Fuel cells offer greater energy density
coupled with simple and rapid recharging to give extended operation. Portable fuel cells, for this review, are
defined as ranging from micro scale for applications such as mobile phones [1] through to small portable
generators and generally are based on polymer electrolyte membrane fuel cells (PEMFCs). An additional
factor for the military arises from the requirement to have fuel available in the battle area in any part of the
world, however remote, hence their interest in reforming diesel or jet fuels as a source of hydrogen.

The portable market is often regarded as secondary after transport and stationary power, but is never-
theless significant in terms of volume of research and the potential size of the market [2–4]. Although
much smaller, the military market may well be leading the race to portable fuel cell devices and is a sig-
nificant source of funding in this area [5].

The main issue facing the portable fuel cell system developer is to produce a compact, lightweight sys-
tem that is transparent to the user in operation [6]. This means that heat dissipation, water management and
fuel supply needs to be developed to the point where the systems can perform reliably in ambient conditions
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and be sufficiently rugged (especially for the military) for every day use. All of these must be achieved in a
package of similar size and weight to the power sources they aim to replace. Cost is always an issue, but the
lithium ion batteries currently in use are expensive and the portable market has potential users such as the
military, professional camera operators [7] and even laptop PC users who may be willing to pay a premium
for improved power sources. 

2. CURRENT DEVELOPMENTS IN PEMFCs FOR PORTABLE APPLICATIONS

The PEMFC in either hydrogen gas or liquid fuelled variant, is by far the most extensively developed for
portable applications [8]. Much of the development work for portable electronics is centred on the direct
methanol fuel cell (DMFC), discussed separately below. Current PEMFCs research may be divided into
the following areas:

● Plate design
● Membranes
● Electrodes
● Gas diffusion layer

The fuel cell plate fulfils a number of functions including gas distribution across, and conduction of elec-
tricity from, the membrane electrode assembly and must be corrosion resistant in the fuel cell environment.
Development is now focussed mainly on low-cost production materials and techniques, for example, the use
of carbon-loaded thermoplastics that can be injection-moulded [9].

Membrane developments are divided into those based on Nafion polymer and those using alternative poly-
mers. Recent developments in Nafion have focussed on large-scale production of durable thin-film membranes
[10], which offer superior performance and lifetime. Other membranes receiving attention include low-cost
polymers (e.g. polyetheretherketone or PEEK) and high-temperature membranes that improve the fuel cell’s
tolerance to carbon monoxide.

Electrode fabrication has progressed significantly and currently micro fabrication methods [11,12] are
used to provide high performance and good catalyst utilization [13]. These developments have seen cata-
lyst loadings decrease from 4 to �0.3 mg/cm2 while the performance has increased. New research is
focussed on vacuum deposition (sputtering) techniques for more precisely controlling the catalyst layer,
giving high-performance from extremely low catalyst loadings (of the order of 0.01 mg/cm2) [14].

The gas diffusion layer is the electronic conductor between the fuel cell plate and the catalyst and it
serves as a porous media for the passage of reactants and water. The need for high porosity is in opposition
to the requirement for high electrical conductivity and research has focussed on optimizing the material
and its structure [15,16].

Considerable efforts are also being focussed on the development of micro-fuel cells that could poten-
tially replace battery coin cells for micro-applications [17–19]. These fuel cells are manufactured using
adapted semiconductor fabrication techniques since conventional fuel cell components cannot be scaled to
this size.

The military are leading many aspects of portable fuel cell development [20] and in the USA, the
Department of Defense continues to fund development programs. Manhattan Scientifics has supplied a 
40 cell, 700 W NovArs system to the Communications-Electronics Command (CECOM) and the US Fuel
Cell Test, and Evaluation Centre has demonstrated an electric transport device (Segway), based on the
NovArs stack that effectively doubled its range [21]. Ball Aerospace has developed 50 and 100 systems
with the US Defense Advanced Research Projects Agency funding, which utilized an H-Power fuel cell.
Researchers at the Case Western Reserve University are working on a prototype fuel cell, the size of a pen-
cil eraser that is produced by screen printing, again funded by the US military [22].
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In Europe, Intelligent Energy Ltd has supplied a portable 4 kW PEM generator for the US military and
are active in the production of small, low-power stacks (1–100 W) for portable applications. Voller Energy
Ltd, another UK-based system producer is bringing a number of fuel cell-based portable power units into
the market [23].

QinetiQ has demonstrated a battery-sized 25 W fuel cell system designed specifically to power portable
equipment worn by a soldier as part of a UK MOD research programme. Similar systems are under devel-
opment for the US DoD [24] and the French Ministère de la Defénse.

The big market is in portable civilian electronics such as mobile phones, PDAs and laptop computers.
Several companies, principally from the Far East, such as Samsung, Toshiba and Panasonic are develop-
ing portable fuel cells based on direct methanol fuel cells.

2.1. Direct methanol fuel cells

Many researchers see DMFCs as one of the best approaches to small fuel cell systems and a considerable
amount of research is being conducted in this area [25–28]. DMFC produces power directly from methanol
either as a vapor, a liquid or in solution. Liquid solutions are generally preferred due to more convenient
thermal management and effective CO2/methanol separation at the anode exhaust. At a typical working
voltage of 0.5 V, the efficiency of the DMFC is up to 41%.

A challenge for the DMFC is to achieve an acceptable power density, currently much lower than the
equivalent hydrogen fuelled PEM due to the slow reaction kinetics of the methanol oxidation. Temperatures
in excess of 60°C are necessary to raise cell performance to acceptable levels, which can be a problem for
miniature fuel cell systems.

A second factor affecting the performance of DMFC arises from the permeability of polymer membranes
to methanol that results in a reduction in fuel utilization and a depolarizing effect. Although some work has
focussed on methanol-tolerant cathode materials, their intrinsic activity is currently too low to make a signifi-
cant difference to the overall cell performance [29]. The current approach to minimizing the methanol perme-
ation rate is to limit the methanol concentration to approximately 5 wt.% despite the loss in performance. 

One approach to increasing the power density is the application of polymers that allow for higher oper-
ating temperature. In particular, acid-doped (PBI) membranes have attracted significant interest due to
their low methanol crossover characteristic [30]. Power density as high as 210 mW/cm2 at 200°C has been
demonstrated for PBI membranes operating on fairly concentrated methanol, but questions remain over
cell performance at lower temperature and with membrane stability over time.

The primary advantage of the DMFC is the high-energy storage of methanol. Assuming that the oxidant
is supplied from the atmosphere, the capacity of methanol is 5019 Ah/kg equating to an energy density of
2509 Wh/kg. In practice the use of dilute fuel solutions reduces this figure significantly, for example a
0.5 M solution equates to only 41 Wh/kg. To improve this energy density figure, in situ methanol dilution
systems, using water produced at the cathode, are being deployed. 

System control associated with water and methanol management add considerably to the complexity of
DMFC systems, particularly those being developed for portable applications [31], since the balance of
plant must include fuel/CO2 separation at the exhaust, in addition to fuel dilution [32].

There is little reported information regarding the projected life of DMFC systems but one example is
from Motorola, where a portable air-breathing stack was operated for 3000 h [33].

Development of the DMFC for the portable electronics market represents a major R&D effort with sev-
eral companies working in this area. To date, there are few commercial products and almost certainly no
large-scale manufacturing, although press releases show prototypes at an advanced state of development.
Methodologies to eliminate methanol crossover and dilution requirements are claimed but the details
remain proprietary [34]. 
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A small number of DMFC systems have been demonstrated publicly from portable electronics manu-
facturers, including Toshiba [35,36], Hitachi [37], Motorola and Fujitsu. Toshiba has recently announced
a range of DMFC-based power sources for handheld electronics, mobile phone recharging and laptop
computers. The smallest unit (8.5 g) produces 100 mW and incorporates a concentration gradient to enable
it to use neat methanol in the fuel tank. The computer fuel cell (900 g) uses a similar approach to provide
an average 12 W (max 20 W) and 11 V and will operate the computer for up to 5 h on a 50 ml cartridge.

An alternative liquid fuel cell based on borohydride solutions is receiving increased interest, although it
is still at a very early stage of development [38]. Nevertheless, alkali fuel cells of this type have favorable
performance characteristics, but progress is dependent upon the outcome of research into the elimination
of the hydrolysis side reaction at the anode.

Medis Energy has developed a proprietary direct liquid fuel cell pack called Power Pack, which uses a
sodium borohydride solution, and provides power to portable electronic equipment such as mobile phones
[39,40]. They have recently joined with General Dynamics to develop PDAs for the US military.

2.2. Hydrogen for portable systems

In very small hydrogen fuel cell systems, the storage and supply of fuel is at least as big an issue as the
fuel cell performance. Hydrogen from high-pressure cylinders or hydrides are feasible for portable gener-
ators, but are impractical for small electronic devices where the development of liquid fuelled systems
using methanol, borohydrides or even primary chemical hydrides are seen as the preferred solution [41].

Micro scale fuel processing is largely the domain of the military who want a single fuel (jet fuel) that is
readily available in war zones. Despite the difficulties of processing such fuels, a number of researchers
have reported working systems [42–46].

Advanced composite cylinders have been developed using lightweight aluminium [47] or thermoplas-
tic liners [48] that are fiber-wrapped for strength and can store up to 7.5 wt.% hydrogen albeit at pressures
of up to 700 bar. Unfortunately, compressed gas storage does not scale-down efficiently, which limits its
use in small-scale systems.

Reversible metal hydrides can absorb hydrogen into the structure and desorb it in a controlled way giv-
ing high volumetric hydrogen density at ambient temperature and modest pressure (5–20 bar, typically).
They are often used for the demonstration of portable fuel cell systems, although their weight probably
precludes their use in many applications.

Primary chemical generation offers the highest energy density fuel system with hydrogen released from
chemical hydrides by hydrolysis or by thermolysis reactions. Much of the development is being supported
by the military who wish to exceed the energy storage capability of batteries.

Hydrolysis of hydrides, such as lithium hydride or sodium borohydride with water, can produce over
8 wt.% hydrogen and has been investigated by a number of workers [49–51]. The US Army funded devel-
opment of a reactor based upon calcium hydride hydrolysis, but the prototype was unable to control the
highly exothermic reaction and tended to overheat. More recently, Millennium Cell has developed a 
liquid-phase system called “Hydrogen on Demand” [52], where sodium borohydride solution is passed
over a metal catalyst to produce hydrogen. Although initially developed for fuel cell vehicles, the approach
is now being applied to portable applications by Ballard and Samsung. Another fuel system funded by 
the US military (CECOM) is based upon the reaction of lithium aluminium hydride with ammonia, rather
than water. This reaction theoretically yields 13.2 wt.% hydrogen and workers claim to have produced
over 400 Wh of hydrogen, equivalent to 6% (by weight) [53].

Thermolysis involves the thermal decomposition of solid hydride chemicals, but the reactions are
extremely exothermic and difficult to control. QinetiQ has developed a portable system for the UK Ministry
of Defence using ammonia borane mixed with an exothermic material to give a thermally neutral reaction
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[54,55]. Discrete pellets are set off as required and has potential for over 10 wt.% of hydrogen for a com-
plete system.

3. CONCLUSIONS

Fuel cells have considerable potential to power portable and small electronic devices. Academic research
into them continues at a high level with many advances, especially in micro fuel cells. However, the com-
mercialization that was widely predicted has not yet occurred. This situation is beginning to change and it
is estimated that there are over 1700 prototype and demonstrator programs worldwide in the less than 1 kW
power range, many of which have been funded by the military. Portable fuel cell systems now show signs
that they are about to go beyond the development stage with a significant number of companies in the US,
Japan and Europe claiming to have portable fuel cells systems that will be on the market within a few years. 
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Chapter 28

Microfabricated fuel cells

J.S. Wainright, R.F. Savinell, C.C. Liu and M. Litt

Abstract

This paper reports design, materials, and testing of microfabricated fuel cells that can be applied for
small power generation. Multiple co-planar fuel cells in series have been built onto ceramic sub-
strates (as well as silicon and polymer, but not reported here) using thick-film fabrication tech-
niques. Testing of these fuel cells gave power densities in the milliwatt (per square centimeter) range
for continuous power and tens of miliwatts under pulsing conditions, and have indicated perfor-
mance limiters and opportunities for higher power densities. These fuel cells are intended to operate
on ambient-supplied air, and thus the polymer electrolytes must be capable of operating under a
range of humidity conditions. The target conductivity for these low power devices is �1 mS cm�1

at 15% RH. Although novel polymer electrolytes are being pursued at CWRU for this application,
we report here Nafion® films cast from alternate solvents that have adequate conductivity for this
application. Several on-board fuel storage approaches are being pursued. We have demonstrated
high fuel utilization by a fuel cell operating with on-board source of hydrogen from aqueous sodium
borohydride, as well from solid metal hydride systems.

Keywords: PEM; Nafion®; Micropower; Hydrogen storage; Hydride

Article Outline

1. Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 562
2. Design principles and fabrication issues  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 562

2.1. Current collectors/gas diffusion layers  . . . . . . . . . . . . . . . . . . . . . . . . . . 563
2.2. Electrolyte issues  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 564

3. Fuel cell performance  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 566
4. Hydrogen storage and generation  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 568

4.1. Hydrogen generation via decomposition of sodium borohydride solutions  . . . . . . . . 568
4.2. Hydrogen storage in metal hydrides  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 569

5. Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 571
Acknowledgments  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 572
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 572

561

Fuel Cells Compendium
© 2005 Published by Elsevier Ltd. All rights reserved.

I044696-Ch28.qxd  11/21/05  11:38 AM  Page 561



1. INTRODUCTION

Efficient small-scale power generation is critical to realizing the full benefit of many portable electronic
devices. Wireless electronic devices, e.g. micro sensors and micro electromechanical or microfluidic sys-
tems, require electrical power for operation and data transmission. The availability of on-board power with
appropriate sized power and energy capabilities, coupled with wireless data transmission, will open
numerous possibilities for self-sustaining devices for remote or difficult to access locations. The power
and energy needs for small portable devices may vary considerably depending on their design and func-
tion. Small microfabricated fuel cells open the door for energy delivery devices with independent sizing of
power and energy capacity, while having the capability to supply short pulses of peak power without sig-
nificant adverse effect on energy utilization. Finally, such fuel cells have the potential for energy densities
significantly greater than present and predicted battery technology.

Small fuel cells with various degrees of microfabrication have been reported in the literature. Thin film
techniques were used to create flowfields [1–3], some with current collections and catalyst layers [4–8] on
a silicon substrate that were attached to a free-standing Nafion® film. Morse et al. [9] did not use a free-
standing film, but instead spin-cast a membrane on the microfabricated support components. Individual
fuel cell sizes were from 2 to 10 mm on a side, and down to 15 �m on a side. Temperatures above room
temperature during testing were maintained by an oven and fuel (hydrogen or methanol) was supplied
from an external source.

This paper presents concepts and results arising from a program to develop a small and completely micro-
fabricated polymer-based fuel cell with on-board hydrogen storage. The approach is to co-fabricate a sensor
or sensor suite with sufficient analog/digital circuitry for signal conditioning/processing, wireless communi-
cations capability (low-power RF) and a power source on a single wafer. The anticipated power requirements
are for extended periods of very low (sub-milliwatt) power draws to power the sensor, with random or peri-
odic pulses of 10–100 of milliwatts required for signal processing or data transmission. Potential operational
lifetimes are from hours to days (surveillance at a particular location) to years (machinery monitoring).
Development of a microfabricated power source is an enabling technology for the autonomous sensor con-
cept. It is envisioned that this device would operate in a passive mode, without active control of temperature,
humidity, reactant pressure or flow rate. This greatly simplifies the construction and operation of the fuel cell.
The power density achievable in passive operation will naturally be less than that obtained in conventional
fuel cells. However, the applications envisioned do not require high power densities.

2. DESIGN PRINCIPLES AND FABRICATION ISSUES

The CWRU microfabricated fuel cell is being developed by using the following guiding principles:

● completely passive device-no fans, pumps, compressors to move reactants,
● ambient temperature operation-no cooling or heating,
● hydrogen fueled at near atmospheric pressure,
● no external humidification-operation at ambient relative humidity,
● fabrication process compatible with silicon-based microelectronics.

The basic design of the fuel cell consists of a planar array of edge collected cells, such that all of the cath-
odes are exposed to the ambient air, while beneath all of the anodes is a common fuel manifold. Each of
the components of the cells; current collectors, gas diffusion layers, catalyst layers, and electrolyte, is
deposited in turn using thick film printing techniques. The hydrogen storage/generation capability is sim-
ilarly fabricated in a second substrate, and bonding the two substrates together creates the final device. A
schematic of the final device is shown in Fig. 1 and a photograph is shown in Fig. 2. This fabrication
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process is considerably different from the conventional Proton Exchange Membrane (PEM) fuel cell stack
construction in which individual components (electrolyte membranes, gas diffusion layers, bipolar plates,
gaskets, endplates, etc.) are separately manufactured, and then assembled into the stack. The following
two sections will focus on the particular fabrication issues that have been addressed for the current collec-
tors and the polymer electrolyte.

2.1. Current collectors/gas diffusion layers

In order to minimize the number of fabrication steps, the gas diffusion layer (GDL) in the microfabricated
fuel cell is also used as the current collector. Typical gas diffusion layers for conventional PEM fuel cells
such as carbon cloth or carbon paper have a thickness on the order of 300 �m, porosities on the order of
80%, and conductivities on the order of 50–100 S cm�1. The relatively low conductivity is sufficient given
that they are used in conjunction with ribbed flow fields with feature sizes on the order of 1 mm. However,
for an edge-collected device, the conductivity required is considerably greater. In addition, with the thick
film process, a thickness of 10–50 �m is more realistic, while 300 �m is very difficult to achieve.

The voltage drop along the current collector is given by

� �w sir avg( / )( / )L i t2 2
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Fig. 1. Schematic cross-sectional view of microfabricated fuel cell with fuel storage. Three series connected
cells are shown. Drawing not to scale

Fig. 2. A photograph of a three cells fabricated onto an alumina wafer with printed current leads that allow
cells to be connected in parallel or in series
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where L is the length of the electrode perpendicular from the current-collector edge, iavg the average cur-
rent density normal to the surface and assumed to be uniform, t the thickness of the current collector and
� the conductivity of the current collector.

Assuming that a maximum voltage drop of 10 mV over a 1-cm-long current collector is desired for a
fuel cell current density of 50 mA cm�2, a 25 �m-thick film needs to have a conductivity of 1000 S cm�1.
Since the current collector must also be highly porous in order to act as it is clear that carbon-based mate-
rials are not ideally suitable for this component. Instead, metallic conductors are preferred. Our experience
with attempting to thick film print current collector/GDLs based on metallic conductors has been that the
difficulty lies in achieving sufficient porosity. In Fig. 3, fuel cell polarization curves are shown for two
cells, one having a 30 �m-thick printed current collector/GDL, the other with a 50 �m-thick film of the
same porous material. In both cases there is an appreciable loss due to diffusion of the reactants through
the current collector/GDLr, and the loss is considerably greater with the thicker film.

Additional gas permeation resistance can be expected through the substrate that supports the current col-
lector. In practice, the inks are not printed directly onto the substrate because the pores are too large, and the
ink from printing the current collector will fill the pores, thus increasing the gas permeation resistance sub-
stantially. For the fuel cells tested here, a thin porous nylon film (MAGNA nylon, pore diameter of 0.45 �m,
Osmonics Inc.) was secured onto a substrate and then non-porous insulating boundaries and current collec-
tors were printed. The other fuel cell layers were then sequentially printed. The completed fuel cell with
nylon backing was then attached to a ceramic wafer with slots for gas access to the anode. The hydrogen
gas is then passed through the slots and the porous nylon film to reach the anode surface for oxidation. The
observed limiting currents with this cell design were 10–30 mA cm�2 with 1 atmosphere hydrogen gas feed.

2.2. Electrolyte issues

There are a number of electrolyte issues that must be considered. Like other macro PEM fuel cells, the elec-
trolyte must be proton conducting, have a favorable environment for electrode reaction kinetics, and must
permit gas access to the polymer–catalyst-interface so reaction can occur. In a small microfabricated fuel
cell, since the current density will be low under ambient air operation, the conductivity only needs to exceed
approximately 1 mS cm�1 (125 mV IR loss at 50 mA cm�2 with a 25 �m film). However, this conductivity
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level must be achievable even at low relative humidities since gas hydration is not feasible in a small pas-
sive device. We have established as a working target a conductivity greater than 1 mS cm�1 over the relative
humidity range of 15 � RH � 100%.

A typical 5% Nafion® – alcohol solution has too low of a viscosity to print a well-defined film. In addi-
tion it has low proton conductivity at low relative humidities as shown in Fig. 4. We modify the commer-
cially available Nafion® – alcohol solution by adding higher boiling solvents, then concentrating the
Nafion® solute. Films were cast and the solvent was evaporated under vacuum at about 80°C. The con-
ductivity of films cast from DMSO and ethylene glycol (EG) are shown in Fig. 4, and the Nafion®/EG film
meets our conductivity goals. These films were ca. 25 �m thick and were cast from 10 to 15 wt.% solu-
tions, with the majority of the solvent being the higher boiling component.

Another issue is to deposit electrolyte precisely where it is needed. This is necessary to achieve densely
packed cells that make the most use of the available area on the substrate and minimize the length of the
current collectors. In addition to minimizing current collector lengths, printing patterned electrolyte lay-
ers for each cell, as opposed to having several cells sharing a continuous film of electrolyte, eliminates any
shunt currents that may otherwise occur in series connected cells.

In Figs 5a and b are two examples of thick film printing of the modified Nafion® solution. The solution
used to produce Fig. 5 ais clearly superior, the electrolyte films are well-defined, and can be closely spaced.
The result shown in Fig. 5b is not acceptable, the electrolyte film spreads beyond the desired area when
printed, and adjacent cells must be further apart. In addition, the film thickness in Fig. 5a is �90 �m and uni-
form across the area of the cell, while in Fig. 5b, the film thickness varies between 5 and 15 �m. While thin-
ner electrolyte films may be preferred to minimize resistive losses, films less than 25 �m-thick can lead to
excessive hydrogen crossover, particularly for airbreathing devices such as these where operating current
densities are low as compared to pressurized macro-size fuel cells. The solution used to cast the film in 
Fig. 5a consisted of about 40 mg of Nafion® and 60 mg of EG with all the alcohol and water of the original
5% Nafion®/alcohol solution removed. The solution used to cast Fig. 5b was similar, but without all of the
alcohol and water removed. It was of lower viscosity and Nafion® density. The actual properties (gel content,
viscosity, etc.) of the casting solution varied somewhat depending on the processing procedure.
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DMSO. The films were cast, then the solvent subsequently removed in vacuum at 80°C
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A calculation that estimates the effect of a Nafion® 1100 membrane thickness on cross-over is given in
Fig. 6. The cross-over rate is also reflected in a lowering of the open circuit potential because of the mixed
electrode reaction (hydrogen oxidation coupled with oxygen reduction) at the cathode. These calculations
are based on kinetic parameters taken from experimental data of typical conventional PEM fuel cells oper-
ated in our laboratories. The drop in OCV as the membrane becomes thinner will be a strong function of
the actual catalyst loading. However, as shown, for a watersaturated Nafion® 1100 film, the cross-over rate
increases appreciably for films thinner than 25 �m.

While the Nafion®/EG system appears adequate for microfuel cell applications, it still has its limita-
tions. For example, the conductivity at low RH, although acceptable for low current density operation, will
limit pulse power capability. Also, these films will swell excessively at 100% RH and the film will delam-
inate from the substrate thus resulting in failure. Other electrolyte systems are under development in our
laboratories, and progress on these approaches are reported elsewhere [10 and 11].

3. FUEL CELL PERFORMANCE

The performance of representative microfabricated fuel cells are shown in Fig. 7. These fuel cells are all
microfabricated by thick film deposition. The current collection/flowfields are 15 �m-thick gold printed
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Fig. 5. Two examples of thick film printing of Nafion® electrolyte films on alumina substrates. (b) The black
line squares represents the desired film area as defined by the mask used for printing and the overprinting of
the film deposit is clearly present. (a) The deposit is the same area as the mask. The smallest division on the ruler
shown in the figures is 1/16� (0.16 cm)
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The calculation were based on first calculating the hydrogen cross-over current. A hydrogen permeability of
5.76 � 10�12 was used (e.g. a 10 �m-thick film with one atmosphere hydrogen pressure differential yielded a
1.1 mA cm�2 cross-over current). This cross-over current was then used in the cathode potential expression
(based on experimental data) to arrive at the cathode potential under the condition of open circuit with only
hydrogen cross-over consuming the oxygen. Of course, the cathode potential expression will be strongly related
to the platinum catalyst loading and utilization
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using an Ercon ink. The electrodes were printed from a slurry of particles of C/Pt (40 wt.% Pt on XC-72
from Etek Inc.). It was necessary to have thin electrodes (2–5 �m) to avoid mud-cracking upon drying.
The catalyst loading therefore was only 0.2 mg cm�2 for both electrodes. The Nafion® was cast from a
Nafion®/EG solution. The porous substrate was a nylon porous film. The fuel cell was operated in air at
42% RH at 24°C with humidified hydrogen. The power output at 0.5 V cell was 2 mW cm�2 continuous,
5 mW cm�2 for 180–300 s durations, and 50 mW cm�2 under a 10 ms pulse. Although long term testing
was not carried out, there was no noticeable decay in performance over a 20-h period. Also shown for
comparison is the polarization curve from a fuel cell fabricated by applying the inks onto a free-standing
Nafion® film. The limiting current of this polarization curve is due to the diffusion of oxygen through the
porous metal current collector.

The pulse capability of this fuel cell is shown in Fig. 8. In this case the air RH was at 48%. The duty
cycle was 90% at 0.5 mA cm�2 and 10% at a higher current. The pulse width was 10 ms. When the pulse
current was 50 mA cm�2 the voltage stayed above 0.5 V for over 600 s of cycling. After about 600 s, 
the voltage did not recover adequately after each pulse and consequently dropped below 0.5 V. The 
time to reach the 0.5 V cut-off was 5400 s for a 25 mA cm�2 pulse. There was no permanent voltage loss
after 50,000 pulses at pulse currents below 25 mA cm�2. The cell capacitance was estimated to be
13.5 mF cm�2.

The pulse capability will depend strongly on the internal resistance of the cell, which is directly related
to the relative humidity. Below 40% RH, the pulse capability is significantly decreased while at over 80%
RH, the pulse power capability can double.

4. HYDROGEN STORAGE AND GENERATION

4.1. Hydrogen generation via decomposition of sodium borohydride solutions

As described, the goal for these microfabricated fuel cells is passive, ambient temperature operation.
Hydrogen storage in the form of stabilized aqueous solutions of sodium borohydride (NaBH4) is one
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option that meets these criteria. When sufficient base is added to raise the solution pH to �14, these solu-
tions are stable at room temperature for several months. However, when brought in contact with a suitable
catalyst, they readily decompose according to the reaction.

Sodium borohydride is readily soluble in water, and solutions of over 30 wt.% NaBH4 can be made at
room temperature. For a 30 wt.% solution, stabilized with 10 wt.% NaOH, the following theoretical
energy densities can be calculated: 2337 mW h cm�3 (8.41 � 109J M�3) and 2091 mW h g�1 (7528 J g�1).
This is equivalent to �7 wt.% H2. The borohydride system also offers distinct advantages compared to the
metal hydride systems discussed below. The primary advantage is that the concentrated solution maintains
roughly 35% RH at the fuel cell anode, thus providing a continual source of water vapor to the fuel cell.
This has a very distinct benefit in maintaining higher electrolyte conductivity, which is especially impor-
tant for pulse power delivery.

The simplest design for a hydrogen generator for the microfuel cell consists of a small well (i.e. an
opened chamber) etched into a wafer to contain the borohydride solution, which is injected into the well
with a syringe when the fuel cell is activated. The decomposition catalyst is printed onto the bottom of the
well. The well is capped with the microfuel cell, with the underside of the microfuel cell substrate exposed
to the hydrogen that bubbles up from the catalyst at the bottom of the well. A relatively long and small
diameter vent through side of the well, above the solution level, allows air to be exhausted when the boro-
hydride solution is injected, and maintains the hydrogen pressure at slightly above ambient, regardless of
the relative rates of hydrogen generation by the decomposition reaction and hydrogen consumption by the
fuel cell.

Varying the depth of the well for the borohydride solution allows the amount of energy stored to be var-
ied. The obvious drawback of this system is that it is orientation dependent, the fuel cell must be held in
an orientation that permits the borohydride solution to contact the decomposition catalyst and that only
allows hydrogen and water vapor to be vented to the anode. We are currently working on more advanced
designs that would be orientation independent and would incorporate a check valve on the hydrogen vent
while remaining completely passive and still be readily manufactured.

A borohydride generator of the simple type was fabricated with a solution volume of 0.6 cm3. A micro-
fabricated fuel cell bonded to the generator was continually operated at 0.5 V for over 90 h on one charge
of borohydride solution. (Polarization curves with the attached hydrogen generator were essentially the
same as those generated from hydrogen supplied by a tank.) Over this period, the current produced was
monitored and integrated. The integrated current produced of 1822 coulombs was over 67% of the theo-
retical value for complete decomposition of 0.6 cm3 of the 20 wt% NaBH4 solution used. The fuel cell was
still operating at the end of the 90-h period; however, the power output had dropped to about 25% of the
initial value. Considering that the generator is not sealed, but vents excess hydrogen through a small open-
ing, the fuel utilization achieved in this experiment is very promising. Higher utilizations can be achieved
by operating the fuel cell at constant current.

4.2. Hydrogen storage in metal hydrides

The advantages of storing hydrogen in metal hydrides include a high volumetric energy density with no
operational dependency on orientation. A major goal of this effort was to produce a metal hydride mate-
rial that is tailored to this micro fuel cell application, with an equilibrium pressure near atmospheric pres-
sure at room temperature, and that can be applied in a thick film fabrication process. Integrated devices
with energy densities on the order of 500 mW h cm�3 (1.8 � 109J M�3) for a 50 mW h (180 J) storage
capacity should be feasible using this approach.

NaBH H O H NaBO4 2� �2 4 2 2⇒
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LaAl0.3Ni4.7 hydride material with an additional surface modification has been formulated into a thick
film printable ink with very low binder content. A second member of the AB5 family of hydrides, CaNi5,
has also been evaluated. For both hydrides, the binder content was on the order of 1 wt.%, allowing for
high volumetric energy density. The surface modification prevents deactivation of the hydride material.
Printed inks remained active after over 5 weeks exposure to room air, at which time the tests were stopped.
This is an important result because often these materials passivate on exposure to air or water, and can only
be re-activated for hydrogen storage by exposure to high hydrogen pressures. As it is impossible to expose
material contained within the fuel cell structure to high hydrogen pressures, a non-passivating hydride
material is required.

It is also important to show that the hydride material can be repeatedly charged with hydrogen and dis-
charged without loss of capacity. An automated Sievert’s apparatus was used for hydrogen sorption/
desorption testing of up to six samples simultaneously. Various hydride powders and inks have been subjected
to repetitive sorption/desorption testing consisting of 10 minute exposure to �133 kPa (1000 torr) H2

(sorption step) followed by 600 s exposure to vacuum (desorption, PRESSURE � 1.3 Pa (10 millitorr)).
SEM micrographs after 1000 cycles showed no change in particle size, and no change in the adhesion of
the ink to the substrate. These tests have been extended to over 4000 cycles without any significant change
in the total amount of hydrogen stored, or in the rate at which hydrogen is adsorbed or desorbed. Over the
same period, the ink based on the CaNi5 hydride has lost �15% of its original hydrogen storage capacity.

Printed films of the LaAl0.3Ni4.7 ink have been used to provide hydrogen to small, conventionally fabri-
cated fuel cells. In the first experiment, a constant 20 mA current was drawn from the fuel cell, while the
cell potential and the hydrogen pressure above the hydride block were monitored, as shown in Fig. 9.
Despite the fact that in this experiment, the fuel cell and the hydride block were connected by �5 cm of
0.32 cm OD tubing, the fuel cell maintained a constant potential until the pressure dropped to �8 kPa 
(60 torr). The hydrogen consumed during this test represented over 90% of the hydrogen initially stored in
the hydride material. With the extremely close coupling of fuel cell and hydride material that will occur 
in the microfabricated devices, even higher utilizations should be possible. It also is important to note that
the potential was essentially constant until the very end of the test; the sloping equilibrium pressure of this
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hydride material was not reflected in a varying fuel cell performance under these conditions. In Fig. 10, a
complete polarization curve for the fuel cell is shown. A current output of over 200 mA was achieved with-
out reaching a limiting current, indicating that the hydrogen desorption rates from this hydride ink are
more than sufficient for the microfabricated fuel cell, which is expected to operate at currents on the order
of 10 mA.

5. SUMMARY

Aspects of the design, materials and fabrication of a microfabricated fuel cell have been presented. 
An estimate of the performance of these devices is summarized in Table 1, with a comparison to a
LiˆMnO2 primary battery of similar voltage, size and energy storage. The interesting advantages of the
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Table 1. Comparison of microfabricated fuel cells and a Li�MnO2 coin cell

Micro fuel cella Li�MnO2 coin cell Duracell 2016

Nominal voltage 3 V 3 V
No. of cells 6 1
Weight 1.7 g 1.8 g
Dimensions 2.7 � 1.8 � 0.2 cm 2 cm dia., 0.2 cm thick
Capacity 60 mA h/cell (216 J/cell) 75 mA h (0.2 mA rate) (216 J)
Energy 200–300 mW h (720–1080 J) 200 mW h (720 J)
Maximum continuous power 3–15 mW (depends on %RH) 6 mW
Peak power (10 ms pulse) 50–100 mW (depends on %RH) 30 mW

aValues for micro fuel cell based on single cell and three cell structures scaled to yield a 3 V device.
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microfabricated fuel cell as compared to the battery lie in the ability to fabricate the fuel cell on the same
substrate as other microelectronic, microelectromechanical or microfluidic devices, in the ability to inde-
pendently tailor the design for a desired power and energy storage combination and in the ability to pro-
vide peak power.
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Chapter 29

Electro-catalytic membrane reactors and the
development of bipolar membrane technology

J. Balster, D.F. Stamatialis and M. Wessling

Abstract

Membrane reactors are currently under extensive research and development. Hardly any concept,
however, is realized yet in practice. Frequently, forgotten as membrane reactors are electro-catalytic
membrane reactors where electrodes perform chemical conversations and membranes separate the
locations of conversion. We review first a mature electromembrane technology: the chlor-alkali elec-
trolysis. A second example is the polymer-electrolyte fuel cells (FCs) as an emerging technology,
which carries the potential to dramatically change society’s energy infrastructure. Finally, we exten-
sively describe a technology where the membrane itself is catalytically effective, splitting water into
protons and hydroxyl ions: bipolar ion-exchange membrane technology.

Keywords: Electro-catalytic membrane reactors; Chlor-alkali electrolysis; Polymer-electrolyte fuel cell;
Bipolar membrane
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1. GENERAL INTRODUCTION

The integration of chemical conversion and separation into a single processing step offers opportunities
towards process intensification. The later is one of the major forms of sustainable technology develop-
ment. Membrane reactors are a particular form of the integration of conversion and reaction. A large vari-
ety of combinations can be realized in membrane reactors as one easily conceives from the large variety
of different reactions as well as membrane separation processes.

Membrane reactors are heavily investigated in the academic and industrial domain. However, only 
few industrially relevant and realized examples are known in the literature. On large scale, only electro-
catalytic membrane reactors succeeded to gain industrial relevance today. In this paper, we will review
three different electro-catalytic membrane reactor processes:

● The chlor-alkali process for the production of concentrated caustic and chlorine from concentrated
sodium chloride brine.

● The polymer-electrolyte membrane fuel cell (FC) for the production of electricity from hydrogen or
methanol.

● The bipolar membrane (BPM) electrodialysis for the simultaneous production of acid and base.

The majority of our review paper focuses on the BMP technology; however, we incorporate the first two
as well, since the comparison of the three allows extracting common features of successful membrane
reactor development.

We think that there are six essential competencies necessary to guarantee the development of industrially
relevant membrane reactor concepts. The six disciplines interact closely with each other and all of them 
influence each other making membrane reactors development an extremely challenging, but intricate R&D
activity. Figure 1 shows the six competencies as they influence each other and hence the ultimate membrane
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reactor concept. In fact, the schematic visualizes the integration of conversion and separation “from mole-
cule to process.” Interface catalysis addresses all electro-chemical issues occurring at the conversion inter-
face. Most frequently these issues are long-term stability, poisoning of the catalyst and maximizing
efficiency. Material science focuses on the influence of material properties on conversion and separation. In
electro-catalytic membrane reactors, this means in particular the ion transport efficiency. Material pro-
cessing deals with the integration of different materials and layers of such materials into cheap, robust
laminates. May be less scientifically challenging, material processing is essential in scaling-up for indus-
trial scale. The competence Mass transport is required to understand and describe the mass transport phe-
nomena, microscopically and macroscopically. Continuous models are required to guide the prototyping
of membrane reactor module. The interplay of mass transport description and the actual Module design
leads to viable technology. The integration of the developed membrane reactor modules into existing
processes or the design of new processes inspired by the new membrane reactors is the competence called
Process technology.

The first two examples of electro-catalytic membrane reactors only briefly touch upon each of the dis-
ciplines. The example of BPMs, the area that we explored extensively, will be analyzed in more detail 
with respect to the above-mentioned competencies. Figure 2 shows the historical development of BPMs
with respect to the development of regular electrodialysis and chlor-alkali electrolysis. It is surprising to
actually realize that the discovery of the chlor-alkali process and the BPM occurred almost at the same
time. However, technical realization developed with very different speed. Figure 3 aims to visualize this.
It plots the level of maturity as a function of time for the two technologies. As time proceeds and the level
of maturity develops, one can distinguish different consecutive phases of technology development. The
seed of technology development, R&D, is followed by first successful, frequently even unsuccessful appli-
cations. Once first demonstration results convince potential customers, the newly developed technology
enters the growth phase and it spreads into the market. At some point in time, the technology must be con-
sidered mature and further growth is limited. Figure 3 shows two trajectories of electro-catalytic mem-
brane reactor technologies: the rapidly developed chlor-alkali electrolysis being mature today and the
slower BPM process entering the growth phase today.
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2. THE CHLOR-ALKALI ELECTROLYSIS

2.1. Introduction – chlor-alkali industry

The chlor-alkali industry is now-a-days one of the largest industries producing annually more than 48 mil-
lion tons of sodium hydroxide (NaOH) and more than 42 million tons of chlorine (Cl2). The raw material
is sodium chloride (NaCl) and the reaction proceeds according to

(1)

In this process, two major challenges exist: (i) chlorine reacts explosively with hydrogen and (ii) chlorine
dissolves in contact with NaOH to form a hypochlorite solution. It is therefore necessary to separate the
products of the reaction. Currently, three different electrochemical cell technologies exist and they are
characterized by their means to separate the reaction products: the mercury cell, the diaphragm cell and
the membrane cell [1]. For the first two technologies, which were invented in the last decade of the nine-
teenth century, more information can be found in other publications [1,2]. In this review, our attention is
focused on the membrane electrolysis.

2.2. Principle – membrane electrolysis cell

In the membrane reactor cell, the anode and cathode are separated by means of a cation-exchange mem-
brane (CEM) (see Fig. 4). In this case, a saturated NaCl solution is passed through the anolyte compart-
ment and Cl2 gas is produced at the anode (IrO2 usually coated with Ti). Sodium ions (Na�) migrate
through the CEM into the catholyte compartment where they combine with hydroxide ions (OH�) pro-
duced in the cathode (usually Ni coated with a catalytic coating) to form hydroxide. All the electrolysis
plants and designs share the following characteristics [3]:

● Saturated brine (300–305 g/l) is fed to the anolyte compartment and depleted brine (180–200 g/l) is
discharged. The pH of the anolyte is generally kept in the range of 2–4 by addition of HCl. At higher
pH, the Cl2 can react to form hypochloric acid or eventually chlorate following the reactions [4]:

(2)Cl OH HClO Cl2 � �� �→

2 2 2 2NaCl 2H O NaOH Cl H2� � �→
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(3)

(4)

However if the pH is kept too low, the competition of H� and Na� concerning carrying the charge will 
be high.

● Water is added to the catholyte compartment and concentrated hydroxide overflows from it (Fig. 4).

The basic requirements of the CEM are briefly presented in Table 1 [4]. The first CEM for this application
was prepared by perfluorinated polymers containing sulfonate fixed ionic groups (Nafion® polymers, Fig. 5).

HClO ClO ClO 2H Cl3� � �� � � �→

HCl H O 2e 3H Cl O2� � � �� � �→ 2
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Table 1. Membrane requirements for the membrane electrolysis process

Physical and chemical stability to withstand NaOH and Cl2
Low electrical resistance
Transport of only Na+ from the anyolyte to the catholyte
Operate at high current densities
Immune to interference from impurities (heavy metals) in the solution
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The Nafion® consists of a fluorocarbon polymer backbone to which sulfonic groups have been chemically
introduced. These membranes could be used only up to maximum 15% NaOH concentration. At higher
NaOH concentration, back migration of OH� from the cathode to the anode compartment occurred and
therefore, significant loss in current efficiency in both NaOH and Cl2 was observed. The situation has been
improved by using CEM containing carboxylic groups. For these membranes, the water content was lower
than the sulfonic ones, and therefore, the back migration of OH� was lower. With these membranes, the
production of NaOH concentration of about 32% became possible. However, due to the weak carboxylic
groups, their conductivity was low and therefore, the overall cell voltage increased in comparison to CEM
with sulfonic groups. Moreover when an acid anolyte is used, the carboxylic groups are protonated and the
membrane resistance increases further.

Much better results were obtained by using the composite membrane concept (Fig. 6). The composite
membranes have a thin layer of carboxylate polymer on the catholyte side of a basic membrane, which is
made of sulfonate polymer. The composite construction uses the advantages of both types of materials.
Due to the lower water content of the carboxylate polymer, the back migration of the OH� decrease but
because the carboxylate layer is very thin, there is not significant increase of the membrane resistance. 
In addition, the carboxylate polymer is in contact with the NaOH solution and its protonation can only
occur from the high flux of H� through the sulfonated polymer [4]. The modern composite membranes
can typically work for more than 5 years in a chlor-alkali plant.

The quality of the NaCl feed solution has a significant role on the membrane lifetime. The presence of
metal ions such as Mn-(2�), Ca-(2�) and Fe-(2�), Fe(3�) in the NaCl solution can cause severe problems or
even failure of the membrane. These metal ions permeate through the membrane and due to the pH gradi-
ent in the membrane, precipitate inside it. As a result, the permeation of Na� is blocked and the electrical
resistance of the membrane increases dramatically. It is therefore necessary to remove the metal ions from
the feed NaCl solution prior to its introduction to the membrane cell. This usually involves large volume
precipitation process [3,4]. Today’s process development, in particular, addresses the optimization of the
brine production rather than the electro-membrane reactor.

Several companies (e.g. Asahi Chemical, DuPont, Asahi Glass) are manufacturing membranes for the
chlor-alkali industry. The membranes are prepared based on customer requirements by varying the equiv-
alent weight and thickness of the two layers (sulfonic-carboxylic) or by modification of the surface to
improve the hydrophilicity of the membrane or by the type of the reinforcement to improve the stability of
the membrane [3].

Now-a-days, the chlor-alkali electrolysis is performed on a two-dimensional scale. The surface of the
anode, cathode and membrane are very important. The electrodes in the cells can be utilized in two modes,
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when both sides serve as either anode or cathode (monopolar configuration) or one side serves as anode
and the other side as cathode (bipolar configuration) [3].

3. THE FUEL CELL

3.1. Introduction

The FC is an electro-catalytic membrane reactor where the chemical energy of a fuel and an oxidant is
continuously converted into electrical energy [5]. The basic principle of a FC is not different of that of
electrochemical batteries. However, in batteries the chemical energy is stored inside and conversion into
electrical energy requires either disposal or recharge. In the FC, however, the chemical energy is provided
by the fuel and an oxidant, stored outside the cell. Electrical energy can then be continuously produced as
long as the fuel and the oxidant are provided. In the FC, the chemical energy is directly converted into
electrical energy with efficiencies much higher than the conventional thermo-mechanical systems. In addi-
tion, the FC operates without combustion and it is pollution free [6].

The FC is basically composed of two electrodes, the anode and the cathode and an electrolyte. The
energy conversion reaction occurs at the electrodes. The fuel is oxidized at the anode; the oxidant moves
through the electrolyte and is reduced at the cathode. A typical example of hydrogen–oxygen (H2ßO2)
FC, one of the most important FC types, is presented in Fig. 7. On the fuel-anode-electrode, the hydrogen
releases electrons to become hydrogen ions (H�). The hydrogen ions permeate through the electrolyte and
the electrons flow through an external load circuit to reach the air-cathode-electrode. On the cathode,
hydrogen ions, electrons and oxygen react to form water (Fig. 7):

(5)

(6)

(7)Overall reaction H O H O2 2 2: � 1
2

→

Cathode 2H O 2e H O2 2: � �� �1
2

→

Anode: H 2H 2e2 → � ��
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The nature of the electrolyte, liquid or solid, determines the operating temperature of the FC. The elec-
trolyte blocks the electrons and prevents the electrical contact between the electrodes. It can either be a
proton contactor or an oxygen ion contactor. The major difference between the two cases is the side of the
FC where the water is produced. When a proton (oxygen) conductor is used, the water is produced in the
cathode (anode) side of the FC.

The FC systems are commonly distinguished by the type of electrolyte applied, in the following cate-
gories: alkaline fuel cells (AFC), phosphoric acid fuel cells (PAFC), molten carbonate fuel cells (MCFC),
solid oxide fuel cells (SOFC) and polymer–electrolyte fuel cells (PEFC). In this review, we focus our
attention to the PEFC where a polymeric membrane is used as its electrolyte. The reader can find more
information about other FC types in other publications [5,7–10].

3.2. Polymer-electrolyte fuel cell

In recent years, great attention has been given to the PEFC because they are considered as the primary
power source for vehicles in urban environment. Such vehicles could carry methanol fuel (to be reformed
on site) or hydrogen fuel. The cathode could operate in air and the electrolyte could be an ion-exchange
polymeric membrane [11].

The PEFC has the following basic structure (from the side to the center): porous backing – gas distrib-
utor/catalyst layer/polymeric membrane. The single cell has current collector plates, which usually con-
tain machined flow fields for the effective distribution of the reactant gases along the surfaces of the
electrodes (Fig. 7). In a FC stack, the plates are bipolar having flow fields on both sides. The basic part of
the FC is the membrane/electrode part. It basically consists of a thin catalyst layer (usually dispersed plat-
inum, Pt) in good contact with the membrane. The backing layers of the catalysts are made of hydropho-
bic porous material, usually carbon paper or carbon cloth hydrophobized by polytetrafluoethylene (PTFE)
of thickness in the range 100–300 �m.

3.2.1. Catalyst in PEFC

In the (H2ßO2) PEFC, both electrode processes are electro-catalytic in nature. They both require active
catalyst sites to break the bond of the diatomic gas reactants. However, the anode and cathode processes
do not have the same rate. The oxygen reduction at the cathode requires an over-potential of 400 mV to
reach current density of 1 mA/cm2 at the Pt/polymer interface. On the contrary, the hydrogen oxidation at
the anode requires only 30–50 mV to reach the same current density at the Pt/polymer interface. The high
over-potential at the cathode is the most important source of loss in the PEFC. Possible solutions to this
problem would be the employment of dispersed Pt catalysts, the design of new effective cathode catalysts
and the effective incorporation of the catalyst layer between the membrane and the gas distributor/current
collectors [11].

The earliest method of preparation of membrane electrode assemblies was presented in a patent of 1967
[12]. In this work, the bonding of metal powder (Pt-black) mixed with a binder as PTFE upon the surface of
the membrane is described. However, the limited dispersion and the low utilization of the Pt/PTFE required
the application of 4 mg Pt/cm2 to obtain satisfactory cathode performance. The first step forward in lowering the
Pt loading was done by Raistrick [13]. Raistrick impregnated carbon-supported Pt (Pt/C) and PTFE layer on
the carbon cloth with Nafion® polymeric solution and hot-pressed the electrode onto the membrane. This
approach resulted in a significant increase of FC performance with Pt loading as low as 0.4–0.5 mg/cm2.
Recent developments by Wilson et al. [14–16] have shown a breakthrough in Pt catalyst utilization. In their
work, instead of PTFE, the polymer solution is used to bind the catalyst layer to the membrane. Such cata-
lyst layers have very low Pt loading (0.12–0.16 mg/cm2) in a thin layer (less than 10 �m thick). PEFC with
such low catalyst loading exhibited long life (5000 h) and high performance stability [11].
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Besides the above concerning the cathode catalyst, an extra problem concerning the anode catalyst
should be addressed. The poisoning of the anode catalyst due to the presence of CO in the feed H2 gas.
This problem can be minimized by either applying CO tolerant catalysts like Pt-Ru [17] or air bleeding
into the anode [18]. In addition, the Pt-Ru catalyst at low loading (0.1 mg/cm2) minimize the problem of
the in situ generation of CO by reduction of CO2 within the PEFC cathode.

3.2.2. Polymeric membrane in PEFC

The most important requirements for the membrane in the PEFC are presented in Table 2. The first membranes
introduced for PEFC were the poly(styrene sulfonic acid) (PSSA) and sulfonated phenol-formaldehyde
membranes. Unfortunately, their stability under PEFC conditions was not sufficient [19]. A breakthrough
was achieved by the application of the Nafion® membranes, which were previously developed for the
chlor-alkali electrolysis. The Nafion® membrane fulfilled all the above requirements. It is an excellent pro-
ton conductor and has high stability in a PEFC for more than 60 000 h [20]. In addition, it has conductiv-
ity around 0.2 S/cm at 80°C and 100% relative humidity. Nafion® has extensively been used to PEFC, both
hydrogen and direct methanol FC, (typically membranes of thickness between 25 and 175 �m are
applied). It has, however, some weak points too. It is expensive and functions as a proton conductor only
when it is highly hydrated. Therefore for the hydrogen FC, the gases should be humidified prior entering
the FC. In the case of the direct methanol FC, a liquid fuel-water mixture is always in contact with the
membrane and keeps it humidified. However, Nafion® is a poor methanol barrier and significant amount
of methanol diffuses through the membrane to the cathode [21].

The fact that Nafion® has to be humidified limits its use below 100°C in a direct methanol FC and 80°C
in a hydrogen FC, under normal operating conditions. Currently, there is strong tendency to operate the
PEFC at higher temperatures (130–200°C) for reasons concerning the improvement of methanol oxidation
reaction at the anode of the direct methanol FC or higher tolerance of CO levels in the hydrogen FC etc.
Therefore, attention has been drawn to the development of membranes, which either do not require water
to maintain proton conductivity or have sufficient proton conductivity at reduced water contents or have
resistance to dehydration. Nafion® membranes were doped with molten acidic salts [22] or phosphoric
acid [23] to increase its conductivity at higher temperatures. These materials, however, are still based on
the expensive Nafion® material and should be tested under FC conditions. In other studies, the sulfonic
groups were substituted with phosphoric groups [24]. New polymers based on polymer networks, con-
taining basic sites (ether, amine or imino group) doped with strong acids such as phosphoric or sulfonic
acid were prepared. Typical example is doping of polybenzimidazole (PBI) with phosphoric acid [25,26].
These membranes operate at elevated temperatures with very low gas humidification, have good mechan-
ical strength up to 200°C and low methanol permeability. Membranes of sulfonated poly(ether ether
ketone) (SPEEK) membranes were prepared as well. The sulfonation level of 60% was found to be good
compromise between the conductivity and mechanical membrane properties [27] and their swelling could
be reduced by either blending with other polymers [21] or by chemical cross-linking [28]. These materi-
als, however, rely their conductivity to the presence of water-like in the case of Nafion®. Polymer blends
were also synthesized by combining polymers containing nitrogen bases with others containing sulfonic
groups [29,30].
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Table 2. Membrane requirements for a polymer-electrolyte FC

High proton conductivity
High chemical stability under PEFC operating conditions
Effective separation of fuel and oxidant gases
Low ohmic losses at the high current densities used in the PEFC
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4. BIPOLAR MEMBRANES

4.1. Introduction

A BPM, a special type of polymeric layered ion-exchange membrane, consists of a cation-and an anion-
exchange layer joined together. BPMs allow the electro-dissociation of water into hydroxide ions and pro-
tons without generating gases. This membrane water splitting technology is a typical example for process
intensification. Electrodialysis with BPMs combines reaction and separation in one unit and allows the
design of unique processes like the production and recovery of acids and bases, the variation of the pH of
a process stream and the separation of proteins.

4.2. Principle of a BPM

If a CEM and an AEM are placed in an electric field and salt solution is fed in between the two mem-
branes, the salt ions are removed from the enclosed compartment (Fig. 8a). This desalination proceeds
until all ions are depleted from the compartment. As a result, a significant increase of the electrical resis-
tance due to the decreased ion conductivity is observed. After the salt ion depletion, current can only be
transported by hydroxyl ions and protons generated by water dissociation (Fig. 8b). To minimize the elec-
trical resistance, the AEM and CEM have to be placed closely together. Laminating both on top of each
other results in minimum resistance and a BPM is formed. Water diffuses into the BPM from the sur-
rounding solutions and dissociates under the electric field, at the interface between the anion- and the
cation-exchange membrane, to generate protons and hydroxyl ions (Fig. 8c).

(8)

The H� and OH� ions further migrate out of the junction layer through the anion- and cation-exchange
layers of the BPM. The thickness of the transition region, where the water dissociation takes place, is less
than 10 nm [31]. Strathmann et al. [32] reported that the water dissociation in a BPM is accelerated up to
50 million times compared to the rate of water dissociation in aqueous solutions. This acceleration is influ-
enced by the strong electric field across the transition region. The main driving force for the enhanced

2H O H O OH2 3� � ��
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water dissociation seems to be the reversible protonation and deprotonation of the functional groups of the
ion-exchange membranes, mainly of the tertiary amino groups B of the anion-exchange layer (see Eqs (9)
and (10)) [31–34]:

(9)

(10)

The BPMs can be used not only for the dissociation of water, but also for the splitting of other self-
dissociating liquids, like methanol [35].

4.3. Principle of BPM electrodialysis

The BPM is stacked together with monopolar CEM and AEM into a membrane module. A typical appli-
cation of the BPM electrodialysis (EDBPM), the production of acid and base from salt, is depicted in Fig. 9.
The working electrodes establish the electric field as a driving force, salt solution is fed to the central com-
partment, and the ions migrate out of this compartment into the neighboring ones. Charge compensation
because of electro-neutrality occurs due to the water splitting at the interface of the BPM. Other stack con-
figurations (sequence of CEMs, AEMs and BPMs) are also possible as long as electro-neutrality is obeyed

BH H O B H O� �� �2 3�

B H O BH OH� �� �
2 �
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and counter ions can go through the monopolar membranes to transport the current. The selectivity of the
membranes strongly depends on the concentrations of salt, acid and base. According to Donnan equilibrium,
more co-ions can migrate through the membranes at higher solution concentrations, which in fact reduces
the purity of the produced acids and bases [36,37]. These undesired ion migration fluxes are also visualized
in Fig. 9.

4.4. Preparation of BPMs

The performance of a BPM in electrodialysis processes depends on the BPM components. The selection
of the membrane materials influences mainly the chemical and mechanical stability, the transport proper-
ties of the membrane layers and the strength and topology of the intermediate region. As a result the
energy consumption, the product concentration, and quality (extent of salt impurities), the long-term oper-
ation of such membranes and their economical feasibility is influenced as well.

The anion- and cation-permeable layers of the BPM consist of materials similar to standard anion- and
cation-permeable membranes, which are stable in the environment encountered in acid/base electrodialysis.
The two selective layers should allow the selective transport of the water splitting products. Furthermore,
the membrane layers should allow a sufficient water flux from the base and/or acid compartment into the
membrane junction to replenish the water consumed by the water dissociation reaction (Fig. 8c) otherwise
irreversible degradation occurs [38]. In addition, the membrane layers should block co-ions from reaching
the membrane junction and the opposite side of the membrane, because these co-ion fluxes are responsible
for product contamination. Many BPMs are prepared by using commercial ion-exchange membranes as a
precursor for one or both BPM layers [39–44], but novel BPMs have been developed as well [36,37].

The structure of the BPM junction is important for the electro-catalytic water splitting function of the
complete system. The water dissociation rate is accelerated for a fixed electric potential across the contact
region when a catalyst is present. The catalyst reduces the activation energy of the water dissociation
because it provides alternative reaction paths by forming reactive, activated complexes. As catalysts in the
bipolar junction, immobile weak acids or bases with an equilibrium constant of the acid/base pair close to
that of the water dissociation reaction (pKa � 7) could be used [39]. Alternatively, heavy metals ion com-
plexes, like those of zirconium, chromium, iron or others could be applied [40–46]. The metal ions or
complexes are immobilized by either including an insoluble salt of them in the interface layer [44] or by
converting a soluble salt by a subsequent treatment. The most suitable multivalent metal ion hydroxides
are immobilized due to their low solubility. The location of the water dissociation and the preferred loca-
tion of the catalyst (to the anion- or cation-exchange layer) are still subject of investigation.

Besides the catalyst, the BPM junction should also have a certain surface roughness to increase the
membrane contact area. Several BPMs have already been developed having smooth [41,43,45], corrugated
[40,46–48] or heterogeneous [44,46,49–51] membrane junctions.

The preparation of well-composed BPMs requires the establishment of efficient contact of the CEM and
AEM. This can be established by either loosely laminating [41–43,45], pressing [44,51], gluing [52] of the
two preformed membranes or casting one membrane above the other [47–49,53]. Other methods, however,
like co-extruding [54] or modifying [50,55] do not show well-defined interface structures due to the weak
influence on these regions during the preparation processes. Recently, the gluing method has been used by
Wilhelm et al. [36] for the preparation of BPMs from commercially available AEMs (Neosepta AMX
from Tokuyama Corp. and IonClad R4030 from Pall Gelman) and tailor-made cation-permeable layers
[36]. The CEM was a SPEEK/poly(ether sulfone) (PES) blend and the adhesive was SPEEK/PES solution.
The properties of the CEM could be adjusted through the SPEEK content of the blend with PES. With
increase of the SPEEK content, the ion-exchange capacity and the water uptake increase, whereas the
resistance and the density of the membrane decrease [36]. Hao et al. [53] have prepared BPMs by casting.
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Their membranes consisted of an AEM with cross-linked matrix (prepared by the reaction of
chloromethylated polysulfone (PS) with diamine), an interfacial layer (made from chloromethylated PS
solution containing cation-exchange resin and amine), and a CEM (made from a cation resin powder 
dispersed in sulfonated PS).

4.5. Characterization of BPMs

The electrical energy consumption of a BPM process depends on the electrical resistances of the monopo-
lar membranes included in the stack and the current-voltage characteristics of the BPM [56,57]. Current-
voltage curves can be obtained with the stack configuration, schematically drawn in Fig. 10. The central
BPM in the stack is the investigated one. The other membranes are auxiliary membranes preventing the
transport of water dissociation products, formed at the two working electrodes, to the central compart-
ments. During the experiment, the applied current density is increased stepwise and the system is allowed
to reach a steady state. The voltage drop across the membrane is measured, followed by the next increase
in current density. The experimental current-voltage curve of a BPM recorded in a neutral salt solution
(M�X�) shows characteristic parts (see Fig. 11) [39]. Below the lower limiting current density (ilim1) the
current is only transported by salt ions. At the limiting current density, the electrical resistance is the high-
est, since all salt ions are removed from the BPM junction. The magnitude of the lower limiting current is
a measure for the selectivity of the BPM towards co-ion leakage (the reader is reminded that this lower
limiting current density only exists to a membrane in its salt form). Above this current density, water split-
ting occurs (Udiss) and the water splitting products (J�

OH/JH
�) are also available to transport the current [58].

The operating current density (iop) is chosen as high as possible to reduce the relative salt ion transport and
to have a high water splitting efficiency. According to Aritomi et al. [38] and Krol et al. [59], above the
upper limiting current (ilim2), the water transport toward the BPM junction is not sufficient to replenish the
water split at the corresponding rate.

Another technique commonly used for the characterization of the BPM is chronopotentiometry [60,61].
Chronopotentiometry allows the determination of the actual water splitting voltage, the irreversible energy
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loss due to the resistance of the monolayers of the BPM and the salt ion transport behavior through the
BPM [57]. During the chronopotentiometric measurements a constant current density is applied and the
voltage drop between electrode and reference electrode is measured as a function of time (Fig. 12).
Chronopotentiometry allows the direct comparison of the initial resistance of a BPM in equilibrium with
the resistance in operation (water dissociation conditions) [57].

The current efficiency and the purity of the produced acids and bases of the electrodialysis process are
directly related to the M�/X� leakages through the BPM. The co-ion leakage results in product contami-
nation and reduces the efficiency of the H�/OH� electro-generation. High water splitting capability and a
low co-ion leakage are required at the same time. These properties as well as the maximal obtainable prod-
uct concentrations are measured by acid/base titration [57].

4.6. Limitations of EDBPM

One of the main limiting phenomena of EDBPM is the water splitting performance [35,62]. Water, which
is consumed by the dissociation into protons and hydroxide ions, has to be replenished by diffusion of
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water from the outer solution of the two monopolar layers into the BPM interphase. When the rate of the
water dissociation is faster than the water transport into the BPM transition region, water transport is the
limiting step and results in drying out of the BPM, which causes a drastic increase in the resistance
[31,63]. This performance is controlled by the permselectivities of the ion-exchange layers of the BPM
and by ion diffusive transport. An additional loss of process permselectivity is obtained by the leakage
through the monopolar ion-exchange membranes (Fig. 9). Due to these leakages, the current efficiency of
the process is reduced and the purity of the products is limited [62].

Another major limitation is the concentration range in which the EDBPM processes can be used. At
very low concentrations, the electric resistance of the electrolyte solution in the compartments between the
membranes is very high, whereas at high concentrations the selectivity of the BPM and the ion-exchange
membranes is very low [64]. Additionally, the chemical stability of the BPM, especially against a concen-
trated base on the anion-permeable side, is not always sufficient [37].

4.7. EDBPM processes

EDBPM processes can be performed with different stack configurations, depending on the desired appli-
cation [35,65–67]. For the treatment of concentrated salt solutions and the production of the corresponding
acids and bases, a three-compartment cell system consisting of an AEM, a CEM and a BPM as repeat unit
is used (Fig. 9). In an industrial-type unit, up to 100 cell triplets could be installed in an electrodialysis
stack [68]. In applications where it is not possible to obtain high purity of both products (acid and base) or
products with low conductivity are produced, a two-compartment cell is then recommended [35,67]. This
configuration can be used together with a CEM for acidification (see in Fig. 13) or with an AEM for alka-
lization of a salt stream [35,68]. If a high ratio of acid or base with respect to the product salt content is
required, a configuration with two monopolar membranes of the same type can be applied. In this config-
uration, the outlet of the middle loop is recycled again into the acidic or base loop next to the BPM for a
more efficient exchange between protons and cations, or between hydroxyl ions and anions [35,68].

Several applications of EDBPM have already been investigated with promising results. Typical exam-
ples are the production of acid and base [66,69], the acidification of product streams [70,71] or special 
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separations like the separation of amino acids and proteins on the basis of their isoelectric points [65,66].
Economically, the most interesting applications are those in the overlap of the areas schematically pre-
sented in Fig. 14. Designing EDBPM in the overlapping areas provides increasing prospects for its eco-
nomic feasibility, but it also increases the complexity and the challenges that have to be met [37]. An
example of a successful overlap is the conversion of sodium lactate from a fermentation step into lactic
acid by EDBPM with a use of the side product, sodium hydroxide, to control the fermentation reaction [4].
Further examples can be found in other reviews concerning EDBPM applications [35,65,67].
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NOMENCLATURE

AEM anionic exchange membrane
AFC alkaline fuel cell
BPM bipolar membrane
CEM cationic exchange membrane
EDBPM bipolar membrane electrodialysis
FC fuel cell
i current density (A/m2)
ilim limiting current density (A/m2)
iop operation current density (A/m2)
J flux (mol/(m2(s))
JH

� hydrogen ion flux (mol/(m2(s))
JM

� cation flux (mol/(m2(s))
J�

OH hydroxide ion flux (mol/(m2(s))
JX

� anion flux (mol/(m2(s))
M� salt or base cation
MCFC molten carbonate fuel cell
PAFC phosphoric acid fuel cell
PBI polybenzimidazole
PEEK poly(ether ether ketone)
PEFC polymer-electrolyte fuel cell
PES poly(ether sulfone)
PS polysulfone
PTFE polytetrafluoethylene
SPEEK sulfonated poly(ether ether ketone)
t time (s)
t0 starting time (s)
t1 ending time (s)
U potential difference (V)
Udiss dissociation potential difference (V)
Um membrane potential difference (V)
Um,ini initial membrane potential difference (V)
Um,off membrane potential difference after switching off (V)
Um,stat static membrane potential difference (V)
Uop operation potential difference (V)
X� salt or acid anion
t transition time (s)
tD de-charging time (s)
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Chapter 30

Compact mixed-reactant fuel cells

Michael A. Priestnall, Vega P. Kotzeva, Deborah J. Fish and Eva M. Nilsson

Abstract

The compact mixed-reactant (CMR) fuel cell is an important new “platform” approach to the design
and operation of all types of fuel cell stacks. Amongst several other advantages, CMR has the poten-
tial to reduce polymer electrolyte membrane (PEM) stack component costs by around a third and to
raise volumetric power densities by an order of magnitude.

Mixed-reactant fuel cells, in which the fuel and oxidant within a cell are allowed to mix, rely upon
the selectivity of anode and cathode electrocatalysts to separate the electrochemical oxidation of
fuel and reduction of oxidant. A comprehensive review of the 50-year history of mixed-reactant lit-
erature has demonstrated that such systems can perform as well as and, in some circumstances,
much better than conventional fuel cells.

The significant innovation that Generics has introduced to this field is to combine the concept of
mixed-reactant fuel cells with that of a fully porous membrane electrode assembly (MEA) structure.
Passing a fuel-oxidant mixture through a stack of porous cells allows the conventional bipolar flow-
field plates required in many fuel cell designs to be eliminated. In a conventional PEM stack, for
example, the bipolar carbon flow-field plates may block up to half of the active cell area and account
for up to 90% of the volume of the stack and of the order of one-third of the materials costs. In addi-
tion to all the advantages of mixed-reactant systems, the “flow-through” mode, embodied in
Generics’ CMR approach, significantly enhances mass-transport of reactants to the electrodes and
can reduce reactant pressure drops across the stack. Redesigning fuel cells to operate in a CMR
mode with selective electrodes offers the attractive prospect of much reduced stack costs and signifi-
cantly higher stack power densities for all types of fuel cell.

Initial modelling and proof of principle experiments using an alkaline system have confirmed the
validity of the CMR approach and the potential for substantial performance improvements.

Keywords: Mixed-reactant; Fuel–air mixture; Methanol; Sodium borohydride; Fuel cell
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1. INTRODUCTION

Conventional fuel cells operate using active but often non-selective electrocatalysts and rely upon a strict
segregation of fuel and oxidant to prevent parasitic chemical reactions at the electrodes. Mixed-reactant
fuel cells, which have been known for around half a century, rely upon the selectivity of anode and cath-
ode electrocatalysts to separate the electrochemical oxidation of fuel and reduction of oxidant. Without a
need for physical separation of fuel and oxidant, there is no longer any need for gas-tight structures within
the stack and considerable relaxation of sealing, manifolding and reactant delivery structures is possible.

The compact mixed-reactant (CMR) fuel cell is an entirely new concept in which a mixture of fuel and oxi-
dant is flowed through a fully porous anode – electrolyte – cathode structure. This structure may be a single-
cell, series stack or parallel stack and may be in planar, tubular or other geometry. In principle, a CMR cell may
be based on polymer, alkaline, phosphoric acid, molten carbonate, solid oxide or any other type of fuel cell
chemistry. Whatever the specific geometry or chemistry, for this type of cell to work effectively, the anode and
cathode electrocatalysts must be substantially selective – i.e. the anode should be active towards fuel oxidation
and tolerant to oxygen, while the cathode should be active towards oxygen reduction and tolerant to fuel.

Selectivity in the electrocatalysts for a mixed-reactant or a CMR fuel cell is needed to minimise mixed
potentials at the electrodes which otherwise will reduce the available cell voltage and compromise the effi-
ciency of conversion to electricity. Loss of efficiency reflects the extent of the “parasitic” direct reaction of
fuel and oxidant to produce heat rather than electric current. This is directly analogous to the problem of
methanol cross-over from the anode compartment to cathode compartment in conventional direct-methanol
fuel cells. A range of partially and substantially selective catalysts have become available in recent years,
largely as a result of the continuing effort to develop more effective catalysts for direct-methanol fuel cells.

2. SIGNIFICANCE OF THE COMPACT MIXED-REACTANT FUEL CELL

Two key advantages of operating any fuel cell stack in the flow-through CMR mode are as follows:

● flow-field structures can be eliminated from within the stack;
● mass-transport of reactants to electrodes is much higher than in conventional or mixed-reactant stacks.

These key advantages are supported by those more generally of mixed-reactant systems, which include:
reduced manifolding and sealing; single feed supply to one side of fuel cell only; reduced quantities of
materials and component count; lower tolerance component manufacturing and easier stack assembly.

The consequence of eliminating the bipolar flow-field plates is a huge reduction in volume and cost of a
fuel cell stack. For a polymer electrolyte membrane (PEM) stack this volume reduction could be as high as
80–90%. In several semi-commercial designs of planar solid oxide fuel cell, the ceramic or metal bipolar
interconnector is the single most expensive component. Removing it could reduce the stack cost by around
30–60%. Increasing the mass-transport of reactants to the electrodes has the immediate effect of increasing
cell current density. The reduction in diffusion boundary layers between reactants and catalyst particles may
also reduce the amount of catalyst required per kilowatt of power generated by the cell. The combined
effects of increased mass-transport and smaller stack volume should be a large increase in volumetric power
density for the stack and a reduction in the power required to pump reactants through the stack.

An example of the potential volumetric power density that a CMR stack may deliver is provided by an
experimental programme underway at Generics. In this programme, the performance of a small direct
methanol fuel cell (DMFC) stack with a mixed vapour feed of humidified methanol and air will be tested
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in flow-through mode. The stack is designed to consist of a series of closely spaced fully porous membrane
electrode assembles (MEAs), with each cell interconnected electrically by a thin and porous carbon gas
diffusion layer (GDL) and no flow-field plate. Assuming that each GDL and MEA sheet is around 100 �m
thick then a cell pitch of around 50 cells cm�1 should be readily achievable. (This compares with a “con-
ventional” cell pitch of around 2–5 cells cm�1.) Using existing selective cathode materials, we anticipate
that it should be possible to achieve at least 50 mA cm�2 at a cell voltage of 0.4 V in CMR mode. If this
moderate cell performance can be achieved at this cell pitch, the stack should achieve a volumetric power
density of 1000 W l�1, approximately equivalent to that of a conventional hydrogen-fuelled PEM stack.

With the lower fuel efficiencies resulting from today’s generally poorly selective electrocatalysts in
CMR mode, one challenge associated with very high stack densities will be cooling. Although cooling is
readily achieved in all-liquid fuel cells, this issue may limit the maximum power density of gas-phase
CMR systems until improved electrocatalysts are developed specifically for them.

3. HISTORY OF MIXED-REACTANT FUEL CELLS

As has been observed many times elsewhere, the history of the fuel cell goes back more than one and a
half centuries. In that period many individuals and organisations have devoted considerable efforts and
resources to the invention, development and demonstration of various fuel cell technologies. One such
technology that has been investigated for alkaline, solid oxide, polymer and direct-methanol fuel cells is
the “mixed-reactant” or “single-chamber” fuel cell [1–33].

Starting in the 1950s, when nuclear fission plants were under intense development, fuel cell engineers
examined the possibility of radiolytic splitting of water into hydrogen and oxygen followed by electro-
chemical recombination of the gas mixture to generate electricity. Fuel cell stack geometries with alkaline
electrolytes (anion membrane or potassium hydroxide (KOH) were tested by Grüneberg and others of
Varta and Siemens in which the oxygen in a stoichiometric H2 � 0.5O2 gas mixture was first depleted to
below the flammability limit at a selective cathode (e.g. C, Ag, Au) – i.e. a cathode capable of reducing
oxygen molecules to oxygen ions but incapable of oxidising hydrogen gas to ions [1]. To complete the cell
reaction, the depleted gas mixture was subsequently exposed to an anode electrocatalyst (e.g. Pt, Pd) that
promoted hydrogen oxidation. In a later variant, in which the same gas mixture was delivered to each elec-
trode, using a silvered nickel cathode and Pd – Pt anode, Goebel et al. [2], operated a liquid alkaline fuel
cell at room temperature on a 9% O2 � 91% H2 oxyhydrogen gas mixture. This cell delivered an open cir-
cuit voltage (OCV) of 1.0 V and a current density of 4 mA cm�2 at 0.4 V.

Around the same time as Grüneberg and Goebel, in 1961, Grimes et al. [3] of Allis Chalmers built and
operated a 600 W direct-methanol mixed-reactant alkaline fuel cell. A series-connected 40-cell stack of
25 cm � 25 cm solid bipolar Pt—Ni—Ag electrodes was supplied with a liquid reactant mixture consist-
ing of hydrogen peroxide (0.1–1 wt.%) and methanol (2–10 wt.%) in a 0.5–7 M (KOH) solution and deliv-
ered up to 40 A at 15 V. In single-cell tests using a solid anion membrane as electrolyte, an OCV of 0.41 V
was measured in the reactant mixture compared to 0.81 V when methanol and hydrogen peroxide were
supplied separately in KOH solution to the Pt anode and Ag cathode. Analysis of reaction products deter-
mined that the net reaction in the cell was the oxidation of methanol to potassium methanate (formate),
possibly either by direct electrochemical reaction for which the theoretical cell voltage is 1.88 V, or via
disproportionation of a chemically generated methanol (formaldehyde) intermediate for which the EMF
would be 0.94 V. Quantitative comparison of the reaction products with the charge passed by the cell indi-
cated that significant direct chemical reaction occurred between the reactants (as opposed to electrochem-
ical oxidation). Further tests indicated that this chemical short circuiting was primarily catalysed at the
platinum electrode. Although not a particularly fuel efficient cell, the Grimes’ device was clearly a 
powerful and early demonstration of the feasibility of liquid-phase mixed-reactant fuel cells.
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Also in 1961, Eyraud described another gas-phase mixed oxygen – hydrogen device in which a micro-
porous alumina support flooded with condensed moisture from the humid gas mixture acted as a film elec-
trolyte [4]. In this case the Ni—Al2O3—Pd cell was operated as a sensor with OCV varying from �0.35
to � 0.6 V, depending upon gas composition (no power was drawn from this cell). Then, in 1965, extending
Eyraud’s work on film electrolytes, van Gool, described for the first time, a further variant of the mixed-reactant
fuel cell, the “surface-migration” cell [5]. In this geometry, two closely spaced selective electrodes (anode
and cathode) are positioned on the same side of an insulating substrate with a film electrolyte between them.
While such a geometry could be operated with separate feeds of hydrogen and oxygen, van Gool suggested
that the close electrode spacing (�1 �m) required for a film electrolyte would make gas separation imprac-
ticable. For the selective anode electrocatalyst he suggested that a metal with a stable or partly stable hydride
and unstable oxide (e.g. Pt, Pd, Ir) would be an appropriate starting point for experimentation; for the selec-
tive cathode, a metal, such as silver with unstable hydride and stable oxide. van Gool also suggested that the
metals W, Ni and Fe which catalyse the dissociation of methane and ethane below �200°C, might work as
effective anodes in a mixed-reactant system based on hydrocarbon fuels, in which oxygen or oxygen ions are
available to mitigate carbonisation of the anode. No experimental work was reported by van Gool.

There was a gap of 14 years before Louis et al. [6] of United Technologies tested a single-cell variant of
van Gool’s [5] mixed-reactant “surface-migration” cell. In the UTC approach, a supported thin-film (3 �m)
alumina electrolyte was employed, along with closely spaced (300–400 �m gap) supported Pt anode and
SrRuO3 cathode. Each electrode was 5 �m thick and 2.0 cm � 0.5 cm in area. With a single humidified
mixed gas feed of 4% O2, 4% H2 in nitrogen, an OCV of 0.67 V was obtained at room temperature and, at
peak power, a current density of 0.82 �A cm�2 at 0.39 V. UTC went on to describe a surface strip-cell geom-
etry in which multiple pairs of surface electrodes are interconnected electrically in series and in which sev-
eral of such layers are connected in parallel. Alternative electrolyte and selective anode and cathode
electrocatalysts (e.g. zirconia, LaCo0.5Ru0.5O3, LaMnO3) were also suggested.

In 1990, Moseley and Williams [7] of AEA Technology described a similar room temperature 
Pt-oxide—Au surface-migration cell, which they had tested as a sensor in various gas mixtures. Using a
porous metal (W, Sn) oxide as substrate for the sputtered metal electrodes and for condensation of an aque-
ous film electrolyte, they discovered that this cell generated an OCV of up to 0.5 V in humid air alone.
Adding small amounts (up to approximately 1%) reducing (fuel) gases, such as H2, CO, NH3 or EtOH to
the gas mixture, they found that the OCV of the cell increased approximately as the log of the concentra-
tion of the reducing gas. The authors reasoned that the OCV response in ambient air was a result of the dif-
ferent mixed potentials established by oxygen reduction and metal oxidation at the respective gold and
platinum electrodes. Introduction of an additional fuel gas, they believed, mainly affected the mixed poten-
tial at the Pt electrode.

Also in 1990 (although with a Patent priority in 1988), Dyer, who was actually working on hydride bat-
teries at Bell Communications Research, described a quartz-supported thin-film mixed-reactant fuel cell that
operated with active but apparently non-selective electrodes [8–11]. As with the systems described by
Eyraud et al. [4], van Gool [5] and Louis et al. [6], Dyer used a hydrated alumina film as an electrolyte
(0.5 �m). In his system, however, the electrodes, which are positioned on either side of the alumina film, can
be identical and are either Pt or Pd. Only one electrode of the thin-film cell is exposed to the fuel (H2, CH4,
MeOH)-oxidant (air, O2) mixture, while the other side is supported by an impermeable substrate. Dyer
found, in his initial experiments with hydrogen – air gas mixtures, that the outer or first Pt electrode was neg-
ative (i.e. was the anode), while the inner Pt electrode was positive (cathode). OCV varied over a range of
�0.2–1.1 V, depending upon gas composition, with OCV � 0.95 V when the gas mixture consisted of at
least 50% H2. Perhaps the most important factor contributing to the magnitude and polarity of the observed
OCV is that the inner Pt electrode was treated in boiling water to convert an initial �50 nm coating of Al
metal into boehmite phase alumina. It is likely that in this preparation process the Pt surface itself was oxi-
dised. Compared to Pt metal, Pt-oxide has been reported to be a reasonably selective cathode, i.e. promoting
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O2 reduction at the expense of H2 oxidation [12]. A secondary contribution to OCV may be from the differ-
ential oxygen reduction/electrode oxidation reactions occurring in the presence of a hydrous electrolyte film
(Moseley and Williams [7] observed potentials up to 0.5 V). A third but possibly weaker contributor to the
observed behaviour of Dyer’s cell may be that a concentration gradient in the local gas mixture is established
either by gettering of hydrogen at the exposed electrode or by differential diffusion rates between oxygen and
hydrogen in the pinhole-free alumina layer [9–13]. An alternative explanation, based on the relative ability
of the two electrodes to catalyse the formation of hydrogen peroxide (the inner electrode being more active),
was given by Ellgen, of Kerr-McGee, which provided the untested basis for a 1991 Patent which claimed a
Pt—Pd alloy as a preferred cathode, simultaneously active towards chemical formation and electrochemical
reduction of H2O2, and an anode that is inhibited towards peroxide formation but active towards hydrogen
oxidation [14].

Dyer was able to reverse the polarity of his cell by changing the outer electrode to Ni. This reflects
Grüneberg’s original mixed-reactant cell of the 1950s which featured selective depletion of oxygen as the
gas-phase mixture was exposed first to a hydrogen-inert cathode and then to a hydrogen-active anode [1].
Dyer was also able to draw �1–5 mW cm�2 from his H2—O2 Pt—Pt cell with cell voltage falling by
�0.2–0.3 V per decade of current in the range 0.1–3.0 mA cm�2. He proposed that his thin-film fuel cell
would be particularly suitable as an integrated power source in planar electronic circuits and, if deposited
on a flexible substrate, could also be packaged in a compact stack form (e.g. spirally wound) to replace
conventional batteries, potentially with the fuel-oxidiser mixture being supplied in liquid form [10 and
15]. An efficiency improvement to Dyer’s cell was suggested by Taylor (also of Bell Communications),
involving patterning the outer electrode and coating it with a fuel-permeable, oxygen-impermeable barrier
to increase anode selectivity to fuel and the permeability of the cell to oxygen [16]. A later (Motorola,
1996) improvement to the general mixed-reactant cell for battery-type applications included an absorbent
material to eliminate water discharge [17].

In 1990, approximately concurrent with Dyer’s report [9], Wang et al. [18] of GTE Laboratories, filed
Patents on a two-interconnected-chamber mixed-reactant Pt—YSZ—PT solid oxide fuel cell (SOFC).
Although a mixed-reactant yttria-stabilised zirconia (YSZ) electrolyte cell was described previously in
Louis et al. [6] Patent, this was the first time such an elevated-temperature cell had been demonstrated in
practice. The mechanism of operation of Wang’s cell is not entirely clear, but seems to be via either dif-
ferential flow rates of the methane – air mixture to each electrode or via an initial electrical pulse (in the
range of several millivolts to volts) that may establish one Pt electrode as anode and the other as cathode.
It is stated that the device will operate as a fuel cell only up to 450°C and can be operated on any reducing
gas and with alternative electrolytes and with different electrodes (e.g. Pt—Au). At 350°C, Wang’s Pt—
YSZ—Pt cell provided an OCV of 0.95 V and a current of 70 �A at 0.65 V in a methane (10%) – air mix-
ture. A second embodiment of the device, which was reported to give much improved performance at up
to 600°C, appears to supply the fuel (ethane or methane) – air mixture to only one side of the cell, with the
other side possibly being exposed to air.

Continuing the development of mixed-reactant SOFCs, in 1993, Hibino and Iwahara reported a high-
temperature “single-chamber” solid oxide fuel cell operating on a methane – air mixture [19,20]. At 950°C,
Hibino’s Ni—YSZ—YSZ—Au single-cell delivered an OCV of 0.35 V and, at peak power, 15 mA cm�2 at
0.16 V in a 2:1 CH4:O2 mixture. Gas Conversion (GC) analysis of the off-gas from each electrode showed that
the Ni—YSZ anode was an effective catalyst for the partial oxidation of methane to hydrogen and carbon
monoxide, while the gold cathode was a much less effective catalyst for partial oxidation. The measured gas
compositions at each electrode corresponded reasonably well with the Nernstian partial pressure of oxygen at
each electrode, calculated from the respective half-cell potentials (�0.9 and �0.2 V, Pt—YSZ reference).
This, combined with OCV � 0 V measured when the cell was supplied with air, N2 or H2 alone or when both
electrodes were identical, led Hibino to conclude that cell EMF is largely due to the local oxygen concentra-
tion gradient generated by the difference in catalytic activity (towards partial oxidation of methane) between
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the two electrodes. Hibino also reasoned that the high cathodic overpotential (0.5 V at 10 mA cm�2), due to
gold’s poor activity towards oxygen adsorption, diffusion and reduction, could be improved by replacing
the oxygen electrolyte with a proton conductor. In subsequent experiments, Hibino was able to increase
the peak – specific power of his mixed-reactant SOFC from �2 mW cm�2 (0.5 mm YSZ electrolyte) to
166 mW cm�2 (0.5 mm BaCe0.8Y0.2O3) [21,22]. In this latter system, at 950°C, a Pt anode and Au cathode
were used, reducing both electrode overpotentials to �50 mV at �200 mA cm�2 and giving an OCV of
0.8 V and current density of 400 mA cm�2 at 0.42 V. It was also found that performance of an Au—YSZ—
Pt mixed-reactant cell could be significantly improved by surface doping of the YSZ with Pr to render it
electronically conducting [23].

Separate measurements by Gödickemeier in 1997 at ETH-Zurich [24] on a Au—TZP—Pt (TZP � 0.3 mol%
YSZ) single-cell, over a range of methane – air compositions, indicated an equilibrium oxygen partial
pressure, p(O2)

eq, at the Pt anode of 10�17atm and a non-equilibrium p(O2)
neq at the Au cathode of 0.18 atm

at 700°C in a 3:2 methane:air ratio. OCV for this cell was 0.8 V (corresponding with the Nernstian voltage
expected from the measured p(O2) values), with a current density of �10 mA cm�2 at 0.6 V and �30 mA
cm�2 at 0.2 V. These results support Hibino’s results and analysis of mixed-reactant SOFCs.

A theoretical analysis of Hibino’s and Iwahara [19] and Dyer’s [9] results of single fuel cells operating in
fuel – air gas mixtures was given by Riess et al. [25]. With a uniform oxygen partial pressure supplied to each
electrode, Riess started with the proposition that the asymmetry required to drive an ionic current through the
electrolyte must originate from a difference in the catalytic properties of the two electrodes. He showed that an
ideal mixed-reactant cell will provide identical OCV and I–V behaviour to that of a conventional fuel cell when
one electrode is reversible towards oxygen adsorption and completely inert to fuel, and the other exhibits
reversible fuel adsorption and is completely inert to oxygen. He argued that the actual OCV measured in
Hibino’s cell was lower than the theoretical value because imperfect catalyst selectivity promoted direct fuel-
oxygen reaction which reduced the chemical potential across the electrolyte. One additional conclusion of
Riess’ analysis is that the electrolyte does not need to be impervious to fuel oxidant or reaction products.

Logically, Hibino recently tested the practicality of a conventional Ni—YSZ—La0.8SrMn0.2O4 SOFC
single-cell in mixed-reactant mode, obtaining an OCV of 0.8 V at 950°C and at peak power, �300 mA
cm�2 at 0.4 V with an inlet gas mixture consisting of 19% CH4, 16% O2 and 65% N2 [26,27]. He has also
demonstrated that an intermediate-temperature (500°C) SOFC with 0.15 mm Ce0.8Sm0.2O2 (SDC) elec-
trolyte (or with other electrolytes), Ni—SDC anode and Sm0.5Sr0.5CoO3 cathode can operate effectively in
“single-chamber” mode when supplied with gas mixtures of methane, ethane, propane or LPG in air
[28,29]. In the SDC cell, supplied with an ethane (18%) – air mixture at 500°C, OCV was �0.9 V and at
peak power, a current density of �800 mA cm�2 at �0.5 V was measured. In all the cases, measurements
of electrode off-gas compositions support Hibino’s original conclusion (and Riess’ later analysis) that cell
OCV is determined largely by the oxygen concentration at each electrode which itself is determined by the
extent of partial oxidation of the hydrocarbon at each electrode. Hibino uses this as the basis of a Patent
[30] on a series-connected surface strip-cell SOFC geometry (exposed to a gas mixture on one side only),
similar in many respects to the “surface-migration” cell proposed by van Gool in 1965 [5] and later
patented in series-connected form by Louis et al. [6].

In related work at ETH-Zurich, Joerger [31] described a further variant on the strip-cell SOFC geom-
etry. In the ETH design, each side of a zirconia (TZP) electrolyte sheet is coated with a series of alternat-
ing and physically separated anode and cathode electrode strips, with each alternated pair interconnected
electrically with gold wire. Additionally, the electrodes on the two sides are arranged so that anodes are
opposite cathodes and electrically connected anode – cathode pairs are opposite electrically separate cath-
ode – anode pairs. Electrical connection to an eight cell arrangement of this type was made to the outer
anode (Pt) and cathode (Au) on one side of the electrolyte (TZP) sheet, giving an OCV of �4.5 V at 700°C
in a methane – air mixture. The connection geometry suggests that the intention in this design is for oxy-
gen ions to be conducted across the thickness of the TZP electrolyte (i.e. between opposite electrodes),
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rather than along the surface of the TZP, as would be the case in a “surface-migration” strip-cell (i.e.
between adjacent electrically separate electrodes). Clearly both ion conduction paths are possible in such a
design – risking ionic short-circuiting – with the preferred path being determined largely by electrode sep-
aration distances. Recently, Zhu et al. [32] at RIT-Stockholm proposed an essentially identical geometry
that solved the issue of ionic short circuiting by replacing the single zirconia electrolyte layer with a dou-
ble electrolyte sandwich of YSZ (50 �m)—Al2O3 (0.5–1 mm)—YSZ (50 �m). The alumina support acts
as a barrier to oxygen ion transport, so that each side of the series-connected strip-cell design acts purely
in a surface-migration mode. Zhu’s design also included stacking of many such layers in a manner similar
to that proposed previously by Louis et al. [6].

Very recently, researchers from IFC and U. Texas [33] demonstrated the feasibility of a mixed-reactant
direct-methanol PEM cell, showing that performance in mixed-reactant mode with selective electrodes could
exceed that in conventional mode when identical rates of fuel and oxidant are supplied to anode and cathode,
respectively. They also conducted a design study in which the dimensions of a series of mixed-reactant surface
strip-cells were optimised. In the single-cell tests, a two-phase reactant mixture of 1 M methanol solution
(3 cm3min�1) and air (3 dm3min�1) was supplied to both sides of a conventional geometry MEA at 80°C. The
32 cm2 MEA was a Nafion-117 electrolyte coated on one side with a hydrophobic Pt—Ru C-black 
(5 mg cm�2) anode, and on the other with iron tetramethoxyphenyl porphyrin (FeTMPP), a methanol-tolerant
cathode material. Half-cell experiments were also carried out on these electrodes (with Pt counter electrode)
and also on another selective cathode electrocatalyst, Ru—Se—Mo (5 mg cm�2). The half-cell measurements
demonstrated that, in this system, there was no significant reaction between oxygen and methanol at the anode
and that the main effect of the entrained air (or entrained nitrogen) in the mixed-feed was to impede mass-
transport of the fuel to the anode at current densities above 100 mA cm�2. At the cathode, half-cell measure-
ments again showed little significant difference between operation in mixed-reactant mode and conventional
mode, a 40 mV drop in OCV being measured for FeTMPP in mixed-reactant mode while a �20 mV increase
in OCV was measured for Ru—Se—Mo.

Cell performance was compared in mixed-reactant mode and in conventional mode (air supplied to cathode;
MeOH to anode). For both cathode systems, the OCV (0.5–0.6 V) in mixed-reactant mode was virtually iden-
tical to that in conventional mode, while slightly higher current densities were measured for the mixed-
reactant systems: at 0.3 V current densities were approximately 12 and 16 mA cm�2 for the Ru—Se—Mo
cathode, and 23 and 33 mA cm�2 for the FeTMPP cathode, in mixed-reactant and selective modes, respect-
ively. One possible explanation for the slightly higher current densities in mixed-reactant mode could be that
methanol crossed-over from the cathode side to the anode side by permeation through the electrolyte mem-
brane (driven by depletion of methanol at the anode). If this is the explanation, it is important to note that it is
only possible because in their experiments the IFC and U. Texas team supplied the mixed-reactant cell with
twice the amount of methanol (3 cm3min�1 to both anode and cathode) supplied to the conventional DMFC
(3 cm3min�1 to anode only).

In the mixed-reactant DMFC, one could argue that methanol cross-over offers a performance advantage –
quite the opposite to the situation in a conventionally operated PEM DMFC. In the latter case, methanol leaks
constantly from anode compartment to cathode compartment where it reacts at the unselective cathode elec-
trocatalyst (typically Pt), thereby lowering its potential as well as wasting fuel through direct chemical reac-
tion. This has its most significant effect on fuel efficiency (the ratio of electrical energy output of the cell to
heat of combustion of fuel entering the cell) when the conventional DMFC cell is being operated at low cur-
rent densities. The IFC and U. Texas team were able to show that the fuel efficiency of their mixed-reactant
DMFC using a selective FeTMPP cathode remained higher than that of a conventional geometry DMFC with
non-selective Pt cathode up to a current density of �100 mA cm�2. Of course, this efficiency improvement
would be evident in a conventional DMFC also, if Pt were replaced by FeTMPP. This is one of the primary
reasons why selective cathode materials, such as FeTMPP and Ru—Se—Mo were investigated in the first
place.
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The 50-year history of mixed-reactant fuel cell systems has demonstrated convincingly that they can
deliver performance comparable to that of conventional fuel cells, that multiple cells can be stacked in series
and that the mechanisms by which they work are well understood in terms of catalyst selectivity and local
chemical gradients generated at the electrodes. Moreover, the range of work carried out in this area demon-
strates that the mixed-reactant approach is applicable to gaseous and liquid systems, to systems operating
over a wide range of temperatures, to alkaline, solid oxide and PEM fuel cell types and, by implication, to
all fuel cell types.

The key advantages of mixed-reactant systems identified by the various workers in this field can be
summarised as follows:

● more compact designs possible because manifolding simplified;
● surface strip-cell geometry enables series cell connections and exposure to reactant on just one side

of structure;
● supported thin-film cell with porous electrolyte and surface electrode enables exposures from just one side;
● higher power densities possible by closer stacking of thin-film and strip-cell geometries;
● lower fabrication costs possible from continuous coating of supported thin-film and strip-cell structures;

lower cost and more reliable systems because sealing requirements reduced or eliminated.

Key disadvantages of mixed-reactant systems are as follows:

● selective (as well as active) catalysts required to prevent polarisation losses and fuel inefficiencies due
to parasitic side reactions;

● fuel cell exhaust may contain a larger proportion of more dilute unreacted fuel than in conventional
anode exhaust;

● fuel (non-reacting) dilutes oxidant concentration (or partial pressure) at cathode (Nernst potential
very slightly reduced);

● oxidant (non-reacting) dilutes fuel concentration (or partial pressure) at cathode (Nernst potential
very slightly reduced).

At their best, with ideally selective and active anode and cathode electrocatalysts, with identical geometries
and fuel and oxidant activities, mixed-reactant single-cells should have identical performance to conven-
tional fuel cells. In certain types of cell, for example, where fuel cross-over depresses performance, or
where reaction products may depress electrocatalyst activity, it appears possible for mixed-reactant cells to
out-perform conventional separate-reactant cells. At present, ideally selective catalysts are not available for
fuel cells and those substantially selective electrocatalysts that do exist are not as active as conventional fuel
cell electrocatalysts towards either fuel oxidation or oxygen reduction. Although there are presently no sig-
nificant efforts to develop selective anode or cathode electrocatalysts for mixed-reactant fuel cell systems,
there are significant efforts in the fuel cell community to develop methanol-tolerant cathode materials for
DMFCs as one means of helping to alleviate the problem of methanol cross-over. These electrocatalysts are
also ideal candidates for the cathodes of mixed-reactant DMFCs and are a starting point for a more sub-
stantial development effort for catalysts designed to enable the full benefits of mixed-reactant systems.

4. DEVELOPMENT OF CMR SYSTEMS

Generics has begun initial experimental and theoretical investigations of CMR technology. The approach we
are following is first to demonstrate proof of principle in single-cells and small stacks, secondly to develop a
valid theoretical understanding of how CMR fuel cells work and thirdly to demonstrate significant perform-
ance in pre-prototype devices. This approach, we believe, will enable us to work towards demonstrating the
applicability and value of the CMR approach to all the main types of fuel cell (PEM, AFC, PAFC, MCFC
and SOFC).
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The proof of principle of mixed-reactant fuel cells is already well established by the 50-year history of
such systems. Our focus has been to demonstrate that the CMR approach – in which a hydrodynamic flow of
mixed reactants moves through a porous cell or stack – also works in principle. At Generics we have used a
dissolved-reactant alkaline system as the basis of our initial proof of principle experiments. A series of half-,
single- and stacked-cell (series and parallel) experiments were carried out using a commercial anode of Pt—
carbon—PTFE(polytetrafluo ethylene)-catalyst on Ni-mesh (EL05&06, Electro-Chem-Technic) and cath-
ode of MnO2—PTFE on Ni-Mesh (EL01&02, Electro-Chem-Technic – note: backing layer of PTFE was
removed). For flow-through experiments, porosity of the electrodes was increased by perforating them with
a square array of pinholes. Electrolyte was a 6 M or 10 M solution of KOH. Oxidant was air, either dissolved
in the electrolyte, dissolved in water, or entrained as bubbles in the electrolyte. Fuel was either methanol dis-
solved in electrolyte or 0.008 M sodium borohydride (NaBH4) dissolved in electrolyte.

A three-chamber tubular rig was constructed enabling separate reactant supply to each chamber and also
sequential reactant flow through the three chambers. Each chamber was 4 cm in length and were separated
by a single anode and single cathode sealed across the diameter of the rig by o-rings. External electrical con-
nections were made to the electrodes. In one series of experiments, the performance of an alkaline single-cell
in the rig was compared in conventional separated-reactant mode, mixed-reactant mode and in CMR flow-
through mode (Fig. 1). In the conventional and mixed-reactant (non-flow-through) modes the electrodes
were separated by a 4 cm depth of free 10 M KOH electrolyte, filling the central chamber of the rig.

In the conventional mode, a 0.008 M (3 g l�1) solution of NaBH4 in 10 M KOH, de-aerated with bub-
bled nitrogen, was fed to the anode chamber while 10 M KOH saturated with dissolved air was fed to the
cathode. In non-flow-through mixed-reactant mode the NaBH4—KOH solution was first saturated with
bubbled air and then supplied separately to both anode and cathode chambers. In the CMR flow-through
mode the same reaction mixture was supplied to the anode chamber, where it flowed through a perforated
anode, through the central chamber and then through a perforated cathode before exiting the cathode
chamber. In each mode, fluids entirely flooded the three chambers and were pumped through the electrode
chambers at a constant rate of 2.5 ml min�1.

Current – voltage data from the three experiments are shown in Fig. 1. At 20°C, the conventional (“classic”
in Fig. 1) mode of fuel cell operation gave identical results to that of the non-flow-through mixed-reactant
mode (“CMR” in Fig. 1). At 40°C, OCVs and current densities were higher in both cases, with the perform-
ance in mixed-reactant mode exceeding that in conventional mode. CMR flow-through mode (which was
measured only at 20°C) gave significantly higher performance than either the conventional or mixed-reactant
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modes. These results suggest, firstly, that the electrodes in this alkaline system are highly selective towards the
respective desired half-cell reactions. Secondly, they suggest that the presence of both reactants at one or other
of the electrodes operate in some way to reduce electrode overpotential. Speculative mechanisms could
include local decomposition of NaBH4 to H2 gas at the cathode surface disrupting the local boundary layer and
improving oxygen transport to the cathode, or perhaps through local dissolved oxygen reacting at the anode 
to increase the rate at which adsorbed reaction products are cleared from the platinum catalyst surfaces.
Thirdly, and probably the most significant effect, the results demonstrate that mass transport of reactants to the
electrode catalysts in a CMR flow-through regime considerably exceeds that in a conventional or in a mixed-
reactant “flow-by” regime. In the latter, diffusion boundary layers may be substantial and a smaller volume or
surface area of catalyst may be exposed to reactant. Overall, this comparison between the three modes of oper-
ation supports the various earlier studies reported in the literature on mixed-reactant fuel cells and clearly
shows a potential advantage in operating a single fuel cell in CMR flow-through mode.

As part of the second stage of our approach to CMR systems development, we have developed two simple
computer models of direct-methanol CMR behaviour based on initial assumptions of the main electrochemical
mechanisms and flow modes that determine CMR cell polarisation performance. We anticipate that these
models will become increasingly robust and more sophisticated as they are developed and refined through a
process of experimental testing and verification. The purpose of the models is to enable the likely performance
of future designs of CMR systems to be predicted with reasonable confidence, for example, to help define
measurable characteristics required for suitable active materials and to optimise specific microstructures.

The first of our mathematical models of CMR is based on the Butler – Volmer equation that describes elec-
trode potentials and current density in terms of exchange current density and charge transfer coefficients for
the various reactions occurring at each electrode. We initially tested the model by using it to predict the
expected performance of a “conventional” DMFC with differing extents of fuel cross-over, populating the
model with data extracted from Taffel measurements in the literature [34]. The upper panel in Fig. 2 shows
predicted anode (ja) and cathode (jc) polarisation curves for a DMFC with 2% methanol cross-over, where jc
is the summed result of the competing oxygen reduction (jcoxid) and methanol oxidation (jcfuel) reactions
occurring at the cathode. The lower panel in Fig. 2 shows predicted cell polarisation curves for a range of
methanol cross-over, where each cell curve is calculated from the potential difference of curves jc – ja at fixed
current. This first electrochemical model assumes that the same reactant mixture is supplied to both elec-
trodes and treats the limits to mass-transport of the reactants simply as a pre-defined maximum flux of each
reactant to both electrodes. It does not distinguish, therefore, between the flow-through or flow-across
regimes and does not take into account diffusional boundary layers at the electrodes. Despite this gross sim-
plification, with an assumed fully methanol-selective anode and a completely non-selective cathode, the simu-
lated polarisation curves are comparable to those reported experimentally for the “conventional” DMFC.

In the second of our modeling approaches, we have used a commercial finite element package, Femlab
(Comsol AB, Stockholm), to begin to compare the effects of mixed-reactants in different flow regimes on
cell polarisation. The single-cell is a direct-methanol PEM MEA consisting of a GDL—Pt—Nafion—
Pt/Ru—GDL sandwich (120 �m GDL, 10 �m catalyst, 20 �m electrolyte), where the GDL surfaces are
50% blocked on each side by an interdigitated flow-field current collector. The reactant mixture is a hypo-
thetical single-phase 50:50 (v/v) mixture of 1 M methanol and air. The model assumes that in all cases
only fuel reacts at the anode and oxygen at the cathode. The model also assumes that in a mixed-reactant
environment the cell voltage is 150 mV below standard EMF for the DMFC to allow for less than ideal
selectivity of the electrocatalysts. The main basis of the flow model is D’Arcy’s law, which describes the
rate of flow of a fluid through a porous network in terms of a specific permeability constant for the net-
work and the viscosity of the fluid. Interdigitated reactant supply to each electrode (as opposed to serpen-
tine flow) is used in the conventional separated-reactant (case 1) and mixed-reactant cases (case 2). In the
CMR flow-through case (case 3) the cathode catalyst layer is treated as either flooded with liquid (case 3a)
or with gaseous air (case 3b) – oxygen in the cathode backing is in gaseous form in both cases. In all cases
the reactant flows were driven at a constant pressure differential of 0.5 atm (Fig. 3).
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The results show that at a constant supply pressure the different operating modes are likely to result in
very different cell performances. The major difference between case 1 and case 2 is accounted for by the
much lower flux of dissolved oxygen to the cathode (compared to gaseous oxygen in case 1) and by the 50%
dilution of methanol at the anode by inclusion of air in the mixed-reactant feed. The remaining difference
is mainly accounted by the polarisation loss assumed for non-ideal selectivity. The major difference
between case 2 and case 3a is the larger and more uniform oxygen supply to the active layer (also more fuel
reaches the anode). This results in a more uniform current density distribution and thus a lower polarisation
of the electrode. In case 3b, where the liquid mixture does not flood the cathode layer (as would be the case
in a gas – reactant system), the resistance to diffusion of oxygen across the cathode is much lower (than in
case 3a), increasing the flux of reactants and therefore the current density. The decreased mass-transport
resistance makes it possible for the current to be distributed more uniformly and also lowers the kinetic
polarisation. Differences between case 3 and case 1 are primarily due to the differences in resistance to react-
ant flow and to the assumed polarisation loss. In the model, the permeability of the electrolyte membrane is
assumed to be 10% of that of the GDL material. It should therefore be possible to significantly improve the
flux of reactants through the cell in CMR mode (case 3) by thinning the electrolyte layer and also by
increasing its permeability. Additionally, for purposes of direct comparison in the model, it is assumed that
the MEA in case 3 has two GDLs and current collectors that partially block the GDLs. In what might be an
ideal flow-through CMR stack, only one GDL should be required to separate each cell and no other current
collector or gas distribution structure is required between each cell. With design improvements, such as
these, it should be possible to significantly increase the flux of reactants in a CMR system and thereby
increase cell current density well above that modelled in case 3b. Furthermore, in this model an interdigi-
tated forced-flow is applied in case 1 rather than the more conventional diffusional serpentine reactant flow
adopted in most current fuel cell designs. This suggests that if the mass transfer resistance of a diffusion
boundary layer were included in case 1, an even larger advantage could be identified for the CMR mode.

5. SAFETY OF MIXED-REACTANT AND CMR SYSTEMS

Mixing a fuel and oxidant within a fuel cell raises immediate concerns of potential explosion. In reality, a fuel
cell stack is largely filled with electrolyte, electrode and separator materials, which will act as a heat sink, elim-
inating the possibility of explosion. Analogous systems, such as metal-foams or gauzes are well known as
means to prevent explosion in storage or usage of explosive mixtures. The remote possibility of sustained com-
bustion within a mixed-reactant fuel cell will be limited to any open gas supply channels with the structure.

Evidence of the mixed-reactant fuel cells – even high-temperature SOFCs – built and tested in the last 50
years supports the view of safety in these systems. It is, of course, possible to operate with gaseous fuel:oxidant
ratios below the explosive limit of the reactants, as several researchers have done. It is also possible to operate
with reactant mixtures diluted in an inert carrier, such as nitrogen or water. In liquid mixed-reactant systems,
the heat capacity of the liquid medium provides additional protection against any possibility of explosion.

In a CMR fuel cell, where flow of reactants occurs through a porous stacked structure, the elimination
of open gas flow channels eliminates any possibility of either sustained combustion or explosion, whatever
the mixed-reactant composition. Safety will need to be proved ultimately, of course, by impact, explosion
and combustion tests of actual CMR devices.

6. CONCLUSION

For developers of all of today’s fuel cell systems, CMR technology offers immediate benefits in cost, size,
power density and reliability at the likely expense of some loss in efficiency. For direct-methanol fuel cells,
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CMR offers the prospect of an increase in fuel efficiency, as well as these advantages. In the future, with the
development of more selective electrocatalysts, the overwhelming advantages of operation in the CMR
mode suggest it could displace today’s conventional separate-reactant fuel cell in many application areas.
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