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1. Introduction
Polymer electrolyte membrane (PEM) fuel cells have the

potential to alleviate major problems associated with the
production and consumption of energy. Fuel cells operate
as energy conversion devices, and when supplied with
hydrogen derived from renewable energy sources (solar,
wind, biomass,etc.), they have the potential to substantially
and positively impact many areas, including environmental,
economic, and energy security. For operation with hydrogen
as the fuel, the only chemical byproduct is water; thus, the
process is clean. The fuel cell is also more efficient in its
conversion of chemical energy to electrical energy than
present technologies. Together, these features suggest that
fuel cells can reduce the problems associated with petroleum
based energy production, which include air pollution,
greenhouse-gas emissions, and economic dependence on
petroleum. For this reason, industrial developers and world
governments have shown great interest in developing fuel
cell power sources.

PEM fuel cells are being developed as electrical power
sources for vehicles and for stationary and portable power
applications. Fuel cell development for use in light-duty
vehicles has focused on polymer electrolyte membrane fuel
cells (PEMFCs) because they operate at relatively low
temperatures and have short start-up and transient-response
times compared to other types of fuel cells that operate at
higher temperatures (200°C to 800°C). Higher-temperature
fuel cells are not as amenable to transient behavior required
for transportation propulsion, including start-up and shut-
down, and do not typically have as high a power density or
specific power nor as low a cost. For these reasons, nearly
all the major automakers have fuel cell projects based on
PEM technology. While there is a concentration on PEMFCs
for transportation technologies, other types of fuel cells have
been and are currently in development based on other
technologies. For a retrospective look at the development
of fuel cell technologies over the past 100 years, the reader
should see Perry and Fuller.1

Automobile manufacturers and fuel cell developers have
produced PEMFCs for many years, but recent significant
technological advances have left two major remaining
challenges to widespread fuel cell use: cost and lifetime,
which are interrelated. For example, adding more catalyst
to a fuel cell increases catalyst lifetime but increases fuel
cell cost. Similarly, increasing a fuel cell membrane’s
thickness increases its lifetime but also increases its cost by
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adding material and lowering specific performance. Thus, a
complex balance exists between the cost and lifetime of a
PEM fuel cell. However, since PEM fuel cells currently are
not cost competitive for most applications and still do not
have sufficient durability, measures to increase fuel cell
lifetime that also add expense are not an option. To improve
the durability of PEM fuel cells, researchers are studying
the factors that determine a PEM fuel cell’s lifetime, so that
the lifetime can be increased without increasing cost or losing
performance.

Studies have shown that several factors can reduce the
useful life of a PEM fuel cell, including platinum-particle
dissolution and sintering, carbon-support corrosion, and
membrane thinning.2-4 Lifetime can also be reduced by
efforts to maximize the initial performance of a fuel cell
component. For example, decreasing the equivalent weight
of the polymer electrolyte typically increases the membrane’s
proton conductivity but also increases its water uptake and
gas permeabilitysand degrades its mechanical properties.

The conditions under which a fuel cell operates or to which
it is exposed can also affect its performance and lifetime.
Important operating conditions include impurities in the fuel
or oxidant streams, the fuel cell’s temperature, its voltage
and current, the pressures of the fuel and oxidant streams,
and whether it operates continuously or transientlysas occurs
during start-up and shutdown.
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The failure modes of PEM fuel cells have recently received
much attention;4-6 the causes and mechanisms of fuel cell
degradation have received less attention. The intent of this
paper is to review the current understanding of hydrogen-
fueled PEMFC degradation.

Typically, a PEMFC exhibits a gradual decline in power
output during operation. Initially, the cumulative effect of
this gradual decline is acceptable; that is, the power output
of the cell or stack is still high enough to effectively operate
the device to which it provides power. But with time, the
cumulative effect of this gradual decline can become so large
that the cell or stack can no longer deliver the required power.
The degradation is then unacceptable. The causes of the
gradual performance decline are not completely understood,
especially the degradation mechanisms that occur in the fuel
cell’s different components and the relative contribution of
each component’s degradation to the degradation of the entire
fuel cell. However, such understanding is required for
PEMFC developers to develop new materials that last longer
but are not prohibitively expensive. As mentioned, in the
past few years, much progress has been made in understand-
ing how the polymer electrolyte membrane and platinum
electrocatalyst degrade and the carbon supports corrode.

Because other concerns were more pressing at the time,
only a few PEMFC researchers studied lifetime issues before
the early 2000s. Now, however, the emphasis has shifted
from designing fuel cell systems and improving their short-
term performance to improving fuel cell reliability and
lifetime and making fuel cells cost competitive. As a result,
the number of published studies of fuel cell reliability,
lifetime, and cost has increased dramatically, as was first
noted in 2003.5 Some of these studies revealed severe
degradation of PEMFC materials previously thought to be
immune to corrosion and decomposition, and it is now
recognized that lifetime problems had been previously
underestimated because it was thoughtsincorrectlysthat key
PEMFC materials such as platinum (the metal catalyst),
proton-conducting ionomer (used in the membrane and
catalyst layer), carbon/graphite [used in the catalyst support,
the GDL (gas-diffusion layer), and the bipolar plate], and
Teflon (used in the GDL) would not suffer extensive
chemical/physical degradation during fuel cell operation
leading to unacceptable performance losses.

Within a PEMFC, the individual components are exposed
to an aggressive combination of strong oxidizing conditions,
liquid water, strongly acidic conditions, high temperature,
high electrochemical potentials, reactive intermediate reaction
products, a chemically reducing atmosphere at the anode,
high electric current, and large potential gradients. In recent
years, researchers have realized the importance of trying to
understand the roles of these various conditions in the
degradation process and to reduce their negative effects.

Figure 1 shows the number of literature hits for the topics
of PEMFC degradation and PEMFC durability as functions
of time. We obtained these results using SciSearch, a
common database of scientific literature. Spikes in publica-
tions on PEMFC degradation and durability occur in 2004
and 2005. Since 1989, 58% of the hits on these topics
occurred in 2005 and 2006. Before 2004, comparatively little
had been published on these topics because, until then, most
of the emphasis had been on improving the initials
“beginning-of-life” (BOL)s performance of a stack or a fuel
cell component. In the past few years, research in these areas,
especially membrane durability, catalyst durability, mem-

brane electrode assembly (MEA) durability, and the effects
of operating conditions, has increased significantly. In fact,
symposia and sessions dealing with durability are now
regular events at two of the most prominent PEMFC R&D
meetingssthe Electrochemical Society Joint International
Meeting and the Fuel Cell Seminar. Such symposia and
sessions did not exist before 2005. There is even a new
conference in its second yearson Fuel Cells Durability &
Performancesthat deals only with these topics.

Although research on fuel cell durability has clearly
increased in recent years, to date, no review paper has
covered this research. Our intent is to correct this situation.
We first review durability targets (subsection 1.1), durability
testing methods (subsection 1.3), and the effect of operating
conditions on durability (section 2). We then focus on
components: membranes (section 3), electrocatalysts and
supports (section 4), and gas-diffusion media (section 5). To
limit the paper’s scope, we exclude from our discussion
bipolar plates/flow fields, gaskets, stacks, and other system
components. Moreover, details about these components are
often proprietary.

1.1. Durability Targets for Stationary and
Transportation Applications

The governments of the U.S., Japan, Europe, and other
countries promote PEMFC development by funding certain
R&D programs. In particular, the U.S. Department of Energy
(DOE), Japan’s Ministry of Economy, Trade, and Industry
(METI), and the European Commission are supporting the
development of PEMFCs for transportation and stationary
applications. These programs have established targets for
commercializing fuel cells for transportation and stationary
applications. Subsections 1.1.1, 1.1.2, and 1.1.3 discuss these
targets.

1.1.1. U.S. DOE Fuel Cell Programs
The U.S. DOE Office of Energy Efficiency and Renewable

Energy’s Hydrogen, Fuel Cells and Infrastructure Technolo-
gies (HFCIT) Program is facilitating the research and
technology development efforts needed for fuel cell technol-
ogy readiness. The DOE is working closely with its national
laboratories, universities, and industry partners to overcome

Figure 1. Trend in published literature for PEMFC long-term
durability and degradation studies (1989-2006). The search criteria
were “Proton Exchange Membrane Fuel Cell” plus “Polymer
Electrolyte Fuel Cell (PEFC)” and “durability” for the blue bars.
The searches were repeated, substituting “degradation” for “durabil-
ity”, and these totals correspond to the red bars.
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critical technical barriers to fuel cell commercialization. The
Hydrogen, Fuel Cells and Infrastructure Technologies Pro-
gram’s Multi-Year RD&D plan is built upon several
predecessor planning documents and is integrated with other
DOE office plans. The Plan describes the details of research
and technology development, requirements, and schedule.6

Automotive fuel cell systems need to be as durable and
reliable as current automotive engines. Thus, automotive fuel
cell systems will have to last for at least 5,000 h (equivalent
to 150,000 driven miles) and be able to function properly
over the full range of external (“ambient”) temperatures (-40
°C to +40 °C). Membranes, which are critical components
of the fuel cell stack, must be able to perform over the full
range of system operating temperatures with less than 5%
performance loss at the end of lifeswithout external hu-
midification, which adds cost and complexity to the system.
Catalyst lifetime is also important and can be compromised
by platinum sintering and dissolution, especially under load
cycling and high electrode potentials. Carbon-support cor-
rosion is another challenge at high electrode potentials and
can worsen with load cycling and high-temperature operation.

Fuel cells for stationary applications will likely require
more than 40,000 h of reliable operation. Stationary fuel cells
with lifetimes routinely greater than 40,000 h have been
demonstrated, but these fuel cells are based upon PAFC
(phosphoric acid) and have made limited market penetration
to date. PEM fuel cell tests for stationary applications have
lasted up to 20,000 h, but market acceptance likely requires
increased reliable operating duration, including over the full
range of external temperatures (-35 °C to +40 °C).

U.S. DOE lifetime status and targets (with cycling and
<5% rated power degradation at the end of fuel cell life)
for integrated transportation PEM fuel cell power systems
fueled by hydrogen are as follows: a 2005 status of∼1,000
h, and a 2010/2015 target of 5,000 h.

The lifetime status and targets (with<10% rated power
degradation at the end of fuel cell life) for integrated
stationary PEM fuel cell power systems fueled by reformate
are as follows: a 2003 status of 15,000 h, a 2005 status of
20,000 h, and a 2011 target of 40,000 h.

1.1.2. Japanese NEDO Fuel Cell Programs

Under METI, Japan’s New Energy and Industrial Tech-
nology Development Organization (NEDO) has promoted
the national development of PEMFCs. NEDO first proposed
an R&D road map for the technical development of stationary
and vehicular systems in 2005 and made some minor
revisions to it in 2006.7 The road map includes technical-
development themes and target values for each stage of
development.

NEDO also recognizes that fuel cell lifetimes and perfor-
mance must be improved for vehicular fuel cell systems to
be commercially viable. NEDO’s road map sets the following
targets for 2015: a fuel cell lifetime of>5,000 h; a vehicle
efficiency of 60%, based on the lower heating value (LHV)
of the fuel; an operating temperature greater than 90-100
°C; and a stack cost of∼10,000 Yen/kW. Although NEDO
does not directly promote the development of vehicular fuel
cell systems, it does support developing the basic technolo-
gies needed to build fuel cells for these systems as well as
studies of degradation mechanisms. After 2020, NEDO
would like to see operating temperatures of∼100-120 °C
without a humidifier, to promote waste heat removal. Fuel
cells must also operate at low external temperatures; NEDO’s

target for their widespread commercial use after 2020 is
-40 °C.

NEDO’s road map calls for the first-generation commercial
system to be introduced in 2008 at a target cost of 1.2M
Yen/kW. However, lower cost and improved durability are
necessary for widespread successful commercialization. A
lifetime of more than 10 years (about 90,000 h) will be
needed for home-cogeneration PEMFC systems.

NEDO’s status and lifetime targets for integrated family-
vehicle PEM fuel cell power systems fueled by hydrogen
are as follows: a 2005 status of∼1,000 h, a 2010 target of
3,000 h, and a 2015 target of 5,000 h. NEDO’s status and
lifetime targets (<10% rated power degradation at the end
of fuel cell life) for integrated stationary PEM fuel cell power
systems for home cogeneration fueled by reformate are
as follows: a 2005 status of∼10,000 h, a 2010 target of
40,000 h, and a 2015 target of∼90,000 h.

1.1.3. European Hydrogen and Fuel Cell Technology
Platform

The European Hydrogen and Fuel Cell Technology
Platform (HFP) established an Implementation Panel (IP) in
2006 to take fuel cell technology to the implementation
stage.8 This program is designed to facilitate and accelerate
the development and deployment of cost-competitive, world
class European hydrogen and fuel cell technologies. They
expect use in transportation, stationary, and portable power
applications.

The Implementation Panel developed Innovation and
Development Actions (IDA) for Hydrogen Vehicles (IDA
1). The goal of this program was to improve and validate
hydrogen vehicle and refueling technologies to the level
required for commercialization decisions by 2015 and for a
mass-market rollout by 2020. IDA 1 addresses transport
applications, emphasizing road transport but also other
transport applications, to meet EU goals on competitiveness
and sustainable mobility. The top priority is the development
of competitive hydrogen fuel cell vehicles with an emphasis
on component performance and reliability, aligned with the
establishment of a hydrogen refueling infrastructure and the
supporting elements for market deployment and industry
capacity buildup.

The specific targets for 2015 for the road propulsion fuel
cell system include an efficiency of>40% on the NEDC
(New European Drive Cycle), a cost of 100 Euros/kW, and
lifetimes of 5000 h for cars and 10,000 h for buses.

Innovation and Development Action 3 (IDA 3) has the
goal of commercially competitive fuel cells for CHP
(combined heat and power) generation:>1 GW capacity
in operation by 2015. PEM fuel cell systems are mainly
targeted for residential units. Specific milestones have been
included which show gradual increases in performance and
capacities toward tangible market penetration by 2020.

The specific targets for 2009-2012 for residential systems
of 1-10 kW include an electrical efficiency of 34-40%,
with a total fuel efficiency of 80%, a system cost of 6,000
Euros, and a lifetime of>12,000 h.

1.2. PEM Fuel Cell Materials
To provide a context for the lifetime tests discussed below,

we briefly discuss fuel cell operation and the fuel cell
components of interest in durability studies. A schematic
cross section of a single cell of a PEMFC showing individual
components is shown in Figure 2. An individual cell consists
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of a cathode, an anode, and a separating polymer-electrolyte
membrane. Each electrode has an electrocatalyst layer, and
a gas diffusion layer (GDL). The catalyst layers can be
attached to either the membrane or at times to the GDL
material (termed the gas diffusion electrode, GDE).

Each individual cell produces a voltage of about 0.6-0.7
V; to produce a suitable voltage, individual cells are
“stacked” to form a fuel cell stack. The individual cells are
electrically connected in series by bipolar plates, and special
end plates terminate the stacks to provide the compressive
forces needed for stack structural integrity. The bipolar plates
provide conducting paths for electrons between cells, dis-
tribute the reactant gases across the entire active MEA
surface area (through flow channels integrated into the
plates), remove waste heat (through cooling channels), and
provide stack structural integrity as well as barriers to anode
and cathode gases.

Directly adjacent to the bipolar plates are the GDLs, which
typically consist of two layerssa macroporous substrate layer
and a microporous layer (MPL). The GDLs are gas perme-
able and help distribute gases to the catalyst layer, conduct
electrical current, and also provide a network of paths for
liquid water to move from the MEA to the flow channel.
The macroporous substrate layer consists of a carbon fiber
matrix with a large void volume, typically 75-85%, and a
primarily hydrophobic MPL consisting of carbon black
mixed with fluoropolymer. The cathode GDL normally has
an attached MPL; the anode GDL may or may not have a
MPL. In section 5, we discuss GDLs in detail.

The electrochemical processes that drive a fuel cell occur
within the cell’s inner three layers, commonly known as the
MEA or alternately as a catalyst-coated membrane (CCM).
In the early years of PEMFC developmentsthe mid-to-late
1960s9,10sresearchers defined an MEA to be two gas-
diffusion electrodes (GDEs) plus a proton-conducting poly-
mer membrane, or ionomer. This form of MEA included
GDL substrates with an electrocatalyst layer deposited on
each GDL surface in place of what are now the MPLs.
Modern PEMFC electrocatalyst layers are usually composite
structures consisting of proton-conducting ionomer material
and noble-metal (platinum) catalyst supported on carbon.
This thin-film electrode technology was pioneered initially
at Los Alamos National Laboratory in the late 1980s and
early 1990s.11-16 Since then, the meaning of “MEA” has
changed from one based exclusively on the original PEM
technology used by NASA and General Electric Corporation

(this technology contained GDLs) to meanings which can
be based on either the discrete three-layer structure (two
composite electrocatalyst layers plus electrolyte without
GDLs) or the five-layer structure including GDLs. Other
developers still use CCM and MEA to distinguish between
three-layer structures and five-layer structures.

In modern MEAs, the electrocatalysts are nanoparticles
of platinum or platinum alloys deposited on high-surface-
area carbon supports. The nanoparticles increase the active
catalytic surface area per unit mass of platinum. However,
they also pose material-stability and interaction issues. The
stability of platinum, platinum alloys, and carbon particles
and the interaction of the nanocatalyst particles with the
carbon supports are of concern for fuel cell durability. In
section 4, we discuss electrocatalysts and their supports in
detail. Ionomer is also included in the electrode layer for
proton transport, and it has material properties and catalyst
interfaces that can degrade.

Finally, the PEM is typically a polymeric material with
sulfonic-acid side chains and a fluorocarbon or hydrocarbon
backbone. Nafion (Nafion is a trademark of E. I. DuPont de
Nemours and Company), a perfluorinated sulfonic acid based
ionomer (PFSA), has been the standard membrane material
for fuel cell applications and is also the most studied fuel
cell membrane material. In section 3, we discuss the
degradation of polymer electrolyte membranes in detail.

1.3. Durability Tests
As research on fuel cell lifetime has increased, questions

have arisen regarding the operating conditions needed to
evaluate durability and how to compare data taken under
different conditions. These issues have led to standard test
protocols, but much of the existing durability data was taken
under different operating conditions, making comparisons
among different data sets difficult.

Various developers have studied degradation mechanisms
and differences in the durability of various components, for
both stationary and automotive applications. Most long-term
stationary tests (or “life tests”) are carried out at a given set
point or group of set points with the voltage or, more
commonly, the current density held constant for hundreds
or thousands of hours per test.

For long-term tests that simulate automotive applications,
the power density is usually continuously varied in some
sort of cyclic form. For instance, the federal internal-
combustion-engine drive cycle “US06” has been converted
to an equivalent PEMFC-engine drive cycle using power-
density set points taken from polarization data.17 Durability
measurements are taken using this modified US06 drive cycle
to subject single cells to hours of repeated cycling.18,19 In
addition, the U.S. DOE has recently released a first version
of a recommended procedure for acquiring 2,000 h of stack-
test data taken with variable loads.20 This test protocol is
designed to assess the performance and durability of fuel
cells for vehicular applications and to compare cell and stack
performance with U.S. DOE targets. Figure 3 shows the time/
current behavior of this protocol; Table 1 shows the current
density/time profile. The protocol’s current density is defined
by the measured current at the specified voltage before the
protocol is initiated (for example, C80 is the current density
at 0.80 V). Results produced by this protocol may or may
not accurately predict the lifetime of an actual fuel cell in
an actual vehicle undergoing actual driving and start/stop
cycles.20 Although this protocol was not intended to be

Figure 2. Schematic cross section of a typical PEM fuel cell.
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comprehensivesmany issues (e.g., fuel cell behavior under
start/stop conditions) are not addressedsit provides insight
about fuel cell durability for automotive-type transients. We
expect additional issues will be addressed by future or revised
protocols.

Standard durability-evaluation protocols would be of great
value to the fuel cell community and are beginning to appear,
although their methods and use are not yet uniform. The U.S.
DOE included a set of durability protocols in their 2006
PEMFC program solicitation to industry and the national
laboratories for use to evaluate newly developed compo-
nents.21 These protocols include an accelerated-test meth-
odology based on potential cycling of electrocatalysts and a
protocol to measure the corrosion of catalyst-support materi-
als. The lack of standard durability protocols is not surprisings
it was not until 2004 that a common single-cell testing
protocol for BOL performance and new-component evalu-
ation was established.22 The USFCC (U.S. Fuel Cell Council)
has a current working group to develop and standardize
durability testing methods, and the U.S. DOE Office of
Energy Efficiency and Renewable Energy (EERE) is devel-
oping standard automotive-stack-durability protocols through
the Freedom Cooperative Automotive Research CAR
(FreedomCAR) Fuel Cell Technical Team. Because so many
interrelated issues are involved in the durability analysis of
a PEMFC, many broad studies addressing all of these factors
and operating conditions are needed.

Ideally, a component developer would like to evaluate new
materials and cell designs with a minimum of long-term
PEMFC testing. Conventional durability tests currently
include long-term tests at most stages of development,
requiring progressively longer hours per test as the cell/stack
design nears completion. A final configuration of PEMFC
components could be tested for a total of up to 10,000 h or
more (testing of a complete fuel cell stack) before a prototype
design is frozen. The prototype stack must then be validated
for another∼5,000 h before being integrated with the system.
In the past few years, emphasis on developing accelerated
tests, preferably standardized ones, has greatly increased.

Many of the testing methods used for accelerated testing
of individual components are presented in sections 2-5 in
support of the individual component durability data, but they
tend to not be standardized protocols. One notable attempt
to standardize individual-component accelerated durability
protocols has become public. The U.S. DOE and the Freedom
CAR Fuel Cell Technical Team have recently established a
set of durability-test protocols, which includes four tests:
electrocatalyst (see Table 2), electrocatalyst supports (see
Table 3), MEA chemical (see Table 4), and membrane
mechanical (see Table 5).23 Such protocols should help
researchers evaluate durability and make comparisons be-
tween different materials.

2. Operational Effects on Fuel Cell Durability
Operating conditions are known to have an impact on a

fuel cell’s durability. In this section we focus on a number
of operational effects and research done investigating their
impact on fuel cell durability. These effects include exposure
to impurities (on both the anode and cathode sides of the
fuel cell), exposure to and start-up from subfreezing condi-
tions, and other operating conditions. These other operating

Figure 3. U.S. DOE dynamic stress test.

Table 1. Current Density vs Time for Cycle Profile

step duration (s) CXX step duration (s) CXX

1 15 OCV 9 20 C75

2 25 C80 10 15 C88

3 20 C75 11 35 C80

4 15 C88 12 20 C60

5 24 C80 13 35 C65

6 20 C75 14 8 C88

7 15 C88 15 35 C75

8 25 C80 16 40 C88

Table 2. Electrocatalyst Cycle and Metrics

cycle step change: 30 s at 0.7 V and 30 s
at 0.9 V. Single cell 25-50 cm2

number 30,000 cycles
cycle time 60 s
temperature 80°C
relative humidity anode/cathode 100/100%
fuel/oxidant hydrogen/N2
pressure 150 kPa absolute

metric frequency target

catalytic activitya beginning and end of life e60% loss of initial
catalytic activity

polarization curve
from 0 tog1.5
A/cm2 b

after 0, 1K, 5K, 10K,
and 30K cycles

e30 mV loss at
0.8 A/cm2

ECSA/cyclic
voltammetry

after 1, 10, 30, 100, 300,
1000, and 3000 cycles
and every 5000 cycles
thereafter

e40% loss of initial
area

a Activity in A/mg at 150 kPa absolute backpressure at 900 mViR,
corrected on H2/O2, 100% RH, 80°C. b Polarization curve per USFCC
“Single Cell Test Protocol” section A6.

Table 3. Catalyst Support Cycle and Metrics

cycle hold at 1.2 V for 24 h; run polarization
curve and ECSA; repeat for total 200 h.
Single cell 25-50 cm2

total time continuous operation for 200 h
diagnostic frequency 24 h
temperature 95°C
relative humidity anode/cathode 80/80%
fuel/oxidant hydrogen/nitrogen
pressure 150 kPa absolute

metric frequency target

CO2 release on-line <10% mass loss
catalytic activitya every 24 h e60% loss of initial

catalytic activity
polarization curve from

to g1.5 A/cm2 b
every 24 h e30 mV loss at 1.5 A/cm2

or rated power
ECSA/cyclic voltammetry every 24 h e40% loss of initial area

a Activity in A/mg at 150 kPa absolute backpressure at 900 mViR,
corrected on H2/O2, 100% RH, 80°C. b Polarization curve per USFCC
“Single Cell Test Protocol” section A6.
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conditions include potential cycling, fuel starvation, start/
stop cycling, and changes in temperature and/or relative
humidity.

2.1. Impurity Effects

Impurities are the first external (operational) variable that
we review in terms of their impact on fuel cell durability.
Impurities present in both the hydrogen fuel stream and the
air intake have been shown to negatively impact a fuel cell’s
performance and durability. Table 6 lists the most common
impurities and their sources.

Impurities are known to affect FC performance by various
mechanisms that lead to performance loss. Impurities that
adsorb onto the anode or cathode electrocatalyst surface
inhibit the electrode charge-transfer processes, resulting in
interfacial overpotential losses. Impurities such as ammonia,
which can form cations, or other cations introduced to the
cell directly from salts or corrosion byproducts can cause
ion exchange with protons in the ionomer. These cations
lower proton conduction and can result in increased ohmic
losses. Foreign substances can also change the water and/or
gas transport behavior of the gas diffusion layer and thus
adversely affect fuel cell performance by decreasing mass
transport.

Performance losses due to impurities can be permanent
and irreversible, or temporary and reversible. The perfor-
mance loss of some poisoning species can be negated by
simply ending introduction of the impurity or by performing
a recovery procedure. Additionally, one cannot state if an

effect is permanent unless rigorous recovery procedures have
been attempted. Exposure to high potentials or repeated
cyclic voltammetry (CV) sweeps (for catalyst poisons, such
as S) and operation at high currents (for foreign cations, such
as NH4

+) should be performed to determine if the effects
are permanent.

While the effects of one impurity (CO) have been
thoroughly researched, there are fewer publications inves-
tigating the effect of other impurities on fuel cell perform-
ance.24-44 Other common fuel impurities include ammonia,
hydrogen sulfide, hydrogen cyanide, hydrocarbons, formal-
dehyde, and formic acid.45 On the cathode side, ambient air
may contain impurities such as sulfur dioxide, nitrogen
oxides, and particulate matter (including salts) that can affect
fuel cell performance.45 The degradation mechanisms due
to these impurities can vary, depending on the type and
chemical makeup of the impurity, and the work that has been
reported on the durability aspects of these impurities is
reported in the following sections.

2.1.1. Fuel Impurities

For many applications, hydrogen is currently produced by
reforming a hydrocarbon fuel (natural gas, methanol, pro-
pane, gasoline, and diesel), producing a hydrogen-rich gas
commonly termed reformate. These processes leave impuri-
ties in the hydrogen and are dependent upon the reforming
process used, the fuel itself, and post-treatment of the
reformate stream. While other techniques such as electrolysis
can be used to produce hydrogen, these bring about different
impurity issues (such as cations) and increased production
costs. For the production of hydrogen, trade-offs exist
between the purity of the hydrogen (type and concentration
of impurities) and cost. Therefore, the durability of fuel cells
operating with hydrogen contaminants has been investigated.

The composition of reformate depends upon the reforming
process and the type of fuel used. Hydrogen produced via
autothermal reforming of gasoline has a typical major
constituent composition46 of 45% H2, 20% CO2, and 35%
N2; steam reforming of methanol gives 75% H2 and 25%
CO2; and steam reforming of natural gas can have a
composition of 80% H2 and 20% CO2, with smaller amounts
of trace impurities. The trace impurities can have a larger
impact on performance and durability than either N2 or CO2

even though the concentrations of these species are typically

Table 4. MEA Chemical Stability and Metrics

test condition steady-state OCV, single
cell 25-50 cm2

total time 200 h
temperature 90°C
relative humidity anode/cathode 30/30%
fuel/oxidant hydrogen/air at stoics of 10/10

at 0.2 A/cm2 equivalent flow
pressure, inlet kPa abs (bara) anode 250 (2.5), cathode 200 (2.0)

metric frequency target

F- release or equivalent for
non-fluorine membranes

at least every 24 h no targetsfor
monitoring

hydrogen crossovera

(mA/cm2)
every 24 h e20 mA/cm2

OCV continuous e20% loss in
OCV

high-frequency resistance every 24 h at
0.2 A/cm2

no targetsfor
monitoring

a Crossover current per USFCC “Single Cell Test Protocol” section
A3-2, electrochemical hydrogen crossover method.

Table 5. Membrane Mechanical Cycle and Metrics

cycle cycle 0% RH (2 min) to 90°C
dew point (2 min), single cell 25-50 cm2

total time until crossover>10 sccm or 20,000 cycles
temperature 80°C
relative humidity cycle from 0% RH (2 min) to 90°C

dew point (2 min)
fuel/oxidant air/air at 2 slpm on both sides
pressure ambient or no backpressure

metric frequency target

crossovera every 24 h e10 sccm

a Crossover per USFCC “Single Cell Test Protocol” section A3-1,
pressure test method with 3 psig N2.

Table 6. Origin of Common Fuel and Air Impurities 45

Hydrogen Fuel Impurities

fuel for hydrogen potential impurities

crude oil: CO, NH3, H2S, HCN
gasolines hydrocarbons, aldehydes
diesels mercaptans

natural gas CO, NH3, H2S, HCN,
hydrocarbons, mercaptans

methanol/DME CO, odorants, alcohols
BioMass cations, aldehydes, alcohols,

formic acid, NH3, H2S, HCN
water electrolysis anions, cations

Air Impurities
fuel combustion pollution SOx, NOx, hydrocarbons,

soots and particulates
ambient air, farming NH3
natural sources ocean salts, dust

Others
de-icers NaCl, CaCl2

FC system corrosion products cations, anions
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4 orders of magnitude lower. Generally, nitrogen is consid-
ered to be simply a gas diluent; however, deviations of 10-
30 mV from Nernst behavior have been measured.47 Similar
deviations from Nernst behavior have also been measured
with CO2. However, CO2 is known to react via the reverse
water-gas-shift reaction, producing CO.48 The best-known,
and well studied, example of an anode catalyst poison is
carbon monoxide. Significant work on CO as a fuel cell
impurity is the result of its ubiquitous presence, often at high
concentrations, in the effluent from hydrocarbon reforming
processes. These CO fuel cell studies have looked at many
aspects of CO poisoning: examining CO performance effects
in fuel cells,24,49-63 modeling CO effects on fuel cell
operation,64-82 developing operational methods to minimize
CO poisoning in fuel cells,83-99 developing anodes more
tolerant to CO,100-106 and making fundamental electrocata-
lytic measurements of CO with electrocatalysts.24,25,33,107-111

These studies have shown that CO forms a strong bond with
Pt, chemisorbing on the metal surface. The chemisorbed CO
blocks the adsorption of hydrogen onto active Pt sites for
hydrogen electro-oxidation (HOR). This catalyst poisoning
reduces electro-oxidation rates and raises electrode over-
potentials, resulting in performance losses compared to CO-
free tests. Fortunately, the effects of CO on fuel cell
performance appear to be based upon equilibrium absorption
of CO from the gas phase. As a result, the durability
implications of long-term exposure to CO-containing streams
have not been reviewed in detail, as they appeared to be
similar to those of fuel cells without CO. This review focuses
on durability of fuel cells, and we, therefore, have limited
our discussion of CO as an impurity due to the reversible
nature of the impurity.

Effect of Ammonia. Traces of NH3 can be generated in
the process of reforming natural gas and other hydrocarbons
for H2 production. The presence of ammonia levels as low
as 13 ppm in the fuel stream has rapid deleterious effects
on performance.40 Higher concentrations (80, 200, and 500
ppm) of NH3 have shown a marked decrease in performance
in simulated reformate: cell performance decreases with
exposure to NH3 in reformate from 825 to 200 mA/cm2 at
0.6 V.38 Short-term exposure (<1 h) to NH3 shows reversible
effects.40 However, the negative effects caused by long-term
exposure are irreversible, meaning that further operation on
neat H2 results only in a partial recovery, as shown in Figure
4 for testing with 30 ppm NH3. High-frequency resistance
(HFR) measurements show a resistivity increase from 0.10
Ω‚cm2 before NH3 exposure to 0.25Ω‚cm2 after 15 h. Cyclic
voltammetry (CV) of the anode, after exposure, does not
indicate any noticeable NH3 adsorption onto the catalyst
layer;43 thus, the degradation mechanism appears to be due
to protonic conductivity loss. The likely culprit is that NH3

reacts with ionomeric H+, generating NH4+ and consequently
lowering the protonic activity. The negative effect gradually
starts at the anode catalyst layer, the first region exposed,
and continues into the membrane as the ammonia diffuses
deeper and deeper.

Hydrogen Sulfide. Natural gas is one of the primary
sources of hydrogen, and depending on the geographic region
of extraction, it may contain large amounts of H2S (up to
several vol %). Other fuels from fossil origin, such as
gasoline, also have a number of sulfur-containing com-
pounds, (e.g., thiophene, thiols, and carbon sulfide). During
the reforming process for H2 enrichment, these compounds
are converted to H2S. Metals in general have a strong

chemical affinity with H2S, and Pt catalysts are not an
exception and are particularly vulnerable. The degrading
effects of the presence of this impurity in the FC are
significant and commensurate with H2S concentration and
time of exposure.

Figure 5 shows polarization curves for a cell exposed to
1 ppm of H2S while running at a constant voltage of 0.5
V.112 Performance losses are evident after just 4 h of
exposure, and the cell operation becomes almost completely
disabled after 21 h, as indicated by curve c. Continued
operation on neat H2 was conducted without significant
recovery, indicating the irreversibility of the poisoning
process by H2S. Cyclic voltammetry performed of an anode
fully poisoned by H2S is shown in Figure 6.113 Two major
features in this CV indicate the presence of sulfur species
chemisorbed onto the Pt surface. Within the potential domain
of 0.1-0.4 V, in the first cycle, the typical peaks of a clean
Pt catalyst corresponding to H-desorption are totally absent
because the active sites are blocked by sulfur species. The
second feature is seen in the potential range 0.8-1.3 V,
which appears as two major merging oxidation waves. These
currents correspond to the electrochemical oxidation of
chemisorbed sulfur to nonpoisoning species. This result

Figure 4. Polarization curves of a H2/air fuel cell showing the
effect of 30 ppm NH3 injected into the fuel stream for a total of 15
h. After this period, the cell continued operating on neat hydrogen
for an additional 88 h at a constant voltage of 0.5 V.T ) 80 °C.
Reprinted with permission from ref 43. Copyright 2002 The
Electrochemical Society.

Figure 5. Polarization curves of a 5 cm2 FC whose anode was
poisoned with 1 ppm H2S. Pt loadings were 0.2 mg Pt/cm2 at each
electrode. Curves prior to poisoning and after electrochemical
cleaning are also shown.T ) 80 °C. From ref 112.
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explains the relative irreversibility of the Pt-catalyst poison-
ing. The electrochemical desorption of sulfur requires
potentials unachievable in a continuously operating H2/air
fuel cell. 10 ppb of H2S has been shown during long
operating times to have a degrading effect on fuel cell
performance.

Impurities and Hydrogen Fuel Quality Specifications.
Recently, the U.S. FreedomCAR Fuel Cell Technology Team
proposed a preliminary FC testing operation using a fuel
mixture specified in Table 7. The results of a 1000 h test at
constant current are presented in Figure 7. A reference cell
operating on neat H2 was also tested in parallel. At the end
of the test, the losses with the mixture amounted to 100 mV.
Qualitatively, the losses were ascribed to the presence of

NH3 and H2S. First, the high-frequency resistance (HFR) of
the cell increased during the operation. However, the increase
in the HFR did not account for all of the observed losses.
The Pt catalyst surface was partially poisoned by H2S. After
1000 h, about 60% of the Pt surface still was sulfur-free,
but the cell still experienced a significantly depressed
performance. This experiment indicates that the presence of
ammonia and hydrogen sulfide impurities, even at low levels,
will negatively impact cell operation.

Hydrocarbon Contaminants. Hydrocarbon impurities
tend to be ubiquitous from reforming reactions, with methane
being the most common, as the equilibrium level of methane
during reforming reactions is normally 0.1-1.0%.114 Meth-
ane, as an impurity, is known to have no poisoning effect,
as many stationary systems operate from reformed natural
gas and contain methane. Other hydrocarbons, such as
benzene and toluene, did not show evidence of fuel cell
degradation upon exposure on the anode, although toluene
hydrogenation occurs in the anode, resulting in 90% conver-
sion of the toluene to methylcyclohexane.39 However,
benzene was noted to “smother” the cell with exposure on
the cathode.32

2.1.2. Air Impurities

The air side of the fuel cell is exposed to air pollutants
that can vary tremendously in concentration. Research has
concentrated on commonly occurring air pollutants and
aerosols. The work performed to date on cathode impurities
includes oxides of sulfur and nitrogen, hydrocarbons, ozone,
particulates, and aerosol salts.

Effects of Sulfur Dioxide Injected at the Cathode.Sulfur
dioxide is a common air contaminant resulting from fossil
fuel combustion and can be found in high concentrations in
urban areas with heavy traffic and in close proximity to some
chemical plants. The effects of SO2 injected at the cathode
are similar to those produced by the presence of H2S in the
anode.45 Performance degradation appears to be a function
of SO2 concentration in the bulk, as the performance decrease
was measured to be 53% at 2.5 ppm SO2 as compared to a
78% decrease at 5 ppm SO2 for the same applied dosage.31

Performance does not improve after impurity injection is
turned off; thus, is not reversible just by normal operation.31,45

The severity of the effect is due to the strong chemisorption
of SO2 (or other S-species) onto the Pt catalyst surface.
Electrochemical oxidation (during a CV) of adsorbed SO2

shows full cell performance recovery.31,45

Effect of Nitrogen Dioxide. Nitrogen oxides (NOx) are
air contaminants that mostly originate in the combustion of
fossil fuels. Internal combustion engine emissions are the
major source of NOx; thus, they are abundant in urban areas.
NO2 has been shown to quickly degrade fuel cell perfor-
mance,31,45 with a gradual decrease over 30 h of operation,
after which degradation did not continue.45 The rate of
poisoning of PEMFCs by NO2 does not strongly depend on
NO2 bulk concentration.31 The degradation of performance
of the fuel cell can reach 50%, while the cell performance
completely recovers after applying neat air for 24 h.31 The
poisoning effects of NO2 do not appear to be a catalyst
poisoning issue, since no surface species can be detected
during cyclic voltammetry;31,45 the poisoning mechanism is
still not understood.

Effect of Sodium Chloride at the Cathode.In addition
to gas-phase contaminants, salts (principally from ocean mists
and road deicer) may contaminate the cathode air supply.

Figure 6. CV of the anode after full poisoning with H2S. CV prior
to poisoning is also shown for comparison. Scan rate) 100 mV/s.
T ) 80 °C. From ref 113.

Table 7. FreedomCAR Fuel Specification

component level LANL test

hydrogen >99.9 95-99a

sulfur (as H2S) 10 ppb 10 ppb
CO 0.1 ppm 0.1 ppm
CO2 5 ppm 5 ppm
NH3 1 ppm 1 ppm

a Includes dilution due to inert gas in stock mixtures.

Figure 7. Voltage losses of two 50 cm2 equivalent cells run at 0.8
A/cm2 for 1000 h on neat hydrogen and on the mixture of Table 7.
Loadings: 0.2 mg/cm2 Pt at each electrode. Nafion membrane
N112. Temperature) 80 °C. psig: 30/30. From ref 45.
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The presence of NaCl at the electrode decreases its perfor-
mance. The performance loss is mostly due to a decrease of
protonic conductivity as a consequence of exchange of H+

by Na+ at the catalyst layer and at the membrane. Large
concentrations of the salt also decreased the hydrophobicity
of the gas diffusion layer, increased liquid water retention,
and correspondingly decreased oxygen transport to the
electrocatalyst at high current densities. Surprisingly, Cl-

does not appear to block adsorption on the catalyst surfaces,
as revealed by CV measurements.45 However, chloride has
a dramatic effect on the oxygen reduction kinetics of cathode
electrocatalysts.35 Chloride has also been noted to affect GDL
materials, which can lead to changes in water and gas
transport.35

Hydrocarbon and Battlefield Contaminants. Other air
impurities which could be encountered include various
hydrocarbon species due to incomplete combustion of fuel
or in the specialized field of military applications, which
includes potential chemical warfare agents.

Benzene appears to adsorb onto catalyst sites and gradually
“smothers” the cell. The phenomenon appears to be related
to potential, as the effect was more marked at higher current
densities, where a lower oxidizing potential was experienced,
and recovery of the cell was initiated by higher cell potentials.
The responses of the cell to HCN and ClCN impurities were
similar and are consistent with platinum catalyst sites being
preferentially occupied by the gases. The effects of sarin
(CH3POFOCH(CH3)2) and mustard (ClCH2CH2SCH2CH2Cl)
appeared distinct from those of the two simple chemical
warfare agents HCN an ClCN. The decrease in cell perfor-
mance by sarin and mustard gas to a steady value was more
gradual, and subsequent to the impurity, cell recovery did
not occur. Sarin and mustard gas affect the fuel cell much
more slowly than HCN or ClCN. It was concluded that sarin
and mustard are likely to bind irreversibly with the catalytic
platinum site, but the size of the agent molecules reduces
the rate of this reaction and may prevent neighboring
platinum sites from being rapidly poisoned.32

2.2. Subfreezing Effects in PEM Fuel Cells
One criterion PEM fuel cells are required to meet for

automotive applications is the ability to survive at and start-
up from subfreezing temperatures. As a guideline, the
Department of Energy’s PEM fuel cell stack technical targets
for the year 2010 include survivability at-40 °C and also
start-up (to 50% rated power) from-20 °C in as low as 30
s with consumption of<5 MJ of energy (including shutdown
“conditioning” and subsequent start-up). While there has been
significant activity in this area in the patent literature,
relatively little effort appears in peer-reviewed publications.
From what does appear in the open literature, there have
been conflicting reports regarding the ability of PEM fuel
cells to tolerate cycling through subfreezing temperatures.115-118

In this section, we examine (a) the effect of subfreezing
temperatures on PEM fuel cells and components, (b) the start-
up characteristics and durability of fuel cells at subfreezing
temperatures, and (c) the various mitigation strategies utilized
to avoid degradation due to subfreezing temperatures.

2.2.1. Effect of Subfreezing Temperatures on PEM Fuel
Cells and Components

Early literature suggested that there was little degradation
from freezing fuel cells to subfreezing temperatures117,119for
a limited number of cycles. There was no significant change

in performance of fuel cells subjected for three cycles to
-10 °C,118 10 cycles to-10 °C,117 and one cycle to-78
°C.117 Moreover, a 50 W stack was also subjected to
operation for 9 h at-10 °C without any degradation in the
power.119 However, a recent paper suggested that there could
be significant degradation in the performance of PEM fuel
cells subjected to cycling from-10 °C.115 Cho et al.
observed a 11% drop in the current at 0.6 V after four thermal
cycles of the cell from-10 °C. They also reported that their
cathode electrochemical surface area (measured by CV)
dropped by 25% during these cycles in addition to the
membrane resistance increasing. These results were attributed
to ice formation that results in increased porosity of the
catalyst layer and the eventual delamination of the catalyst
layer from the membrane. These results have been cor-
roborated by another study that also observed significant
degradation after 10 subfreezing starts from-10 °C.120

Oszcipoket al. observed a 5.4% loss in performance (current
at 450 mV and 30°C) for each cold start cycle from-10
°C. They also observed a drop in electrochemical surface
area accompanied by an increase in the membrane high-
frequency resistance (HFR) during 10 start-up cycles from
-10 °C. These results were attributed to the formation of
ice resulting in structural changes to the catalyst and the gas
diffusion layer (GDL). However, these results are in dis-
agreement with another study that has shown little perfor-
mance loss for a fuel cell subjected to 55 freeze/thaw cycles
that included a gas purge in between each of the cycles.121

These apparent discrepancies (from no degradation to 5.4%
degradation/cycle) in the various literature results can be
attributed to several factors. The preparation method of the
membrane electrode assembly (MEA) is critical in determin-
ing the freeze/thaw durability of the PEM fuel cell. If the
electrode/electrolyte adhesion is weak, then there is a greater
degradation in the performance due to ice formation resulting
in delamination. This may explain some of the discrepancies
in the literature results where some electrodes were sprayed
on to the GDL while others were prepared directly on the
membrane. Moreover, the degradation is also a function of
the rate of heating/cooling in addition to the freezing
temperature. This is evidenced by rapid cycling (quenching)
to -80 °C leading to delamination of the electrode while
normal cycling to-40 °C (even for 100 cycles) shows no
such delamination in an identically prepared MEA.116 Studies
have also revealed that there is little loss in performance of
even fully humidified cells using carbon cloth backing.
However, the breakage of carbon fibers in carbon paper
backing leads to loss in performance during freeze/thaw
cycles. Therefore, in addition to the preparation method and
cycling conditions, the component materials used in the fuel
cell assembly will also play a vital role in determining the
durability of fuel cells subjected to multiple freeze/thaw
cycling.

The effect of freezing water on the properties of fuel cell
components is therefore of great interest in understanding
the various degradation mechanisms in play during freeze/
thaw cycling of fuel cells. However, this is not well
understood and there is little published literature on the effect
of ice formation on the catalyst and GDLs. In contrast, there
are several papers describing the effect of freezing water on
the membrane (Nafion) properties.

The conductivity of Nafion is highly dependent upon the
state of water in the polymer, and it has been shown to have
an increased activation energy at lower temperatures, where
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the water in the membrane is likely in the frozen state.122,123

The water in Nafion has also been characterized as non-
freezing water, bound freezing water, and free water.124 The
free water behaves like bulk water and freezes at 0°C, while
the bound freezing water is water that is trapped in the
channels of Nafion and has its freezing point suppressed
depending on the size of the channel, which in turn depends
on the degree of hydration of the polymer.122 Finally, the
chemically bound water does not freeze all the way down
to -120°C and is thought to be the source of the relatively
high conductivity of Nafion even in the frozen state. A recent
study has reported the detailed characterization of water in
Nafion at subfreezing temperatures as a function of the initial
water content per sulfonic acid group (λ).125 This study
revealed that the water in the center of the Nafion clusters
tends to freeze first, leaving a more concentrated acid in the
remainder (periphery) of the pore volume.

Although the state of water in Nafion is reasonably well
characterized at low temperatures, there is little information
on the long-term effect of freeze/thaw cycling on the
membrane properties. A recent study has revealed that
extensive (385 cycles) cycling between-80 °C and+40
°C can result in a change in the mechanical and chemical
properties of the dry membrane, including lower oxygen
permeability, higher through plane conductivity, and de-
creased strength.126 The detailed characterization of the
durability of Nafion and other PEMs under fuel cell
conditions (humid conditions and under stress) during freeze/
thaw cycling will need to be performed to better evaluate
the PEM fuel cell durability.

There is only limited literature available on the durability
of the catalyst layer and GDL under freeze/thaw cycling.
These reveal that even a free-standing hydrated catalyst layer
can be subjected to cracking and peeling while cycling (6
cycles) from-30 °C.127 This damage was associated with a
loss in the electrochemical surface area of the catalyst that
can be avoided by drying the catalyst. This result can further
help explain some of the discrepancies in the literature.

The water content in the catalyst layer will be determined
by the extent of drying of the fuel cell before freezing, so
the various literature studies may have widely different
starting water contents in the catalyst layer. Furthermore,
because the saturated vapor pressure curve for water is a
strong function of temperature, even cells that operate at
undersaturated conditions can exhibit condensation and
freezing as the temperature drops after shutdown. Another
factor that can affect the state of hydration of the catalyst
layer in the fuel cell is the movement of liquid water toward
a freezing front, commonly referred to as “frost heave”;
essentially, water is drawn to a freezing front by capillary
forces, which then lowers the radius of curvature further and
induces further movement of water. He and Mench128 present
a one-dimensional model of this effect, and their results
suggest that liquid water can be drawn from adjacent layers
of the cell to form ice lenses adjacent to the catalyst layers
that can block gas access to portions of the catalyst and
induce delamination.

Some recent results have revealed that the GDL properties
can change when subjected to freeze/thaw cycling.129 It was
observed that 50 freeze/thaw cycles from-35 °C (ex situ)
resulted in a change in the air permeability of the GDL
material. This was attributable to a weakening of the
microporous layer (MPL) during the freeze cycling. This
study also found that there was no change in the resistivity,

contact angle, and porosity of the material during the freeze
cycling. Another study of the GDL material underin situ
conditions revealed that the external contact angle can change
from 131° to 112° when subjected to 10 cold starts from
-10 °C.120 This loss in hydrophobicity of the material
resulted in a loss in fuel cell performance.

These studies indicate that while there might not be
catastrophic failure associated with freeze/thaw cycling of
fuel cells, there may be slow changes in component proper-
ties and MEA integrity that may lead to degradation in fuel
cell performance when subjected to extensive freeze/thaw
cycling, associated with the loss in performance with GDL
property degradation described in greater detail in section
5. These changes could include delamination, loss in catalyst
electrochemical surface area, and changes in GDL pore
structure and membrane physical/chemical properties. The
effects of freeze/thaw cycling on the various component
properties need to be evaluated in greater detail in order to
better understand the degradation mechanisms that can result
from freeze/thaw cycling. All these studies should take into
account the initial water content in the material, the rate of
heating/cooling, and the temperature of freezing.

2.2.2. Start-up Characteristics of Fuel Cells at
Subfreezing Temperatures

Most literature studies have indicated that PEM fuel cells
are capable of self-starting at subfreezing temperatures as
low as -20 °C without any external heating.130 This is
primarily achieved either by drying out the cell during
shutdown or by replacing the water with a nonfreezing
solvent such as ethylene glycol.121,130,131There are a few
reports of the inability of fuel cells to self-start from-5
°C132 or -15 °C,133 which may be related to the authors’
failure to dry out the fuel cells to the desirable extent or,
more likely, the high thermal mass of their cells.

When the fuel cell is operated at subfreezing temperatures,
the water generated at the cathode will tend to form ice that
can result in a loss in performance of the fuel cell. One study
has revealed that this water is initially present in a super-
cooled state and then its temperature rises to 0°C at the
time of freezing.134 The measured (AC impedance) charge-
transfer resistance during a cold start from-10 °C has been
shown to increase with time, providing further evidence for
ice buildup in the catalyst layer.120 Moreover, the water
formation in the membrane during the start-up of a dried
cell also results in membrane hydration, resulting in a
lowering of the HFR of the cell.120 These competing aspects
have been modeled using either empirical based statistical
models135 or detailed models of the various parameters
affecting the cell potential.136 These models reveal that the
fuel cell should be operated at a sufficiently high load to
generate enough heat for an unassisted start. Furthermore,
the cell has to heat up to above freezing temperature fast
enough to avoid the ice formation from completely shutting
down the electrochemical reaction at the cathode catalyst
layer. To assist in this, the cathode gas flow rate can be
increased (to blow ice away and to carry any excess water)
and the inlet gases can be heated (to limit time below freezing
temperatures). Because of the low vapor pressures of water
at low temperatures, however, and the low heat capacities
of the reactant gases, these approaches have limited utility
in affecting the start-up profiles of full-sized stacks.130

In addition to the problems of self-start, there are several
degradation mechanisms of concern while starting fuel cells
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under subfreezing conditions.135 These are primarily related
to the ice formation in the membrane, catalyst layer, MPL,
and GDL. However, given the limited literature data, it is
not possible at this time to quantitatively evaluate the effects
of these various degradation mechanisms.

2.2.3. Mitigation Strategies Utilized To Avoid Degradation
Due to Subfreezing Temperatures

The patent literature has over 100 patents of various
mitigation strategies to use while operating/storing fuel cells
at subfreezing temperatures. A detailed analysis of this patent
literature has been conducted by NREL and is available
online.137 In essence, these mitigation strategies fall into three
categories: (a) those that keep the fuel cell warm, thus
preventing ice formation, (b) those that prevent ice formation
either by drying out the fuel cell or by replacing the water
with a nonfreezing liquid, and, finally, (c) those that prevent
ice formation during start-up by providing heat. Fuel cell
stacks can be kept warm by providing insulation or by
providing heat either through a battery or by operating the
cell intermittently in a low power mode. The freezing water
can be avoided by eliminating carrying a water tank on board
and by running the fuel cell at lower inlet RHs and reclaiming
the exhaust water, though it is not clear if the current class
of membrane materials will operate stably under such
conditions. The water inside the stack can be minimized by
running the cell under dry reactant gases (H2, air) or dry
nitrogen before shutdown or by vacuum drying the fuel cell.
Moreover, during start-up, extra heat can be provided from
a battery, by catalytically combusting hydrogen, or by
preheating the reactant gases, and the heat carrying capacity
of the reactant gases is rather low. All these strategies aim
to avoid/minimize the ice formation that can result in fuel
cell performance loss, though they add complexity and are
likely incompatible with the DOE’s 5 MJ energy target.

2.3. Other Operating Conditions

Many of the mechanisms associated with PEM fuel cell
degradation have to do with carefully processed materials
relaxing to their equilibrium states, which unfortunately do
not exhibit the same characteristics as materials immediately
after processing, which can yield nonequilibrium states
subject to subsequent relaxation. In many cases, operation
of the fuel cell can accelerate existing decay modes or even
invoke entirely new modes of degradation. A working fuel
cell is exposed to a wide range of potentials, local relative
humidities, and temperatures. Many of the decay mechanisms
described elsewhere in this review have to do with the
degradation that a cell experiences even if it remains at cell
potentials between 0.6 and 1.0 V, at moderate to high relative
humidities, with an operating temperature of 60-90 °C. In
some cases, however, transient conditions or excursions can
invoke entirely new decay mechanisms. We discuss examples
of these modes in this section.

2.3.1. Load Cycling: Potential

A fuel cell, particularly one that must meet the challenging
dynamic load of an automotive application, will undergo
many rapid changes in load over the course of its lifetime.
As the fuel cell cycles from high to low current, its cell
potential will also vary, generally between 0.6 and 1.0 V.
For cells operating with relatively pure hydrogen as a fuel,
the anode will stay fairly close to the reversible hydrogen

potential, due to the facile nature of the hydrogen oxidation
reaction.138 This implies that the cathode experiences po-
tential swings as cell potential changes to match variable
power demands. The variation of the cathode potential will
change several properties of the electrode materials, notably
the degree of oxide coverage of both platinum and carbon,
and the hydrophobicity of the surfaces.139-141

A more subtle distinction has to do with the fact that the
oxide can actually serve to protect the platinum surface from
dissolution at higher potentials. When the cathode potential
rises rapidly to higher values, the platinum can dissolve at a
rapid rate until a passivating oxide layer is formed. Patterson
presented data on the rapid loss of electrochemically active
area with potential cycling,142 and the phenomenon was
subsequently modeled by Darling and Meyers, using simple
models to describe the rates of platinum dissolution and of
oxide formation and their subsequent movement through the
cell.143,144Their model predicts that platinum is fairly stable
at both low and high potentials, but there is a kinetically
stable branch where platinum will dissolve rapidly when
transitioning from low to high potentials. This is shown
schematically in Figure 8. The general trend of platinum
solubility was subsequently measured in liquid electrolytes,
and the same trend was discovered, although the equilibrium
concentrations differed greatly from the model behavior
proposed.145,146These results are shown in Figure 9.146

Any attempt to develop stable catalysts for fuel cell
applications must consider the stability of the catalysts not
only under constant potential conditions but also under
potential cycling. To design catalysts that are robust to this
degradation mode, considerably more information is needed
about the nature of the oxide, the kinetics of its formation,
and its ability to protect the catalyst from dissolution over
the entire range of potentials.

2.3.2. Fuel Starvation

Up to this point, we have discussed only the conditions
to which a cell under normal operating conditions will be
exposed. Full-sized cells, on the order of several hundred
square centimeters in area, will experience different condi-

Figure 8. Equilibrium concentration of dissolved platinum vs
electrode potential from a mathematical model. Reprinted with
permission from ref 143. Copyright 2003 The Electrochemical
Society.
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tions between the inlet and the outlet, and this can lead to
current distributions that cannot easily be simulated in
subscale testing. Furthermore, cells arranged in a stack
configuration can experience different flows of fuel, air, and
coolant resulting from imperfect manifolding. Therefore,
adjacent cells in a stack can experience different conditions
in terms of hydrogen and oxygen content, but they will be
forced to carry the same current as their neighboring cells,
as they are connected in series.

Several authors have noted that, in the case of gross fuel
starvation, cell voltages can become negative, as the anode
is elevated to positive potentials and the carbon is consumed
instead of the absent fuel.121,147,148In the case of gross fuel
starvation, for multiple cells in a stack, fuel maldistributions
can lead to some cells having insufficient fuel to carry the
current that is being pushed through them by adjacent cells.
In the absence of a sufficient anodic current source from
hydrogen, the cell potential climbs higher until oxidation
occurssin this case, the oxidation of the carbon support of
the catalyst layer. A diagram illustrating the change of
electrode potentials under starvation conditions is shown in
Figure 10.

For reversals of this type, the anodic current is generally
provided by carbon corrosion to form carbon dioxide, and
results in permanent damage to the anode catalyst layer.
Modeling has been conducted to describe how a poor
hydrogen distribution can induce both O evolution and
carbon corrosion at the cathode of the fuel cell.149 Modeling
has also predicted that O2 crossover through the membrane
controls the total amount of current that goes to carbon
corrosion.150 These issues have led to the conclusion that
conventional carbon supports for Pt are unlikely to meet
automotive durability targets and implementation of corro-
sion-resistant supports combined with controlled system
strategies are required.151

Proper reactant distribution is critical to avoid this problem,
and stack developers have accordingly sought to monitor the
voltage of each cell to avoid such a problem.152 Obviously,
such an extensive monitoring system will add considerable
cost and complexity to the fuel cell stack and control scheme.

Localized Starvation.A more subtle form of fuel starva-
tion was proposed in a paper by Reiseret al.153 They suggest
that transient conditions, orlocalized fuel starvation, can
induce local potentials on the air electrode significantly
higher than 1 V and, thereby, induce corrosion of the carbon
supports that results in permanent loss of electrochemically
active area. The cell potential can remain in the range of
expected conditions even as this condition persists, and this
“reverse” current mechanism can induce damage to the
cathode without being directly observable.

The mechanism suggests that the highly conductive bipolar
plates of the fuel cell allow for sufficient redistribution of
current in the plane of the current collectors that all regions
of the cell experience the same potential difference. In the
regions of the cell where fuel is present on the anode, the
fuel cell behaves normally; the fact that the hydrogen reac-
tion is so facile implies that the potential in the fuel-rich
regions will stay close to its equilibrium voltage and is
capable of delivering high currents until the hydrogen is
consumed. In the regions of the cell where there is no fuel
present, there is no proton or electron source at lower
potentials, so the electrodes must shift to significantly higher
potentials to maintain the potential difference imposed by
the active part of the cell while still conserving current. Thus,
a reverse current is established, and current is driven from
the positive electrode to the negative electrode in the
fuel-starved region, opposite the direction of normal cur-
rent flow in the active portion of the cell. The only reactions
that can sustain this current in the fuel-starved region are
oxygen evolution and carbon corrosion on the positive
electrode, and oxygen reduction from crossover on the
negative electrode.

This mechanism is shown schematically in Figure 11. This
problem can be induced not only by poor cell-to-cell flow
distributions but also by local blockages, by differences in
channel depth tolerances, and by water blockage, if water
vapor condenses in the anode channels and fills the channels.
A good example of this is given by Patterson and Darling.154

This phenomenon has been visualized by neutron imaging
and suggests that improper water management can cause
major problems with fuel distribution and, consequently,
damage to the cathode catalyst layers.155

Figure 9. Measured dissolved platinum concentration in solution
and initial dissolution rates in 0.57 M perchloric acid. Reprinted
with permission from ref 146. Copyright 2006 The Electrochemical
Society.

Figure 10. Electrode potentials for a cell driven to pass current
after hydrogen flow is interrupted. Reproduced with permission
from ref 147. Copyright 2004 Elsevier Sequoia SA.
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2.3.3. Start/Stop Cycling

While the problem of localized starvation under normal
operation can perhaps be mitigated through careful control
of reactants and water management (design, operating
conditions, and materials choices), there is an aspect of fuel
cell operation where such maldistributions must almost
certainly exist, at least for a short time: namely, start-up
and shutdown. Under conditions of a prolonged shutdown,
unless the stack is continually provided with fuel, hydrogen
crossover from the anode to the cathode will eventually
empty out the anode chamber and result in an air-filled flow
channel. In this case, the starting flow of fuel will induce a
transient condition in which fuel exists at the inlet but the
exit is still fuel-starved. As a result, starting and stopping
the fuel cell can induce considerable damage to the cell. This
phenomenon has been modeled and reveals that an unpro-
tected start can induce local potentials on the cathode in
excess of 1.8 V relative to a hydrogen reference electrode.149

This modeling study suggests that potential control (voltage
clipping) is by far the most effective means of minimizing
this effect. A review of system-level strategies to minimize
this mode of degradation has been reported by Perryet al.156

2.3.4. Temperature and Relative Humidity

Another aspect of fuel cell operation that is likely to affect
the integrity of the cell is the changes in temperature and
relative humidity that are associated with transitions between
low and high power. In general, for cells that operate at fixed
stoichiometric ratios, operation at low current implies a
relatively cool and wet cell; higher currents imply a hotter,
drier cell.157 The fact that the ionomer swells with water
uptake suggests that increases in water uptake as the
membrane is exposed to high RH conditions can lead to
compressive stresses in the membrane that then yield tensile
residual stresses during drying.158 These stresses are sug-
gested as a significant contributor to mechanical failures of
the membrane. Another recent study suggests that drying can
considerably strain the membrane-electrode assembly and
that mechanical failure of membranes can result from gradual
reduction in ductility combined with excessive strains
induced by constrained drying of the MEA.159 Both temper-
ature and relative humidity have been shown to affect the
rate of catalyst surface area loss due to platinum particle
growth.17 These studies suggest that more needs to be learned
about material properties and how they change over the
course of fuel cell operation.

3. Membrane Degradation

3.1. Discussion of Polymer Electrolyte
Membranes (PEMs)

The first hydrocarbon based membranes tested as elec-
trolytes in PEMFCs for Gemini space missions, such as
sulfonated phenol-formaldehyde resins, sulfonated poly-
(styrene-divinylbenzene) copolymers, grafted polystyrene
sulfonic acid membranes (g-PSSA),etc., were chemically
weak. PEMFCs using these membranes showed poor per-
formance and had only lifetimes of several hundred hours.
Nafion, a perfluorinated sulfonic acid (PFSA) membrane,
was developed in the mid-1960s by DuPont. It is based on
an aliphatic perfluorocarbon sulfonic acid, and it exhibited
excellent physical properties and oxidative stability in both
wet and dry states. A Nafion based PEMFC was used for
the NASA 30-day Biosatellite space mission.160 Many PFSA
membranes are presently commercially available from
several membrane manufacturers, including DuPont, Gore,
Asahi Glass, Asahi Kasei, Solvay, and 3M. The membranes
are generally synthesized by copolymerization of tetrafluo-
roethylene and perfluorinated vinyl ether sulfonyl fluoride,
followed by hydrolysis of the sulfonyl fluoride groups.161

Proton-conducting membranes are formed from the as-
synthesized material via extrusion or casting and hydrolysis
steps. Early data showed that the durability of the PEMFC
stack using Nafion 120 (250µm thickness, equivalent weight
) 1200) reached 60,000 h of continuous fuel cell operation
at 43-82 °C.162 However, increasing demands for maximiz-
ing performance efficiency and proton conductivity of
PEMFCs by use of thinner (ca. e50 µm) and lower
equivalent weight (e1100 EW) PEMs adversely impact the
longevity of the PFSA membranes during fuel cell operation.
Currently, the durability of the PFSA membranes under
continuous fuel cell operation has been reported in the range
of a few thousand to several tens of thousands hours,
depending on operating conditions. These lower lifetimes
are not just due to thinner and different membranes. Another
important difference is that these fuel cells are being run
under drier and more cyclic conditions. Meanwhile, random
copolymer hydrocarbon based membrane materials have re-
emerged as viable alternatives in the past decade163 as part
of a search for membranes with better physical properties,
particularly at elevated fuel cell operating temperatures,
although study of their durability and degradation in operat-
ing fuel cells has just started and only a limited number of
reports are found in the literature. The chemical structures
of selected PFSA and hydrocarbon based copolymers in fuel
cells are shown in Figure 12.

In this section, the durability of PEMs will be reviewed
with emphasis on membrane degradation mechanisms. The
first part outlines the membrane durability inin situ tests,
using both accelerated and standard life tests. These tests
include both chemical and physical degradation mechanisms.
Next, chemical and physical degradation in membranes are
treated separately. Chemical degradation of PEMs is dis-
cussed in terms of peroxide/radical and hydrolysis induced
degradation. Physical degradation centered on membrane
creep, microcrack formation, and morphological change is
then discussed. Finally, efforts to improve PEM durability
by improving chemical and physical stability are presented.
Membrane durability as a function of polymer family is a
common theme in our discussion.

Figure 11. Schematic diagram illustrating the “reverse current”
mechanism. Reprinted with permission from ref 153. Copyright
2006 The Electrochemical Society.
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3.2. In Situ PEM Durability Evaluation

3.2.1. Life Test
In most reported fuel cell life tests, single cells or stacks

using thin membranes (usually∼50µm) were operated under
steady-state conditions, because these conditions were most
easily applied (although, for many applications, unsteady
conditions are more appropriate). Cell temperatures typically
ranged from 50 to 80°C, and fully humidified conditions
were typically applied. The operating current (or voltage)
and reactant backpressures were varied with the target fuel
cell applications. The life test under normal operating condi-
tions provides the most relevant PEM lifetime data, although
decoupling membrane related effects from those arising from
other components can be difficult. This method is common
in spite of its time-consuming nature and some difficulties
in data analysis.In situ cell resistance measurement, ac
impedance, gas permeability, postmortem analysis using
optical microscopy, SEM, TEM, NMR, IR, X-ray, neutron
techniques, and chemical structural analysis have been used
with this method to investigate PEM failure mechanisms.

Table 8 summarizes the durability data of select mem-
branes from fuel cell life tests. Stuckiet al. reported that
the life span of a fuel cell stack using Nafion 117 reached
15,000 h under 80°C continuous operations.164 Related
PFSAs lifetimes were significantly reduced to a few thousand
hours, when thinner membrane and backpressurized condi-
tions were applied.165,166

The lifetimes of hydrocarbon based membranes measured
by this method were also reported. Ballard Advanced
Materials Co. has evaluated their first, second, and third
generation membranes. Each ionomer is referred to as
BAM1G, 2G, and 3G and has the chemical structure of
sulfonated poly(phenylquinozaline)s, sulfonated poly(2,6-
diphenyl-1,4-phenylene oxide)s, or poly(trifluorostyrene sul-
fonic acid)s, respectively.167 BAM1G membranes survived
several hundred hours in hydrogen/oxygen fuel cells at 70
°C. The degradation was most likely due to the oxidative
decomposition leading to membrane embrittlement. In order
to render better oxidative stability, BAM2G was modified
with electron-withdrawing functionalities (fluoride, bromide,
and cyanide); however, these attempts failed to achieve

Figure 12. Chemical structures of polymer electrolyte membranes.
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improved longevity. Later, sulfonated polytrifluorostyrene
based BAM3G membranes were claimed to exhibit consider-
ably increased stability to main chain scission and achieved
substantial longevity (several tens of thousands hours) in
stack configurations as well as single cells.167,168

Other styrene sulfonic acid based copolymers, however,
showed relatively poor durability. Yuet al. observed a
significant oxidative degradation of the polystyrene sulfonic
acid at the cathode side of the fuel cell.169 By attaching
Nafion on the cathode side of polystyrene sulfonic acid, he
could obtain a>800 h lifetime. Radiation grafted polystyrene
membranes showed limited life, in general. Buchiet al. and
other groups showed a less than 1000 h lifetime which greatly
decreased as cell temperature increased.170-172 Having a
similar polymer main chain structure to BAM 2G, sulfonated
poly(ether ether ketone)s (SPEEKs) were reported to endure
1,000 h of operation at 90°C and a constant current density
of 0.5 mA/cm2.173 Later, several researchers achieved stable
fuel cell performance of sulfonated polyarylenes for 3,000-
5,000 h under continuous fuel cell operation at 50-80
°C.173-176

The durability of sulfonated polyimides was also inves-
tigated. Mercier’s group operated a fuel cell using a sul-
fonated naphthalene dianhydride base polyimide at 60°C
and 250 mA/cm2 for 3,000 h in hydrogen/oxygen (3 bar
each).177 Asanoet al. reported single cell performance at a
constant current density of 0.2 A/cm2 using a hydrolytically
stable polyimide lasting 5,000 h at 80°C.178 However, unlike
most other hydrocarbon based membranes, hydrolysis is a
crucial degradation mode for sulfonated polyimides, as we
discuss below.

Phosphoric acid doped polybenzimidazoles (PBIs) were
developed by researchers at Case Western Reserve University
as high-temperature operable membranes.179 This electrolyte
system differs from the previously discussed “traditional”
PEM electrolytes, as the membrane is a phosphoric acid
electrolyte with a polymer matrix. These membranes were

tested at elevated temperature (>150°C) in order to achieve
adequate conductivity and eliminate liquid water that would
cause the phosphoric acid to leach out of the membrane
during operation. In these studies, they demonstrated 200 h
of hydrogen/oxygen fuel cell operation at 150°C and at a
constant cell voltage of 0.55 V. More recent results by
different groups demonstrated much longer lifetimes for PBI
membranes;179-182 5,000 h at 150°C181 and 6,000 h at 160
°C183 with low decay rates in cell voltage. The likelihood of
condensation in these systems upon shutdown or idling
conditions makes it a challenge for them to operate under
the transient conditions likely to be experienced in automo-
tive systems, but there might be advantages to the higher
temperatures for stationary applications with relatively mod-
est load cycling requirements

3.2.2. Accelerated Life Test

Accelerated fuel cell life tests have become common,
because life tests under standard conditions can often last
thousands of hours. In accelerated tests, membrane degrada-
tion can occur much faster than under normal operating
conditions.121 However, the appropriateness of a given
accelerated condition as a gauge of general durability is not
necessarily clear. To date, four different accelerated param-
eters or a combination of these parameters have been
employed in accelerated life testing: (1) elevated tempera-
ture, (2) reduced humidity, (3) open circuit voltage (OCV),
and (4) cycling [relative humidity (RH), temperature, po-
tential, freeze/thaw, or start/stop] conditions. Membrane
degradation is often monitored by changes in gas crossover
rate or fluoride-ion emission rate (FER) during thein situ
test. Table 9 shows some reported data from the accelerated
life tests.

Fuel cell tests under elevated temperatures (>100 °C, a
target for automotive applications due to heat rejection issues)
have been conducted in search of membranes with high-
temperature stability.121 Elevated temperature operation

Table 8. Durability of Selected Membranes under Fuel Cell Operation

PEM
IEC

(mequiv/g)
application

type
thickness

(µm)
temp (°C)/

Panode/Pcathode

humidification
(% RH)

life test
conditions

lifetime
(h) ref

Nafion 0.9 H2/air 180 80 1 A/cm2 (start-up),
cont

2,300f20,000 164

0.9 H2/air 50 80/15 psig/15 psig >100% 0.6 V cont 3,000 257
0.9 H2/air 25, 50 65/1 bar/1 bar 100% 0.8 A/cm2, cont >2,500 166

Flemion 1.1 H2/O2 50 80/0.1 MPa 100% 1 A/cm2 cont >4,000 187
Gore PRIMEA 56a H2/air 30 70/ambient 100% 0.8 A/cm2 cont >20,000 186
BAM 3Ga 2.5 H2/air 80/2 atm 14,000 167
BAM 3G 2.2 H2/air 70/24 psig/24 psig 0.5 A/cm2 4,061 168
styrene sulfonic acid/

Nafion composites
H2/O2 >160 80/0.2 MPa/0.2 MPa 100% 0.3 A/cm2 >835 169

ETFE based radiation
grafted membrane

1.1 H2/O2 78 60/ambient >100% <600 170

1.5 H2/O2 25 80/1 bar/1 bar anode: 100%
cathode: 0%

0.5 A/cm2 >770 175

1.2 H2/O2 35 50/2 bar/3 bar >100% 0.2 A/cm2 ∼1,000 172
sulfonated poly(ether 1.5 H2/O2 40 50/ambient 0.05 V, cont 4,300 176

ether ketone) - H2/O2 90 0.5 mA/cm2 > 1,000 173
1.3 DMFC 60 120/1 bar/3 bar discont 1,440

sulfonated poly(arylene 1.3 DMFC 50 80/1 bar/1 bar >100% 0.5 V, cont >3,000 637
ether sulfone) 1.6 H2/O2 40-50 80/ambient 90% 0.2 A/cm2, cont 5,000 174

sulfonated polyimide 1.2 H2/O2 60/2 atm 0.25 A/cm2 >3,000 177
1.8 H2/O2 50-60 80/1 bar/1 bar 90% 0.2 A/cm2, cont 5,000 178

PEMEAs Celtec-P
(PBI based)a

H2/air 160/ambient 0% 0.2 A/cm2 cont >18,000 180

acid-doped PBI H2/O2 NA 150 0% 0.5 V cont 5,000 161

a Stationary application.
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(>100 °C) has significantly shortened PEM lifetimes (life-
times less than a few hundred hours are typical when
operated above 100°C184,185). The lifetime of PFSA mem-
branes seem particularly dependent on elevated temperature
and reduced humidity. Mechanical failures such as pinhole
formation and tearing were often observed from postmortem
characterizations.

Low RH operation (inadequate humidification) has also
led to accelerated cell failure through membrane degradation,
whereas more aggressive humidification of reactant gases
contributes to greatly increased membrane lifetimes.186-192

Often, the low humidity conditions were combined with OCV
testing in order to accelerate hydrogen peroxide rates as H2O2

generation is accelerated at OCV conditions.185,193As seen
in Table 9, the lifetimes of PEM membranes have been most
drastically reduced at low humidification and/or OCV
conditions.194-198 Although limited data are available in the
open literature, humidity and start/stop cycling conditions
seem to cause accelerated membrane degradation.171,199

Hydrocarbon based membranes usually showed higher
sensitivity to mechanical embrittlement or fatigue during RH
cycling experiments compared to the PFSA membranes,
possibly related to swelling/shrinkage issues.

The fuel cell life test under accelerated operating condi-
tions has become popular, since it is less time-consuming
but still reflects in cell degradations. The development of
standard test protocols for cycling accelerated fuel cell tests
is being pursued by several research groups and organiza-
tions. Although 3M Company presented an elegant experi-
mentally based statistical MEA lifetime prediction from
various acceleration factors,200 this approach is limited to
specific modes of fuel cell failure and is not much help in
understanding membrane-degradation mechanisms.

3.3. Chemical Degradation

3.3.1. Peroxide/Radical Degradation
Chemical degradation of membranes during operation was

recognized in the early R&D era for space missions.160,201

LaContiet al. proposed a mechanism that oxygen molecules
permeate through the membrane from the cathode side and
are reduced at the anode Pt catalyst to form hydrogen
peroxide.202,203

It is known that H2O2 formation in oxygen reduction on
polycrystalline204,205 and single206,207 crystalline Pt as well
as Pt/C catalyst208-210 is greatly enhanced in the anode
potential region, where atomic hydrogen is adsorbed on Pt.
This fact supported the mechanism proposed by LaContiet
al. A recent rotating ring-disk electrode study suggested
that H2O2 yield exceeds 80% at Pt/C catalysts dispersed
highly on a glassy carbon disk in the anode potential range
(∼0 V).210 The presence of H2O2 has been confirmed in
exhaust gas,196 in drain water,195 and directly in the mem-
brane211 during operation of PEMFCs. However, the absolute
concentration remains in doubt.T

ab
le

9.
M

em
br

an
e

D
ur

ab
ili

ty
U

si
ng

th
e

in
S

itu
A

cc
el

er
at

ed
T

es
t

ac
ce

le
ra

tio
n

pa
ra

m
et

er
po

ly
m

er
IE

C
(m

eq
ui

v/
g)

ap
pl

ic
at

io
n

ty
pe

m
em

br
an

e
th

ic
kn

es
s

te
m

p
(°C

)/
P

an
od

e/P
ca

th
od

e

ac
ce

le
ra

te
d

co
nd

iti
on

s
de

gr
ad

ra
te

su
gg

es
te

d
m

em
br

an
e

fa
ilu

re
m

od
e

af
te

r
te

st
re

f

ce
ll

te
m

p
N

af
io

n
0.

9
H 2/

ai
r

18
0

µm
12

0/
24

ps
ig

/
12

0
ce

ll
te

m
p

50
h

pi
nh

ol
e

an
d

te
ar

in
g

18
4

su
lfo

na
te

d
P

E
E

K
/P

B
I/P

A
N

10
0µm

24
ps

ig
w

ith
50

pp
m

C
O

39
0

h
te

ar
in

g
ce

ll
te

m
p,

hu
m

id
ity

,
N

af
io

n
0.

9
H 2/

O
2

25
µm

10
0/

1.
5

at
m

/
1.

5
at

m
10

0
°C

,2
5%

R
H

70
h

m
em

br
an

e
fa

ilu
res

in
cr

ea
se

d
ga

s
18

5

an
d

O
C

V
su

lfo
na

te
d

po
ly

su
lfo

ne
1.

5
an

d
O

C
V

co
nd

iti
on

∼3
00

h
cr

os
so

ve
r

ce
ll

te
m

p,
hu

m
id

ity
,

N
af

io
n

0.
9

H 2/
O

2
50

µm
10

0/
15

0
po

te
nt

ia
lc

yc
le

s
1

m
in

60
h

m
em

br
an

e
th

in
ni

ng
18

5
an

d
po

te
nt

ia
lc

yc
lin

g
su

lfo
na

te
d

po
ly

su
lfo

ne
1.

5
60µm

kP
a

at
0.

4
V

an
d

1
m

in
at

1V
>

35
0

h

hu
m

id
ity

N
af

io
n

0.
9

H 2
/a

ir
50

µm
75

81
%

R
H

at
0.

3
A

/c
m2

19
00

h
lo

ca
lp

in
ho

le
fo

rm
at

io
n

61
3

su
lfo

na
te

d
po

ly
su

lfo
ne

1.
6

H 2/
O

2
50

µm
80

/a
m

bi
en

t
60

%
R

H
at

0.
2

A
/c

m2
23

50
h

ox
id

at
iv

e
de

gr
ad

at
io

n
17

4
hu

m
id

ity
an

d
O

C
V

pe
rf

lu
or

in
at

ed
io

no
m

er
N

A
H 2/
ai

r
30

µm
80

/a
m

bi
en

t
an

od
e

ca
th

od
e

te
m

p
)

60
°C

an
d

O
C

V
72

0
h

hy
dr

og
en

pe
ro

xi
de

de
co

m
po

si
tio

n
19

5

F
le

m
io

n
1.

1
H 2

/O
2

50
µm

80
lo

w
hu

m
id

ity
an

d
O

C
V

15
0

h
(∼3

0%
lo

ss
)

ca
rb

on
ra

di
ca

l
de

gr
ad

at
io

n
21

4

O
C

V
N

af
io

n
0.

9
H 2

/O
2

50
µm

70
hy

dr
at

ed
an

d
O

C
V

24
h

hy
dr

og
en

pe
ro

xi
de

de
gr

ad
at

io
n

19
6

R
H

cy
cl

in
g

N
af

io
n

0.
9

H 2
/O

2
25

µm
80

R
H

cy
cl

es
(1

50
%

R
H

40
00

cy
cl

es
fa

tig
ue

,v
is

co
el

as
tic

cr
ee

p
19

9
su

lfo
na

te
d

po
ly

su
lfo

ne
1.

8
to

0%
R

H
,2

m
in

ea
ch

)
30

0
cy

cl
es

m
ec

ha
ni

ca
le

m
br

itt
le

m
en

t
N

af
io

n
0.

9
H 2

/O
2

25
µm

10
0

R
H

cy
cl

es
(0-

10
0%

)
>

20
0

h
18

5
su

lfo
na

te
d

po
ly

su
lfo

ne
1.

5
25

h
m

ic
ro

cr
ac

k
fo

rm
at

io
n

H2 + Pt f Pt-H (at anode) (3.1)

Pt-H + O2 (diffused through PEM to anode)f •OOH
(3.2)

•OOH + Pt-H f H2O2 (3.3)
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PFSA membranes are generally stable against 30% H2O2

even at 80°C, in the absence of impurity metal ions (or
other radical generating sources such as UV light). However,
the presence of Fe2+ and Cu2+ ion greatly accelerates the
membrane degradation rate.197,212LaContiet al. also postu-
lated that the formed H2O2 could react with minor impurities
such as Fe2+ and Cu2+, forming hydroxyl (•OH) and
hydroperoxy (•OOH) radicals that could attack the mem-
brane.160,202,203

It was reported that iron contamination from end plates
accelerates the rate of membrane degradation.213 Endohet
al. observed electron spin resonance (ESR) signals from
deteriorated MEAs and attributed the signals to carbon
radicals.214,215 They suggested that the carbon radicals are
formed from •OH and •OOH radicals, though they did not
find direct evidence of the peroxide radicals. Pachenkoet
al. also observed an ESR signal from the electrode carbon
materials during cell operation.216

Recent Findings in Degradation Mechanisms.As men-
tioned earlier, inadequate humidification greatly enhances
membrane degradation during operation as well as under
OCV. The reason for the enhanced degradation rate has not
been fully understood so far and is the subject of much debate
by many researchers. Inabaet al. reported that sulfate ions
and ferrous ions are accumulated under low-RH operation
and that they were washed out in drain water under highly
humidified conditions.188 The boiling temperature of H2O2

(150 °C)217 is higher than that of water, and hence, they
attributed the high degradation rate to accumulation of
impurities and H2O2 in the membrane under low humidifi-
cation. A high activity of H2O2 in the vapor state has also
been raised as a reason for the increased membrane degrada-
tion rate.218,219

OCV durability tests have recently been carried out by
many research groups and have proven to be valuable
approaches for understanding degradation. Several groups
have tested membrane durability of single-side-catalyzed
MEAs without potential control, conditions meant to mimic
OCV.220-223 Most have reported that membrane degradation
is more significant in the MEAs catalyzed only at the cathode
side than in those catalyzed only at the anode side. This fact
is inconsistent with the mechanism mentioned earlier, in
which H2O2 is formed at the anode catalyst. Two mechanisms
have been suggested: one is hydrogen peroxide formation
upon reduction of adsorbed oxygen on the cathode catalyst
with permeating H2,212 and the other is direct formation of
•OH or •OOH radicals from oxygen-containing species on
Pt (e.g., Pt-OH and Pt-OOH).221,223However, these mech-
anisms should be verified because the potential of the cathode
(∼1 V) at OCV is more positive than the potential for
hydrogen peroxide formation (E°H2O2 ) 0.695 V) and the
lifetime of the radicals is too short to attack the bulk of the
electrolyte membrane.214 Liu et al. observed that the interac-
tion of permeating H2 with an adsorbed oxide layer formed
electrochemically on Pt, at+1.0 to 1.5 V in a nitrogen
atmosphere, does not lead to a significant FER, and they
showed that gaseous O2 is necessary for degradation to
occur.223

Platinum dissolution from the cathode and particle deposi-
tion inside the bulk membrane, called the Pt band, is another
serious degradation phenomenon in operation,224 under
potential cycling225 and at OCV.194 Ohmaet al. found that
the Pt band is formed in a relatively short time (several tens
to a few hundreds of hours) depending on test conditions
and suggested that the Pt band formation greatly enhanced
H2O2 formation and membrane degradation.194 The Pt band
is formed at a position where the theoretical potential profile
in the membrane suddenly changes from the cathode side
(∼1 V) to the anode side (∼0 V) and therefore the potential
requirement for H2O2 formation mentioned above is satisfied.
In addition, oxygen flux is greatly enhanced, especially under
H2/air conditions, because the Pt band is formed in the
vicinity of the cathode catalyst layer under H2/air condi-
tions.194 Ohma’s mechanism helps explains the discrepancy
in the results of one-sided catalyzed MEAs mentioned above,
because the Pt band originates from the dissolution of the
cathode catalyst. Inabaet al. found that FER gradually
increased with time in an OCV test at 80°C while gas
crossover rate did not change appreciably for the initial 30
days.188 They attributed this discrepancy to the growth of
the Pt band.

Recently, Liuet al. presented a contradictory report on
the effect of humidification.223 When the humidification of
hydrogen at the anode was kept at 50% RH, the lifetime of
the MEA was longer when air at the cathode was humidified
at 0% RH (>4,000 h) compared to the case at 50% RH
(∼700 h). They attributed the shorter lifetime at low RH to
more impurities with water from the gas bubbler at high RH.
Alternatively, it is possible that their results reflect the
difference in the rate of the Pt-band formation, because the
dissolution of Pt is greatly suppressed under lower humidi-
fication.226

Decomposition Mechanism of PFSA Membranes.In
drain water during operation of PEMFCs, fluoride ions,
sulfate ions, and low-molecular weight perfluorosulfonic acid
are found. Direct gas mass spectroscopy of the cathode outlet
gas indicated the formation of HF, H2O2, CO2, SO, SO2,
H2SO2, and H2SO3 under OCV durability tests.196 PFSA
membranes contain noR-hydrogens, which are vulnerable
to radical attacks, and hence, the membranes would be stable
against radical attacks227 if they have the perfectly fluorinated
structures shown in Figure 12. The susceptibility to peroxide
radical attack has been attributed to a trace amount of
polymer end groups with residual H-containing terminal
bonds.166 Hydroxy or hydroperoxy radicals attack the poly-
mer at the end group sites and initiate decomposition. An
example of attack on an end group such as-CF2X, where
X ) COOH, is shown as166,218

Note that-COOH is regenerated in reaction 3.8. Hence,
once decomposition begins at one end group, a complete
PFSA unit is decomposed to HF, CO2, and low-molecular-
weight compounds by the radical depolymerization reactions
(called the “unzipping” mechanism). Degradation studies
using model compounds have proved that decomposition
starts from-CHF2 and-CF2COOH groups.228 The decom-

H2O2 + M2+ (found in MEA) f M3+ + •OH + OH- +
(3.4)

•OH + H2O2 f H2O + •OOH (3.5)

Rf-CF2COOH+ •OH f Rf-CF2 + CO2 + H2O (3.6)

Rf-CF2
• + •OH f Rf-CF2OH + Rf-COF+ HF (3.7)

Rf-COF+ H2O f Rf-COOH+ HF (3.8)
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position rate of model compounds without-COOH end
groups is 2-3 orders of magnitude lower than those of
compounds with-COOH end groups.229 Curtin et al.
reported that these reactive end groups of Nafion could be
minimized during the membrane extrusion processes by
pretreating the polymer with fluorine gas.166 After more than
50 h of exposure, they could remove 61% of the H-containing
end groups, and further testing found a 56% decrease in
released fluoride ions in the Fenton test, as compared with
the case of an untreated polymer.

Even when the residual H-containing end groups are
completely fluorinated, the degradation rate of PFSA mem-
branes cannot be reduced to “zero”, suggesting another
mechanism exists for membrane degradation. Hommuraet
al. carried out durability tests of Flemion membranes and
reported that the average molecular weight decreased while
the number of-COOH groups increased with time when
the membranes are exposed to vapor-phase H2O2 at 120
°C.218 They suggested that not only the unzipping reactions
but also main chain scission (which produces vulnerable
-COOH groups) is involved in the mechanism for membrane
decomposition. It has been suggested that the ether linkages
are the weakest sites of the side chains for radical attack.229

Detailed degradation mechanisms of sulfonated polyaro-
matic ethers are under dispute. EPR230 and DFT231 investiga-
tions suggest that ether link cleavage can be initiated by
hydroxyl and hydroperoxy radicals attack as judged by
Fenton’s test and the subsequent oxygen molecule addition
on aromatic rings. A recent study by Janget al. revealed
that sulfonated poly(ether sulfone) membranes degraded
mainly at the cathode side after fuel cell durability tests.232

As partially fluorinated hydrocarbon ionomers, BAM3G
membranes seem to have considerable stablity to main chain
scission and have successfully achieved substantial longevity
(several tens of thousands hours) in multistack configurations
as well as in single cells.167

Fenton’s Test. As it has been recognized that the
formation and reactivity of free radical peroxide species are
a major source of degradation of PEMs used in fuel cells,
Fenton’s test, using a H2O2 solution containing a trace

amount of Fe2+, has become a commonex situaccelerated
test for membrane durability.166,212,233For PFSAs, this seems
reasonable because membrane degradation is caused by the
peroxide radical route as described earlier. It was reported
that a compound, HOOC-CF(CF3)-O-CF2CH2SO3H, iden-
tified by 19F NMR and mass spectroscopy, is commonly
detected as the primary short-chain degradation product of
Nafion in both PEMFC operation and the Fenton tests.228

PFSA membranes usually show excellent chemical stabil-
ity; hence, harsh conditions are employed in the accelerated
tests. For example, PFSA membranes are immersed in 30%
H2O2 solution containing 20 ppm Fe2+ ions at 85°C for 16-
20 h, and their durability is evaluated as the total amount of
fluoride ions emitted in the solution.166 Sulfate ions are also
detected in the solution and can be used to evaluate the
decomposition of the sulfonic acid moieties.212 Aoki et al.
developed a novelex situmethod for membrane durability
tests, in which mixed gases of H2 and air were supplied at
given ratios to a water suspension of Pt/C catalyst coated
with Nafion.174,234This method has an advantage in that it
can simulate the anode side (H2-rich) and the cathode side
(O2-rich) by changing the ratio of H2/air. They observed a
larger amount of fluoride ion (0.27% of the total fluorine in
the membrane) in the H2-rich atmosphere than in the O2-
rich atmosphere (0.16%), which supported the degradation
mechanism proposed by LaContiet al.160 Hommuraet al.
developed anotherex situmethod exposing PFSA membranes
with H2O2 vapor at 120°C.218,219

Compared to PFSAs, hydrocarbon based membranes have
been known to show much faster degradation in the Fenton’s
reagent. Table 10 summarizes the reported peroxide stability
of various PEMs. LaContiet al. evaluated the relative
stability of several types of PEMs by Fenton’s reagent; the
stability decreased in order PFSA> cross-linked sulfonated
polyphosphazene) polytrifluorostyrene sulfonic acid>
phosphonated poly(benzimidazole)> high cross-linked
polystyrene sulfonic acid> polyphenylene sulfonic acid>
low cross-linked polystyrene sulfonic acid) sulfonated poly-
(benzimidazole)) polysulfone sulfonic acid) polyethylene
polystyrene sulfonic acid copolymer.160 Poor peroxide stabil-

Table 10. Peroxide Stability by Fenton’s Test

membrane type
Fenton’s reagent

formulation
temp
(°C)

degradation
rate constant

at 68°C ref

polysulfone sulfonic acid 3% H2O2/4 ppm Fe2+ 68 0.218 min-1 160
sulfonated poly(benzimidazole) solution 68 0.211 min-1 160
1% divinylbenzene cross-linked polystyrene sulfonic acid 0.125 min-1 160
polyphenylene sulfonic acid 0.026 min-1 160
6% divinylbenzene cross-linked polystyrene sulfonic acid 0.022 min-1 160
phosphonated poly(benzimidazole) 0.016 min-1 160
polytrifluorostyrene sulfonic acid and cross-linked

polyphosphazene
0.008 min-1 160

perfluorosulfonic acid 0.000 min-1 160
divinyl benzene cross-linked polystyrene sulfonic acid 3% H2O2/4 ppm Fe2+ 68 >90%a 638
sulfonic acid and cross-linked polyphosphazene solution 68 <5% 638
Nafion 68 <1% 638
side-group sulfonated polyether ether ketone

3% H2O2/2 ppm Fe2+

80 1-3% 639
poly(arylene ether) containing sulfofluorenyl group

(IEC ) 1.8 mequiv/g)
80 ∼10%b 236

Nafion 80 2-3% 236
sulfonated arylene ether/fluorinated alkane copolymer

(IEC ) 1.74 mequiv/g)
30% H2O2/30 ppm Fe2+

25 4 h (6 h) 640

sulfonated polyimide (IEC) 1.95 mequiv/g) 25 20 h (24 h) 641
sulfonated (arylene ether)s with pendant biphenyl group 25 32 h (55 h) 237

a Weight loss after soaking in Fenton’s reagent after 24 h.b Weight loss after soaking in Fenton’s reagent after 1 h.d Time to start to break film
(complete dissolution).
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ity of thermomechanically stable sulfonated polyarylenes
(and polyheterocycles) provoked further research efforts to
investigate the structural effects on peroxide oxidative
stability. The oxidative stability of the sulfonated PEMs
increased with increasing numbers of hydrophobic groups
(or fluorine containing groups) and decreasing ion exchange
capacity (IEC) and water-absorbing capability.235,236 It has
also been reported that sulfonated polyarylenes with pendant
sufonic acid groups are more stable to peroxide oxidation
than backbone sulfonated PEMs.223,237 However, detailed
improving mechanisms are not known yet.

A significant drawback of the Fenton’s test is the difficulty
in evaluating its accelerating factor,i.e., correlating the test
results with the durability of membranes in PEMFC opera-
tion. The early statement160 that PEMs showing degradation
rates less than 0.02 after 8 h (Table 8) may be possible
candidates for 3,000 h or more of H2/air PEMFC (at 80°C
and near-ambient pressures) was not valid, since some PEMs
can function for hundreds to thousands of hours in a fuel
cell while it has been shown that similar membranes become
brittle with partial loss of their IEC after a few hours in
Fenton’s reagent of 3% H2O2/2 ppm Fe at 68°C. On the
other hand, Nafion 112, which has a projected lifetime of
26,000 h at 80°C and 50 kPa by Fenton’s test, usually
showed much shorter life in fuel cell operation. This rather
poor correlation has been rationalized with the following
explanations: First, the PEM degradation in fuel cells is a
result of a complex combination of different degradation
processes which were strongly influenced by membrane,
fabrication, and operating conditions, and thus, the peroxide/
radical degradation of Fenton’s test cannot be offered as the
only measure for membrane lifetime prediction. Second, the
lifetime prediction of PEMs using excessive peroxide content
in an accelerated Fenton’s test is unrealistically high in
normal fuel cell operating conditions. Third, the concentration
of H2O2

+ in the MEAs partly depends on the gas permeability
of the membranes; the gas permeation of most hydrocarbon
based membranes is much lower than that of Nafion. Fourth,
direct lifetime comparison across the different membrane
families is almost impossible when different fuel cell
operating conditions are applied. It is unclear what order of
reaction in peroxide to use for Fenton’s test as concentration
decreases. In general, Fenton’s test seems to be a good
accelerated test for judging chemical degradation of PFSAs,
but it is an insufficient gauge for hydrocarbon membranes
and cannot account for nonchemical degradation routes. As
a single test, it, at best, provides an upper bound lifetime
for PFSAs. For hydrocarbon membranes, insufficient un-
derstanding is presently available to address the mechanisms
of chemical failure in PEM membranes.

3.3.2. Hydrolytic Degradation
Peroxide/radical attack has been the primary chemical

stability concern for fuel cell membranes (due in large part
to the relatively good stability of investigated materials to
other routes of chemical attack). In fact, membranes that have
not shown good hydrolytic stability (or oxidative stability
in the absence of peroxide/radicals), by and large, have not
received significant attention by the research community. An
important exception to this are sulfonated polyimides (SPIs),
which have shown a high sensitivity to hydrolysis but have
still received considerable research interest due to a combi-
nation of factors (good performance at short times, good
mechanical properties, the effective use of similar materials
in phosphoric acid based cells,etc.).

In chemical studies of hydrolytic degradation, the eluted
product does not contain nonsulfonated diamine moieties,
suggesting that hydrolysis took place mainly on the imide
bonds neighboring sulfonated diamine residues but hardly
on the bonds neighboring nonsulfonated ones.238 Conse-
quently, the hydrolytic stability increased, reducing the IEC
in same family of SPIs. These results are consistent with
non-sulfonated polyimides that show good hydrolytic stabil-
ity, suggesting that the presence of acid sites is critical for
hydrolytic degradation.

Genieset al. proposed a two-step hydrolysis mechanism
based on data obtained using FT-IR and NMR techniques
(Figure 13).239 In the first step, one carbonyl group of SPIs
is attacked, leading to the formation of amic acid structure.
This partial hydrolysis leads to an increase of polymer chain
flexibility without any decrease of the molecular weight.
Following this partial hydrolysis, the second carbonyl group
can also be attacked by water molecules, leading to the
formation of amine and diacid terminal groups. This complete
hydrolysis results in chain scission and the loss of the
mechanical properties.

Hydrolytic stability strongly depends on SPI structures.
While phthalic (five-membered rings) SPIs are mechanically
stable polymers, sulfonation of the phthalic polyimides results
in the phthalic ring becoming highly susceptible to hydroly-
sis. This leads to short fuel cell lifetimes of sulfonated
phthalic SPIs. Naphthalenic (six-membered ring) SPIs have
shown improved hydrolytic stability.232 NMR spectroscopy
using model compounds has shown that sulfonic acids
containing phthalic imide aged at 80°C lose all signs of the
carbon peaks associated with the imide ring, while no
structural changes of the sulfonic acid containing naphtha-
lenic imide were observed up to 120 h.239 Genieset al.
synthesized naphthalenic (six-membered ring) polyimides
using 4,4′-diamino-2,3′-biphenyl disulfonic acid (BDA) and
1,4,5,8-tetracarboxylic dianhydride (NDA).239 The fuel cell
life using the naphthalenic polyimides (IEC) ∼1.3 mequiv/
g) was in the range of 1,200-3,000 h at 60°C depending
on flexibility in the hydrophobic part of the polymer.177,240

Another structural factor for the hydrolytic stability is the
flexibility of the polymer. Einslaet al. demonstrated that
copolyimide membranes utilizing a flexibile backbone
structure displayed better hydrolytic stability. For example,
by simply changing the sulfonated diamine from the rigid
BDA to the more flexible 4,4′-diaminodiphenylether-2,2′-
disulfonic acid (ODADS), the hydrolytic stability greatly
improved.241,242

The hydrolytic stability could further increase by increas-
ing the basicity of the diamines, since electron-donating
groups decrease the electrophilicity of the imide ring, making
it less susceptible to hydrolytic attack. The research group
of Okamoto compared the hydrolytic stability of polyimides
using a series of SPIs having basic diamines. The SPIs having
9,9′-bis(4-aminophenyl)fluorine-2,7-disulfonic acid (BAP-
FDS) showed higher stability than the SPI having ODADS.243

The SPIs bearing a pendant sulfonic acid group such as 2,2′-
bis(3-sulfopropoxy)benzidine (2,2′-BSPB) or 3,3′-bis(3-sul-

Figure 13. Hydrolytic reaction of the imide rings resulting in chain
scission.
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fopropoxy)benzidine (3,3′-BSPB) displayed much better
water stability, probably due to the higher basicity of the
diamine moieties attributed to the electron-donating ability
of the propoxy groups.244,245Watanabe’s group also suggested
that SPIs having long aliphatic side chains have improved
hydrolytic stability. Besides the electron density effect, they
suggested that steric separation from the hydrophilic acidic
groups could reduce the chance of water molecules attacking
the imide ring.246,247Using SPIs containing aliphatic groups
both in the main chain and in the side chains (IEC) 1.8
mequiv/g), a 5,000 h life under H2/air fuel cell conditions
was obtained.247 The 1H NMR analyses showed that the
tested SPIs had only a minor change in the IEC (from 1.87
to 1.76 mequiv/g) after the testing. These lifetimes are
acceptable for many applications and show the importance
within the SPI family of specific chemistry on lifetime and
susceptibility to hydrolysis. Finally, the hydrolytic stability
of imide block copolymers was greatly increased,129 possibly
because of the nanophase morphology.

3.3.3. Efforts to Improve Chemical Properties

Membrane manufacturers have developed PFSA mem-
branes or MEAs with improved chemical and thermal
stability as well as improved water management at high
temperatures. Curtinet al. reduced the number of H-
remaining end groups by treating Nafion polymer with
fluorine gas, and they improved the chemical stability against
the radicals as mentioned previously.166 Endohet al. have
developed a PFSA based membrane composite (NPL), which
has shown good durability under high temperature and low
humidity conditions.215The NPL membrane showed excellent
stability over 1,000 h in an OCV test at 120°C and 18%
RH. The FER was about 2× 10-8 g cm2 h-1, which was
less than 1% of the FER in an OCV test using their standard
MEA. They also demonstrated continuous operation using
an NPL based MEA for more than 4,000 h at 120°C, 200
kPa, 0.2 A cm-2, and 50% RH.

For PEMs containing styrene sulfonic acid, the motive of
backbone fluorination was no doubt to improve hydroper-
oxide stability. As mentioned above, sulfonated polytrifluo-
rostyrene based BAM3G showed improved chemical stability
compared to nonfluorinated aliphatic analogues. The evalu-
ation of commercial radiation grafted membranes also
indicated that a trifluorostyrene grafted ETFE based mem-
brane (RAYMION, CEC, Japan) showed excellent stability
while a styrene sulfonic acid grafted PTFE membrane
(PERMION) showed rapid degradation due to the poor
oxidative stability of the styrene group.248

The chemical stability of sulfonated polyarylene ether
membranes is strongly dependent on the location of the
sulfonic acid. Xinget al. investigated the radical stability of
sulfonated polysulfones. The weight losses of sulfonated
polysulfone membranes in the H2O2 solution at 60°C showed
that the sulfonated group attached to the meta-sulfone
position had the best stability (8.5% weight loss) compared
with the sulfonated group attached to the ortho-sulfone (23%
weight loss) and ortho-ether positions (40% weight loss).249

Sulfonated polyarylene ether membranes having a sulfonic
acid group attached to the meta-sulfone position can be
synthesized via direct copolymerization of sulfonated mono-
mers.163,250,251

Another approach to improve the durability of MEAs is
to introduce an additional layer for H2O2 decomposition or
radical trap.252 It has been reported that the durability of

PEMs was improved by placing a catalyst layer based on
Pt, Pd, Ir,etc. inside the membrane between the anode and
the cathode. Tsurumaki developed radical-trap layers, which
are based on rare earth metal oxides, on both sides of the
membrane, and they demonstrated that the durability of the
MEA in OCV tests was improved by 1 order of magnitude
compared with that of their standard MEA.253

Chemical degradation of PEMs also could be mitigated
by reducing reactant crossover. A few researchers have
attempted to reduce reactant crossover by introducing cross-
linking,254 increasing crystallinity,255 and increasing mem-
brane thickness.256 However, in all cases, there were trade-
offs in that membrane resistance increased, which adversely
impacted fuel cell performance.

3.4. Physical Degradation

3.4.1. Membrane Creep

Chemical degradation of PEMs has received considerable
attention, but physical factors leading to degradation are also
important. During the normal operation of a fuel cell, the
MEA is put under compressive force between the bipolar
plates. Under this constant compressive stress, polymer
electrolyte membranes undergo time-dependent deformation
(i.e., creep). Polymer creep can cause permanent membrane
thinning and eventually failure (pinhole formation, for
example) and can be an important factor when compounded
by chemical or other physical degradation routes.

Stucki et al. observed substantial thinning of the Nafion
117 membrane after 15,000 h of continuous 80°C operation
and suggested that the membrane dissolution process was
triggered and/or enhanced by local stress on the membrane.164

Yu et al. also observed membrane thinning at the H2 inlet
region followed by membrane pinholes and reactant gas
crossover after a 2,520 h life test.169 He speculated that the
inadequate water content due to low humidification of the
feed stream accelerated the physical degradation of the
membrane. Membrane thinning may occur at a stress
concentrated region to a greater degree. Borupet al. observed
that the membrane thickness compressed at 80°C between
two flow field plates was approximately 46µm on the flow
field groove, which was about 16% thinner than that on the
flow field land, probably due to elongation of the membrane
in the open flow field area.257

The creep response of an extruded Nafion 115 membrane
was reported by Satterfieldet al.258 In their experiments,
Nafion put under tension stretched rapidly over the first
several minutes and then slowed significantly. The creep rate,
defined as the slope of the strain-log(time) response at times
greater than 100 min, normalized by the applied stress,
increased with temperature. Samples with higher water
contents crept faster initially, but the rate of creep slowed at
longer times, while the dry samples crept less initially but
continued to creep more at longer times. Although theseex
situexperiments are only offered in the realm of speculation,
the results are generally consistent with observations regard-
ing membrane degradation. Under normal fuel cell operating
conditions (ca.operating temperature ise80°C and hydrated
conditions), Nafion creep occurs at a slow rate, so cata-
strophic failure can take thousands of hours until the
mechanical properties yield to the cell compressive forces.
On the other hand, as theR relaxation temperature (which
depends on both temperature and RH) is approached,
mechanical creep can proceed in a much shorter time period
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(e.g. failure in hundreds of hours or less under hot/dry
conditions). As explained below, the transition temperatures
typically decrease with increased hydration. This implies that
hot/wet would be worse than hot/dry.

Kundu et al. compared the mechanical properties of the
Nafion membrane before and after 80°C H2/air fuel cell
life tests (72 h) and found that both the Young’s modulus
and yield strength of aged sample decreased by about 15%
when compared with a fresh sample.259 The reduced Young’s
modulus and yield strength make the membrane more
susceptible to permanent deformation and eventual failure
in a fuel cell during long-term operation. This combination
of reduced physical properties in aged samples and thinning
of membranes can result in a self-accelerated process, in
which the thinnest membrane cross sections produce the
highest gas crossover rates.

The creep behavior of hydrocarbon based membranes has
also been investigated. Blackwellet al. reported the me-
chanical creep and recovery behavior of sulfonated SEBS
block copolymers.260 They found that low degrees of
sulfonation (<6%) improved creep resistance due to hydrogen-
bonding interactions between SO3H groups and/or morpho-
logical effects. At sulfonation levels, the percent strain over
time increased due to the formation of a continuous EB phase
or residual water bound to the sulfonic acid group that
plasticized the sPS domains.

Creep of sulfonated polyarylenes (or other heterocyclic
copolymers) seems to take place much more slowly com-
pared to that of other polymers during fuel cell operation.261

Aged sulfonated polyarylenes or heterocyclic membranes
after fuel cell life testing have shown almost no change in
membrane thickness, while similar results using Nafion have
shown significant thinning.169,174,185,262In fact, these materials
have even demonstrated longer lifetimes under high-tem-
perature (>100 °C) testing (see Table 9).184,185The dimin-
ished role of creep, as concerns failure in sulfonated
polyarylenes, is probably due to the fact that little creep takes
place at well below the relaxation transition temperature and
these materials have extremely high relaxation temperatures.
The rate of creep increases as the temperature is raised and
goes through a maximum near the relaxation transition point.
Nafion has two relaxation transitions, labeledR and â in
descending order of temperature over a temperature range
of -50 to 150°C.263 The R relaxation appears at around
100°C and has a higher intensity. Theâ relaxation appears
over a wide temperature range (-100 to 20°C) depending
on hydration. Although the accurate assignments of the
thermal transitions and mechanical relaxations in Nafion are
critical to the fundamental understanding of membrane creep

behavior, the molecular/morphological origins of the relax-
ation transition are not clear.

Eisenberg and co-workers initially suggested thatR
relaxations were attributed to the glass transition temperature
of the fluorocarbon matrix whileâ relaxations were attributed
to a relaxation of the ionic domains.263 Later, they reassigned
R andâ relaxation as a glass transition temperature of ionic
domains and the fluorocarbon matrix, respectively.264 Re-
cently, Pageet al. suggested thatR relaxation was the onset
of long-range (ionic) mobility of both the main and side
chains via a thermally activated destabilization of the
electrostatic network, while theâ relaxation represents
thermally activated main-chain motions that are facilitated
through side-chain mobility (genuine glass transition tem-
perature of Nafion).265,266

PEMs containing styrene derivatives generally have two
thermal relaxation temperatures. The thermal transition at
lower temperature reflects the glass transition of the non-
sulfonated polymer matrix while the thermal transition at
higher temperature is assigned for the glass transition of ionic
domains where strong intermolecular ionic interactions
between sulfonated polymer segments exist. The glass
transition of ionic clusters, however, is often missing at low
degrees of sulfonation due to the random nature of sulfona-
tion or overlap with the matrix glass transition. Lightly
sulfonated polystyrene has shown two thermal relaxation
temperatures, consisting of the ion-rich domains (110-180
°C) and the polystyrene matrix (110°C).267-270 Thermal
transition of sulfonated styrene-ethylene/butylene-styrene
membranes showed a glass transition of the ethylene/butylene
matrix near-55°C and the glass transition of the polystyrene
block near 90°C. The glass transition temperature of the
polystyrene block increased with degree of sulfonation.271

FEP (or PTFE) grafted polystyrene sulfonic acid systems
showed one glass transition temperature at 116-144 °C,
probably due to overlap of the glass transitions of the matrix
and styrene sulfonic acid domains. Some grafted polystyrene
sulfonic acids had crystalline structure.

Polyarylenes have much higher thermal transition tem-
peratures, which depend on the degree of sulfonation. Wang
et al. reported that direct copolymerized sulfonated poly-
(arylene ether sulfone) copolymers have glass transition
temperatures greater than 200°C. Polysulfone copolymers
having a higher degree sulfonation showed a secondary glass
transition, probably from ionic domains above 300°C, near
their thermal degradation limits (∼350 °C).250 Sulfonated
poly ether ether ketone also showed a high glass transition
temperature (190°C). Because of the wholly aromatic rigid
framework of the polymer backbone, the thermal transition

Table 11. Thermal Transition Temperatures of Various Polymer Electrolyte Membranes for Fuel Cells

thermal transition temp (°C)

polymer electrolyte lower higher melting temp (°C) ref

Nafion -100 to 20 100-135 230 (115) 259, 642
sulfonated polystyrene 110 110-180 267, 269, 270
sulfonated poly SEBSa -55 80-99 268, 271
polystyrene PVDF block copolymer -36 to-43 120-166 643
polystyrene grafted PTFE 116-122 325 644
polystyrene grafted FEP 144 265 272
polystyrene grafted PVDF -30 90 160 645
sulfonated polysulfoneb 232-282 303-3 250
sulfonated PEEK 175-200 646, 647

a Third temperature transition appeared at 114-175°C, which is not well understood.b Higher transition temperature was observed only at IEC
> 1.7 mequiv/g.
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of polyarylenes was relatively small and sometimes unde-
tected.236,241Table 11 summarizes the relaxation temperatures
of several polymer electrolytes that have been investigated
for use in fuel cells. The thermal transition temperature of
polymer electrolytes has been found to decrease as membrane
hydration increases. Kunduet al. reported that the onset of
theR transition temperature in Nafion decreased from 78 to
67 °C when the membrane was hydrated.259 Gupta et al.
observed that the glass transition temperature of FEP grafted
polystyrene sulfonic acid was decreased from 144 to 61°C
as sample drying temperature decreased and, thus, when the
sample remained partially hydrated.272 The glass transition
temperature of polyarylene ethers also decreased upon
hydration (e.g., 267°C for dry versus 126°C for the same
sample liquid equilibrated),273 which was attributed to
plasticization by strongly bound water.

3.4.2. Microcrack Fracture

Another common PEM failure mechanism found in long-
term fuel cell operation has been microcrack (craze) fracture.
Microcrack fracture has usually been observed in local stress
concentrated regions, such as the edge of the flow channel,
where the bipolar plate land and groove meet.259 In the edge
of the flow channel, the polymer electrolyte may stretch by
the pinching action of the flow field lands, particularly when
a pressure differential exists across the membrane. Another
common place for crack propagation is the boundary region
between the reaction and nonreaction zones of the membrane.
Failure near the boundary region may come from peroxide
radical chemical degradation by reactant gas reached through
imperfect sealing of gaskets or the formation of a “hot
spot”.172 Local stresses can also be developed from the
misalignment of the gas diffusion layers and catalyst layers
or by differential swelling between the reaction area and
nonreaction area. Microcrack fracture resulting from these
stresses has been observed under accelerated RH cycling tests
as well as under normal operating conditions.

General Motors researchers reported that the gas crossover
rate of several PFSA membranes abruptly increased in a
relatively short time (few hundred hours) after RH cycling
conditions.199,274 These results were interpreted using a
membrane stress model and suggested a failure mechanism
in which small flaws in the membrane grew through crack
propagation due to the RH cycling life tests.185 In these tests,
similarly reduced lifetimes were noted for both RH cycling
and voltage cycling. However, a lower fluoride emission rate
during RH cycling suggested decreased chemical degradation
but increased physical degradation, most likely due to the
mechanical stress from membrane swelling/dehydration.
Huanget al. tested the mechanical properties of Nafion under
RH cycling and observed microcracks in the direction of
applied tensile stress after RH cycles.159

Membrane failure through microcrack fracture was also
observed in glassy ionomers such as sulfonated polystyrene
or polyarylenes. Bellingeret al. investigated the fatigue
properties of sulfonated polystyrene ionomers.275 They found
that the craze stability decreased with increasing ion content
up to ca. 5 mol % and then increased after 5 mol %. The
fractured surface showed a series of discontinuous crack
growth bands representing crack propagation through es-
sentially a single craze that successively develops from each
crack tip position and a rough region representing the later
stages of catastrophic crack propagation after a tensile fatigue
test.276 Reyna-Valenciaet al. observed deformation of

SPEEK under tensile stress and concluded that the failure
mode was crazing characterized by banding perpendicular
to the tensile axis and fibrillation in the plastic necking
edges.277

Microcrack failure of sulfonated polyarylenes is considered
as a predominant failure mechanism for these materials. Steck
et al. reported that the longevity of the nonfluorinated
polymers bearing differing levels of sulfonic acid functional-
ity was limited to approximately 500 h because of the
increased brittleness under normal fuel cell operating condi-
tions.167 This result was consistent with other data that
reported a much shorter lifetime for the sulfonated poly-
(ether sulfone) (which contains isopropylidene links) than
that expected of Nafion under RH cycling conditions (see
Table 9).185,199,274

Membrane tear toughness (or elongation at break) and
dimensional stability have been related to the microcrack
failure. Huanget al. demonstrated that strain to failure was
well correlated with the number of RH cycles in aged
samples, although the yield stress and yield strain remain
largely unchanged.159 Other researchers also pointed out that
microcrack resistance was correlated well with tear tough-
ness.278,279For Nafion, the tear toughness (or elongation at
break) along the machine direction is less than that along
the transverse direction while cast ionomers had isotropic
tear properties. Membrane failure in MEAs run under
accelerated conditions exhibited tears along the machine
direction for extruded membranes regardless of orientation
to the flow fields, while cast membranes with isotropic
physical properties showed more random tears.280 It has been
observed that larger dimensional change accelerates the
microcrack fracture.159,199 For example, the density of the
microcracks in Nafion at the 80-120% RH cycling condi-
tions was higher than that at the 30-80% RH cycling
conditions because the changes in water content in the Nafion
membrane under 80-120% RH cycling are much greater
than those under 30-80% RH cycling conditions.

The most common method to evaluate the crack resistance
in PEMs is stress-strain curves, even though membrane tear
tests are likely more relevant to actual failure mecha-
nisms.278,280Since limited data with other methods (such as
tear tests) exist, we discuss the stress-strain behavior of
PEMs and draw general correlations to microcrack failure.

The tensile strength and modulus of Nafion decrease as
temperature and hydration increase. The Dupont product data
sheet for Nafion (1100 EW) reports that tensile strength and
modulus decrease from 34 to 25 MPa and 114 to 64 MPa,
respectively, when temperature is increased from 23 to 100
°C in liquid water equilibrated samples.281 The humidity
dependence of the modulus of Nafion is rather complex.282

Two temperature regions have to be discerned. At temper-
atures between room temperature and 50°C, the modulus
of Nafion decreases with increasing humidity. At tempera-
tures between 50 and 100°C, the modulus at 0% RH can be
lower than that of hydrated Nafion. That is, the maximum
value of the modulus at a given temperature is no longer at
the dry state but is shifted to higher humidity with increasing
temperature. Baueret al. compare the storage modulus of
Nafion at 75°C and observed 145 and 240 MPa at 0 and
2% RH, respectively.283 The higher modulus at 2% RH is
probably due to the morphology stabilization of ionic
domains with water molecules. The stabilization of ionic
domains with water molecules assumed that water forms
hydrogen bridge bonds and oligohydrates which act as cross-
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linkers linking the sulfonic acid groups and preventing them
from ionic cluster disintegration. This behavior has also been
observed in sorption isotherms of Nafion at elevated tem-
perature.284,285 Elongation at break of Nafion is relatively
invariant with temperature, hydration, and strain rate. Typical
values of elongation at break are 200-350%.

The dependence of mechanical properties on membrane
temperature and hydration may have important implications
in the long-term stability of fuel cells. Under the normal fuel
cell operating temperature (e80 °C), catastrophic failure can
be delayed for thousands of hours, although the deforma-
tion of Nafion occurs in a relatively shorter time. On the
other hand, as operating temperature increases, membrane
failure can occur much faster due to the decreased mechan-
ical properties even under dry conditions. Under wet condi-
tions, the situation is even worse, since membrane creep
increases.

Sulfonated SEBS copolymers have shown similar trends
in mechanical behavior when compared to Nafion. Weisset
al. reported that sulfonated SEBS copolymers have improved
mechanical properties compared to unsulfonated SEBS due
to the restricted molecular mobility of the polystyrene phase
due to electrostatic interactions.268 Tensile strength, modulus,
and elongation at break decreased with temperature, par-
ticularly above theR transition of the PS-rich domains. For
example, the tensile strength of sulfonated SEBS (11.9%
sulfonation) decreased from 27.6 to 2.62 MPa, and elongation
at break decreased from 690 to 300% when temperature
increased from 23 to 100°C. Upon hydration, a slight
decrease of tensile stress and elongation at break (∼20%)
was observed.

Sulfonated polyarylenes (and heterocyclics) have much
different mechanical behavior. These membranes exhibit
nonlinear stress-strain behavior starting at extremely small
strains, and conspicuous yielding and necking behavior takes
place during the uniaxial loading, resembling characteristics
of thermoplastic polymers under cold draw.261 Compared to
elastomeric ionomers (such as Nafion), they have relatively
higher tensile strength and modulus and decreased elongation
at break in both dry and wet states. Figure 14 shows a
comparative example of stress-strain curves of Nafion and
sulfonated polyarylenes.286 The better mechanical strength
and modulus of these thermoplastic ionomers can be an
advantage under the compressive forces of operating cells.

However, the mechanical properties of polyarylenes change
dramatically as a function of hydration and temperature, and
increased water uptake of these materials often leads to
increased stress during RH cycling. Reyna-Valenciaet al.
observed that the modulus of sulfonated poly(ether ether
ketone) in liquid water decreased (∼70%), compared to the
case at 30% RH and at 23°C.277 An increase of 17°C in
temperature caused an additional drop in modulus in such a
way that membranes lost 75-94% of their original stiffness
depending on their degree of sulfonation. The dramatic
change of the mechanical properties of sulfonated poly-
arylenes and dimensional changes due to water uptake upon
hydration and temperature may promote crack propagation.
These are likely primary reasons that membrane durability
has been shown to increase with reinforcement and poly-
arylenes have shown relatively poor durability under RH
cycling conditions (see Table 9).

3.4.3. Structural/Morphological Changes

Structural/morphological changes of PEMs may also play
a role in membrane performance in fuel cells; however, due
to their (often) indirect effects, these changes are not
particularly easy to correlate with degradation. Still, due to
their likely impact on durability, we have chosen to include
morphological effects in our discussion.

Morphological changes (under different pretreatment
conditions) have been inferred from changes of physical
properties, and they have been measured directly by tech-
niques such as AFM, TEM, SEM, and scattering.265,266These
studies have focused on a number of different parameters,
including thermal history, the presence of water during
processing steps, the effects of ion exchange with acidic sites
(different salt forms), cast versus extruded membranes, and
the addition of additives.285,287-291 These studies have shown
the importance of the history of the sample in terms of its
properties and (potentially) durability.

A number of studies have focused on Nafion. Studies of
hydration of Nafion have shown that preboiled membranes
have significantly increased water uptake, water/gas trans-
port,292-294 and conductivity compared to membranes dried
at elevated temperature and rehydrated at room temperature.
These changes in properties have been attributed to the
formation and break-up of hydrated ion clusters in the
membranes due to hydrothermal processes. Morphological
changes in Nafion after heat treatment were first reported
by Yeo and Yeager, who classified the membrane in three
different forms.295 Membranes without heat treatment were
referred to as the “E-form” (expanded form), and membranes
which were heat treated at 80 and 105°C were the “N-form”
(normal form) and “S-form” (shrunken form), respectively.
Zawodzinski et al. reported that Nafion after drying at
elevated temperature had decreased water uptake compared
to that dried at lower temperatures.285,296They attributed the
decreased water uptake under higher temperature drying
conditions to shrunken ionic clusters. Hinatsuet al. reported
that the water uptake of perfluorinated copolymers after
immersing the membrane in water between 25 and 140°C
produced different water uptakes.297 The water uptake of a
perfluorinated membrane (N-form) increased approximately
linearly with temperature up to 100 or 110°C and then
abruptly increased above this temperature. Tricoliet al.
reported reduced conductivity (∼30%) of a Nafion membrane
treated in water at 80°C after storing the membrane at 20
°C for 2 months.298 Soneet al. reported that the proton

Figure 14. Stress-strain curves of sulfonated poly(arylene ether
sulfone) (BPSH) and Nafion 117 at dry and humidified conditions;
the numbers in parentheses represent the weight basis water content.
Reprinted with permission from ref 286. Copyright 2005 Wiley-
VCH Verlag GmbH & Co.
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conductivity of Nafion decreased as heat-treatment temper-
ature increased due to structural changes.299 Finally, re-
searchers from GM have suggested that freeze-thaw cycling
of humidified samples might also lead to morphological
changes and increased conductivity.126 Due to significant
changes in water uptake and conductivity of Nafion depend-
ing on processing, a common method to prevent or minimize
(significant) morphological changes during operation is to
treat (acidify) Nafion membranes (or MEAs) at temperatures
higher than fuel cell operation.

Beyond hydration and conductivity, other properties of
Nafion have also been related to the history of the membrane.
Wei et al. observed that a structural relaxation of dehydrated
membranes occurred at 79 and 116°C by measuring shear
response forces using shear modulation force microscopy.300

Interestingly, the two transition temperatures they found were
roughly identical to the drying temperatures used to classify
Nafion membranes originally suggested by Yeo and Yeager.
These researchers found that the extended form morphology
was recoverable under wet, elevated temperature (e.g., 100
°C) conditions. Chenget al. reported increased crystallinity
of Nafion after a 200 h DMFC life test.301

Pretreatment conditions have also been reported to impact
the physical properties of sulfonated polyarylenes through
morphological effects. Albertiet al. investigated the effect
of pretreatment of sPEEK on proton conductivity.302 The
conductivity of a sPEEK membrane having an IEC of 1.6
mequiv/g treated in boiling water for 4 h prior to measure-
ment showed a slight temperature dependence from 0.03 to
0.07 S/cm over the temperature range 25-150°C, while the
conductivity of a nontreated membrane changed by more
than a factor of 10 over the same temperature range. Kimet
al. observed an increased water uptake and proton conductiv-
ity for sulfonated poly(arylene ether sulfone) after elevated
temperature water treatment.291,303 They also found a tem-
perature denoted as the hydrogel temperature where an abrupt
increase of water uptake, mechanical disintegration, and
conductivity reduction occurred. The hydrogel temperature
of the membranes ranged from 60 to 140°C, as the degree
of sulfonation was varied from 60 to 30%.

In an operating cell, effects of constraint pressure may
further impact morphological changes. Maet al. found heavy
conductivity anisotropy of Nafion over the in-plane and
thickness direction after hot-pressing at high temperature,
150 °C, and pressure, 600 kgf/cm2. Preliminary SAXS
measurements indicated that the impeded interaggregate
transport of the H+ among the deformed ion clusters along
the hot-press direction might be responsible for the aniso-
tropic conductivity.304 Casciolaet al. observed an irreversible
conductivity decay of Nafion 117 under controlled applied
pressure on the electrodes. In their experiments, they
observed conductivity decay when the membrane was forced
to swell anisotropically along the plane parallel to the
membrane surface, which they attributed to an anisotropic
deformation of ionic pathways.305

While morphological changes have not been conclusively
linked to loss of fuel cell performance, it is clear that
morphological changes are occurring under operation, and
factors such as processing history can be important in other
physical and/or chemical degradation pathways.

3.4.4. Efforts To Improve Physical Properties

The thermal and mechanical properties of PFSAs are
becoming more recognized as critical properties of PEMs.

One approach to perfluorinated ionomers that has had
(perhaps indirect) an effect on thermal and mechanical
properties has been the replacement of a long side chain or
Nafion with a short side chain linear perfluorosulfonic acid
group. PFSAs with short side chains were first developed in
the mid-1980s by Dow Chemical Corporation (so-called
Dow membrane or Dow Experimental membrane). This
ionomer is similar in structure to Nafion but has a shorter
pendant side chain (and no branch points) which carries the
functional ion-transporting group. Tantet al. showed that
this short chain ionomer has a higherR relaxation tran-
sition, at about 165°C, and limited dependence on EW, as
measured by dynamic mechanical analysis.306 Another
important characteristic of the Dow membrane is its crystal-
line structure. Tantet al. and later Mooreet al. reported
that even a low equimolecular weight Dow membrane
(909 EW) had crystalline structure, with its melting endo-
therm at around 150-180 °C, which may serve to im-
prove the mechanical properties.306,307Other desirable prop-
erties for fuel cell applications, such as lower water-alco-
hol dissolution rate, gas permeability, and electro-osmotic
drag, were also recognized.307-309 Although the Dow mem-
brane was never commercialized, other newer PFSA mem-
branes containing short side chains are again drawing
interest.279,310The short side chain membrane from the 3M
company showed a higherR relaxation transition temperature
(125 °C compared to 100°C for Nafion) and better
mechanical properties (i.e., ∼7% higher modulus and 9%
higher break stress at ambient conditions) over a wide
temperature range.311 The relative lifetime of this membrane
was about 4 times longer than that of recast Nafion at
90 °C.

The mechanical properties of PEMs can also be im-
proved by using a reinforcing material. W. L. Gore and others
have used porous polytetrafluoroethylene (PTFE) mem-
branes or PTFE fibrils to increase the durability of Nafion
in both the hydrated and dehydrated states.312-317 Since the
PTFE reinforced Nafion membranes usually have lower
conductivity, relatively thin membranes have been used.
Cleghorn et al. reported a 26,300 h single cell life test
with a commercial PTFE reinforced Gore membrane.186 The
cell showed a low performance degradation rate of 4-6
mV/h at 0.8 A/cm2 under continuous H2/air operating
conditions. Carbon nanotubes also have been recently
considered for use as a reinforcing agent.318 Particulated
fillers such as metal oxide/phosphate, or silica, are also used
as a reinforcing agent.258,319-325 These reinforcements have
been reported to improve membrane creep and morphological
stability at elevated temperature. Adiemianet al. performed
a durability test for silicon oxide incorporated Nafion at 130
°C. The fuel cell performance with a silicon oxide/Nafion
membrane remained constant while the cell performance with
unmodified Nafion fell dramatically within an hour.326 For
highly water swollen hydrocarbon based PEMs, blending
with a mechanically stable framework, such as poly-
(vinylidene fluoride) (PVdF) or other polymers having a base
group,327,328 has also been attempted, although durability
under fuel cell conditions has yet to be demonstrated.

In order to prevent microcrack propagation at the side edge
of the reaction area, the peripheral region of an MEA was
protected by a gasket seal,329-331 an adhesively bonded
layer,332or a plastic spacer.333 These protective layers have
provided increased crack resistance around the edge of the
MEA active area.
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4. Electrocatalyst Stability
The worldwide effort to develop fuel cells for vehicular

and stationary power applications has been enabled, in no
small part, by the optimization of the microstructure of the
catalyst layer, which enabled drastic reductions in the amount
of platinum that is required to construct a practical fuel cell.
In order for the fuel cell to retain the advantages of this
optimized structure, it must be resistant to changes in
morphology and surface properties. In truth, however, there
can be significant changes to catalyst structure and properties
with operation, and electrocatalyst stability may be a
determining factor in the useful lifetime of polymer mem-
brane fuel cell (PMFC) systems. Electrode materials consist
of carbon-supported nanometer sized Pt and/or Pt alloy
catalysts for both anodes and cathodes. The nanometer length
scale particles provide theoretical surface areas of over 100
m2/g and fuel cell active areas of 25-40 m2/g.

Polymer electrolye membrane fuel cell (PEMFC) perfor-
mance loss under steady-state and cycling conditions has
been attributed in part to a loss of electrochemically active
surface area (ECSA) of the high-surface-area carbon-
supported platinum electrocatalyst.3,142,334,335There is growing
evidence that platinum dissolution plays a major role in the
ECSA loss, especially of the cathode catalyst, where high
potentials are encountered.143,224,336This dissolved platinum
can then either deposit on existing platinum particles to form
larger particles224,335or diffuse into electrochemically inac-
cessible portions of the membrane-electrode assembly (i.e.,
sites not fulfilling the requirements of gas, electron, and
proton access).224 It has been speculated that platinum
dissolution occurs both as a result of potential cycling, caused
by varying loads on the PEMFC stack, and under constant
potential high voltage conditions typical of fuel cell stack
“idling” conditions.336 The extent of dissolution is expected
to be governed by a complex interplay between the electro-
chemical dissolution of metallic platinum, the formation of
a platinum oxide, and the chemical dissolution of this
oxide.337

4.1. Chemical State of Platinum under PEMFC
Cathode Conditions

4.1.1. Thermodynamics
Potential-pH diagrams, also termed Pourbaix diagrams,

indicate the thermodynamically stable phase and oxidation
state of a metal as a function of electrolyte pH and electrode
potential.338 Figure 15 shows the potential-pH diagram for
the platinum-water system at 25°C as reported by B. J.
Lee339 (thick lines) and M. Pourbaix338 (thin lines). In this
diagram, the equilibria denoted by each line are shown below,
and unprimed numbers designate Pourbaix’s diagram,338 and
primed numbers designate Lee’s diagram.339

One of the major differences between the diagrams derived
by Pourbaix and Lee is that Lee did not account for Pt(VI),
whereas Pourbaix did account for the formation of this higher

oxidation state. Pourbaix and Lee estimated the formation
free energy of Pt2+ using Latimer’s equations as 229 and
185 kJ mol-1, respectively.338,339 This difference in free
energy led to a larger Pt2+ region for the Lee-derived
diagram. These differences illustrate the need for additional
thermodynamic data, especially for the equilibrium between
solid and liquid phases, to clarify the effect of potential on
the equilibrium phases of Pt in water. Despite these differ-
ences, Pourbaix and Lee agree that PtO2 is the stable
equilibrium phase in acidic solution at the open circuit
potential of a hydrogen-air PEMFC.

4.2. Spectroscopic Analysis of Pt in the
Electrochemical Environment

4.2.1. Bulk Electrodes
Due to the difficulty of characterizing nanoparticles of

platinum, the bulk of the literature on the electrochemical
oxidation and reduction of platinum arises from studies of
single crystal or polycrystalline bulk platinum using a variety
of in situ and ex situ techniques. Electrochemical quartz
crystal nanobalance andin situ X-ray studies have shown
that oxidation proceeds via formation of a 0.5 Å monolayer
of chemisorbed O in the 0.85-1.15 V (vs RHE) range.139,340

In the 1.15-1.4 V potential range, ex situ Auger139 and in
situ X-ray reflectivity experiments340 show evidence for the
place exchange of O and Pt, further formation of PtO, and
surface diffusion of PtO to energetically favorable sites. In
addition, at>1.18 V, there is evidence for the formation of
PtO2 on Pt(111) and for the surface diffusion of PtO2.341 Sun
et al. recently determined the composition of the anodically
formed oxide film on bulk polycrystalline platinum using
electrochemical impedance spectroscopy and X-ray photo-
electron spectroscopy.342 They concluded that the oxide film
formed above 1.3 V consists of an inner PtO layer and an
outer layer of PtO2. They detected a single oxide layer at
lower potentials. Based on their X-ray reflectivity data, Nagy
and You concluded that reduction of oxide films formed at
potentials>1.15 V roughens the Pt surface.340

4.2.2. Carbon-Supported Nanoparticles in Aqueous
Electrolyte

Recentin situX-ray absorption measurements of a carbon-
supported (Vulcan XC 72) Pt nanoparticle catalyst (10 wt
% Pt/C from E-Tek) in aqueous sulfuric acid or perchloric
acid electrolyte have shown that OH or O, formed from the

Pt + H2O ) PtO+ 2H+ + 2e- E0 ) 0.980- 0.591pH (1 and 1′)
PtO+ H2O ) PtO2 + 2H+ + 2e- E0 ) 1.045- 0.0591pH (2 and 2′)
PtO2 + H2O ) PtO3+ + 2H+ + 2e- E0 ) 2.000- 0.0591pH (3)
Pt2+ + H2O ) PtO+ 2H+ log(Pt2+) ) -7.06- 2pH (4)
Pt ) Pt2+ + 2e- E0 ) 1.188+ 0.0295 log(Pt2+) (5)
Pt ) Pt2+ +2e- E0 ) 0.963+ 0.0295 log(Pt2+) (5′)
Pt2+ + 2H2O ) PtO2 + 4H+ + 2e- E0 ) 0.837- 0.1182pH-

0.0295 log(Pt2+)
(6)

Pt2+ + 2H2O ) PtO2 + 4H+ + 2e- E0 ) 1.062- 0.1182pH-
0. 0295 log(Pt2+)

(6′)

Figure 15. Regions of stability for platinum vs potential and
pH.338,339
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electrochemical oxidation of Pt by water, adsorbs in different
sites depending on the coverage and oxidation potential.343

At low coverages, OH adsorbs on Pt sites at steps and edges
of the 1.5-3 nm diameter Pt particles. At higher coverages,
O begins to populate bridged Pt sites, and at even higher
coverages, at potentials above 0.95 V in nonadsorbing
perchloric acid electrolyte, O adsorbs into a subsurface site
formed by the place exchange of O and Pt.

4.2.3. Carbon-Supported Platinum Nanoparticles in an
MEA

As a result of thein situaqueous electrolyte spectroscopic
measurements of platinum summarized above, the signature
voltammetric features of platinum in the 0.7-1.5 V region
can be assigned to the formation and reduction of a
multilayer, multivalent platinum oxide film. These same
features that are observed in voltammetric scans of a carbon-
supported platinum electrocatalyst in aqueous electrolyte are
also observed in the voltammetry of the electrode layer in a
PEMFC membrane-electrode assembly in the absence of
gas-phase reactants (i.e., when the anode or cathode chambers
are purged with an inert gas).344,345 The observation of
increasing charge under the oxide reduction voltammetric
peak in a study of a PEMFC cathode suggests that platinum
is slowly oxidized at voltages relevant to fuel cell operation
(i.e., 0.85 and 0.95 V).346 The surface oxygen can be formed
with water as the only source of oxygen species; however,
the presence of gas-phase oxygen accelerates the oxidation,
with the charge equivalent of one monolayer of oxide
forming after only 30 min at 0.85 V.346 The rapid loss of
PEMFC performance at high constant voltages, a current loss
of one-half of its original value within 1 h, has been attributed
to the blocking of platinum surface sites from participation
in the oxygen reduction reaction by the formation of platinum
oxide.345 This loss, however, is completely recoverable with
a short excursion of the cathode potential to 0.5 V or lower,
consistent with reduction of the oxide layer formed at the
higher cathode voltages.345

4.2.4. Pt SolubilitysEquilibrium

A major factor in understanding the dissolution behavior
of platinum is its solubility in aqueous electrolyte, which is
governed by the chemical state of the platinum surface and
of the platinum species in solution. The electrolyte compo-
nents, atmosphere, solvent, pH, temperature, and potential
are all major factors influencing solubility.146,224,275,347-349,351

The solubility of bulk and powder Pt under oxidizing
conditions in aqueous solutions of pH 4-10 has been
determined with and without various natural ligands: Cl-,
HS-, OH-, NH3, S2O3

2-, and C8H5O4
-.347,348Wood experi-

mentally determined the solubility of Pt at 25°C in solutions
of NaOH of variable ionic strength and found a solubility in
the range of 0.014 to 0.362 mg/L.350 The solubility was found
to increase with the increase of pH in all the buffer solutions
investigated, as shown in Figure 16, suggesting a basic
dissolution mechanism. The nanoparticles of platinum were
found to have a higher solubility than bulk platinum.347 In
the acidic region, solubility increased with the decrease of
the pH, as indicated by the open circles in Figure 16. This
behavior is attributed to the acidic dissolution mechanism.351

There have been limited studies of the effect of temper-
ature on Pt solubility, despite its importance. The results of
these studies are plotted in Figure 17 as the logarithm of Pt
solubility vs inverse temperature. The solubility of Pt

increased with temperature following the Arrhenius relation-
ship.351 The increase of solubility with increasing temperature
indicates that the dissolution reaction is endothermic.

The solubility of platinum, with relevance to the conditions
of acidic fuel cells, has been measured for phosphoric,
sulfuric, and perchloric acid electrolytes.146,224,348,349Figure
18 summarizes these results as the logarithm of Pt solubility
vs potential. The solubility has been found to increase with
the potential up to 1.1V vs SHE. The slope of this plot for
the bulk platinum in H3PO4

349 and as determined by
Pourbaix338 indicates a two-electron dissolution reaction (Pt
) Pt2+ + 2e-).

However, more recent results for bulk and high-surface-
area carbon-supported platinum in sulfuric and perchloric
acid electrolytes showed slopes lower than expected for a
two-electron process.146,224This suggests a dissolution mech-
anism involving dissolution of the oxide rather than Pt metal.

Recent density functional theory calculations suggest that
a number of one-electron processes involving the electro-
chemical oxidation of oxides and oxyhydroxides are ther-
modynamically allowed.146 The dissolved Pt species have
not yet been definitively identified. Generally, a hydroxy or

Figure 16. Logarithm of Pt solubility as a function of pH at room
temperature. Open symbols,E > 0.8 V vs SHE; closed symbols,
E < 0.8V vs SHE. Square, Pt/C in HClO4;146 closed circle, Pt wire
in buffer solutions;347 closed triangle, Pt powder in buffer solu-
tions;347 closed diamond, Pt foil in diluted water;348 open diamond,
Pt foil in 0.1 M HCl + HNO3;348 open circle, Pt powder in
H2SO4.356

Figure 17. Logarithm of Pt solubility as a function of inverse
temperature. Open square, Pt/C in HClO4;146 open triangle, in 0.5
M H2SO4;224open diamond, Pt foil in 0.1 M HCl+ HNO3;348closed
diamond, Pt foil in 96% H3PO4;349 open circle, Pt powder in 0.5
M H2SO4; closed circle,356 Pt powder in 1 M H2SO4.356
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aquo complex of Pt2+ is considered as the dissolved species
in an acidic medium as derived from the potential-pH
diagrams.146 Azaroulet al. suggested PtOH+ is the dissolved
species in aqueous solution of pH 4-10 at 25°C and under
oxidizing conditions.347,352 Kim et al. determined higher
valent platinum in sulfuric acid solution with the dithizone-
benzene method, and a Pt(IV) complex was suggested as
the dissolved species.351

4.3. Pt Dissolution under Nonequilibrium
Conditions

4.3.1. Aqueous Electrolyte

The majority of information on the electrochemical dis-
solution of platinum arose from the desire to determine the
cause of the evolution of the voltammetric signature of
polycrystalline platinum electrodes with potential cycling
(termed “electrochemical activation”). These studies included
measurements of platinum dissolution during potential
cycling,353-357 square wave potential steps,355,358-360 constant
current,353,361and constant potential.146,353A ring-disk elec-
trode study detected generation of soluble platinum species
during potential cycling in sulfuric acid and perchloric acid.354

During the cathodic-going scan, Pt(II) was detected at
approximately 0.5 V and was correlated with reduction of
the oxide film. Reducible species were also generated at
potentials higher than 0.9 V but were not identified. Rand
and Woods357 detected both Pt(II) and Pt(IV) species in a
sulfuric solution after potential cycling, and they confirmed
that the charge difference between anodic and cathodic sweep
corresponds with the amount of dissolved species if the upper
limit of the potential cycling is chosen to avoid oxygen
evolution. Otaet al.361 investigated the corrosion rate of
platinum in a potential range of oxygen evolution and found
that in this region the corrosion rate is proportional to the
oxygen evolution current. Kinoshitaet al. measured the
amount of platinum dissolved during potential cycling of a
platinum sheet, high-surface-area platinum black, and carbon-
supported platinum.355 The critical upper potential limit for
greatly enhanced Pt dissolution was found to be 1.0 V, in
agreement with the earlier report of Rand and Woods.357

Kinoshitaet al.355 also reported that the amount of platinum
dissolved per cycle was independent of the upper potential
limit at potentials> 1.2 V (≈5 ng cm-2 cycle-1). Potential
cycling platinum dissolution rates calculated from data
reported in the literature are summarized in Table 12. These
studies show close agreement of dissolution rates per
potential cycle with widely varying scan rates, indicating that
the dissolution reaction is more dependent on the number
of oxidation-reduction cycles rather than on the length of
the cycle or time at oxidizing potentials. Potentiostatic
dissolution rates of 1.4× 10-14 and 1.7× 10-14 g/cm2‚s
were reported for 0.9 V for 10 wt % Pt/C and platinum wire,
respectively, in perchloric acid electrolyte.146

Kinoshitaet al.355 examined the difference in the dissolu-
tion behavior of platinum black and carbon-supported
platinum. Although they did not succeed in measuring the
dissolution rates, a decrease of the surface area and an
increase of the (111) face on the surface were measured.
Such surface rearrangements were also observed using
macroscopic single crystals.145,359,360 An investigation to
“optimize” the conditions of electrochemical dissolution of
platinum in hydrochloric acid was also performed from the
viewpoint of production of platinum salts.353

4.3.2. Phosphoric Acid Fuel Cells
Much of the speculation for the causes of platinum surface

area loss is derived from the extensive literature on platinum
surface area loss in phosphoric acid fuel cells (PAFCs).362-366

These studies are relevant to the ECSA degradation observed
in PEMFCs due to the similarity of electrode materials and
structure; however, the platinum degradation in PAFCs is
expected to be more severe due to the more corrosive
conditions (i.e., complexing electrolyte and higher temper-
atures). The platinum surface area loss in PAFCs has been
attributed to dissolution of Pt at the cathode when operating
at >0.8 V, redeposition of Pt to form larger particles via an
electrochemical Ostwald-ripening mechanism, and loss of
Pt into the electrolyte with migration toward the anode.365

The cross-sectional distribution of platinum in a PAFC after
operation showed that a large amount of platinum dissolved
and migrated from the cathode into the electrolyte ma-
trix.363,364

4.3.3. Polymer Electrolyte Fuel Cells
In recent years, several articles have been devoted to the

study of platinum dissolution in actual PEMFC electrodes.
Ex situtransmission electron microscopy (TEM) analysis of
cathode catalyst layers after long-term steady-state and
potential cycling operation has shown dramatic changes in
platinum particle size and distribution.224,225,335,367The pos-
sible mechanisms for nanoparticle growth include local
coalescence of agglomomerated particles, agglomeration of
nonadjacent crystallites via Pt particle migration and sub-
sequent ripening, and dissolution of the catalyst and subse-
quent reprecipitation of platinum. The particle growth rates
and mechanisms may change as a function of electrode
potential, cell voltage cycling conditions, current density,
state of hydration of the membrane, and operating temper-
ature. Ferreiraet al.224 classified coarsened platinum particles
into two groups: spherical particles still in contact with the
carbon support and nonspherical particles removed from the
carbon support. The former results from electrochemical
Ostwald ripening, and the latter results from deposition in
the ionomer by dissolved hydrogen. Both processes require
preceding dissolution of the platinum.

Figure 18. Logarithm of Pt solubility as a function of potential.
Open square, Pt wire in 0.57 M HClO4 at 23°C;146 open triangle,
Pt/C in 0.5 M H2SO4 at 80°C;224 closed circle, Pt wire in buffer
solutions;347 open circle, Pt powder in 1 M H2SO4 at 22°C;356 open
diamond, Pt powder in 1 M H2SO4 at 35°C;356 double triangle, Pt
powder in 1 M H2SO4 at 51°C;356 double square, Pt powder in 1
M H2SO4 at 76 °C;356 solid line, Pt foil in H3PO4 at 196°C;349

dashed line, Pourbaix.338
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Guilminot et al.337 reported detection of Ptz+ ions (z ) 2,
4) in the membrane of a cycled MEA using ultraviolet
spectroscopy; however, Ptz+ was also detected in the as-
prepared MEA. Yasudaet al.225,368,369studied electrochemi-
cally cycled MEAs using TEM and cyclic voltammetry. The
Yasuda papers presented strong evidence for platinum
dissolution, diffusion of the dissolved platinum into the
membrane, and reduction of the dissolved platinum as
particles in the membrane near the membrane-cathode
interface by dissolved hydrogen. However, neither group
observed the dissolution phenomena directly,e.g., the
existence of particles with decreased diameter. Darling and
Meyers developed mathematical models for dissolution and
redeposition of platinum in PEMFCs.143,144 They assumed
that platinum dissolution is determined by potential, particle
size, and coverage ratio by oxide. In their model, the oxide
layer can protect the platinum from dissolution, but the
kinetics of oxide formation are slow relative to the rate of
dissolution, so rapid changes in potential can expose the bare
platinum to corrosive potentials in the interim between the
potential step and coverage of the surface with oxide.
Changes of the ECSA, particle size distribution, and con-
centration of ionic species during potential holding or cycling
were calculated. There is a growing body of literature
suggesting that platinum dissolution is a major factor limiting
the lifetime of polymer electrolyte fuel cells, especially under
varying load conditions and at the high potentials of the
cathode, though considerably more information is needed
in order to fully characterize the mechanisms of oxide
formation, platinum dissolution, and redeposition.

4.3.4. Alloy Effects

Platinum alloys have been used in both phosphoric acid
(PAFC)370 and PEM fuel cell systems371 to improve the
activity of the oxygen reduction reaction. UTC developed
alloy catalysts for use in PAFC power plants in the 1970s
and suggested in their search that, in phosphoric acid systems,
the dissociation of the O-O bond was the rate-determining
step. Consequently, they sought opportunities to change the
spacing of Pt-Pt and thereby affect the cleavage of the O-O
bond. As data from various alloys were analyzed, it was
shown that the specific activity of the catalysts could be
correlated with the platinum-platinum interatomic dis-
tance.372 This analysis is shown in Figure 19.

Several platinum alloys on high-surface-area carbon in acid
electrolytes show high degrees of crystallinity and enhance-
ment of exchange current densities (∼2-3×) relative to
Pt/C.47,49,50It has been shown that the kinetics of the reaction
correlate not only to Pt-Pt bond distance but also to Pt
d-band vacancies in the alloy; in studies on PtCo alloys,
activities were correlated to inhibition of adsorbed OH
formation.373 A structure-activity-stability study on PtCo
showed ordered fct alloy phases formed at high annealing
temperatures which were more stable in an electrochemical
corrosive environment with double the specific activity

compared to the conventional Pt/C catalysts.374 Low anneal-
ing temperature produced fcc alloy phases of various
stoichiometries which had about triple activities, but they
were less stable.374 Which of these effects is the primary
driver of catalyst performance is still unknown. While
fundamental studies of the oxygen reduction reaction
continue,52-54 the competing reaction pathways and consider-
able complexities of the oxide-covered alloy surfaces (not
to mention the implications of ternary and quaternary alloys
and beyond) require a considerable amount of experimental
and theoretical effort to understand.

While alloys have been shown to enhance performance
in some configurations, attention must be paid to the stability
of the alloys, particularly in light of the fact that Pt-Ru
catalysts, which have been used in direct methanol and
reformate cells to enhance CO tolerance on the anode, have
been revealed to be quite unstable under normal operation.375

Generally, the metals which are co-alloyed with platinum
would tend to be less stable as pure metals than platinum,338

so one might naturally be concerned about introducing a less
stable metal to a structure that has already been shown to
degrade in the fuel cell environment.

Antolini et al. have written a review of the stability of
Pt-alloy catalysts376 and note discrepancies among various
studies about the stability of alloys relative to platinum
catalysts. They note that PtCr and PtCo tend to exhibit greater
stability than PtV, PtNi, and PtFe, though there are still
questions about whether the means of preparation of the
catalyst matters. As previously discussed, changes in plati-
num crystallite morphology and carbon corrosion contribute
strongly to the rates of degradation of PEM fuel cells under
normal operating conditions.4,57

It has been shown that some platinum alloy catalysts,
particularly those containing cobalt, show markedly improved
stability to potential cycling relative to unalloyed platinum.377

Yu et al. show significant improvements in catalyst stability
with PtCo catalysts after a protocol of square-wave potential
cycling between 0.87 and 1.2 V versus RHE.377 While other
studies have shown considerable loss of Co into the
membrane after cycling,378 data suggest that this is perhaps

Table 12. Summary of Potential Cycling Platinum Dissolution Rates

dissolution rate
(g/cm2‚s)

dissolution rate
(g/cm2‚cycle)

electrode
type conditions ref

7.5× 10-11(0.05-1.4 V) 4.5× 10-9 Pt sheet 0.05 to (1.2-1.4) V, 45 mV/s, 1 M H2SO4, RT 355
1.0× 10-10 5.5× 10-9 Pt wire 0.41 to 1.46 V, 40 mV/s, 1 M H2SO4, RT 357
3.8× 10-11 4.8× 10-9 Pt disk 0.4 to 1.4 V, 8.3 mV/s, 1 M H2SO4, RT 354
2.8× 10-11 3.3× 10-9 Pt disk 0.4 to 1.4 V, 8.3 mV/s, 0.1 M HClO4, RT 354
1.5× 10-7 3.0× 10-9 Pt wire 0.5 to 1.5 V, 100 V/s, 1 M H2SO4, 40°C 648

Figure 19. Correlation of specific activity to nearest-neighbor
distance in platinum alloys. Reprinted with permission from ref
372. Copyright 1983 The Electrochemical Society.
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due to imperfect formation of the alloy in the synthesis step
and that leaching of the alloy after preparation can mitigate
the problem.371 TEM analysis of MEA cross sections after
cycling shows clear evidence of Pt migration toward and
into the PEMFC membrane for Pt/C cathodes, while PtCo/C
materials show minimal deterioration.379 However, the PtCO
crystallite sizes were larger than their Pt/C counterparts; thus,
the alloy produces higher mass activity and confers a higher
stability to cycling and resistance to dissolution, despite a
lower metal surface area compared to Pt/C. While it does
appear that alloying can have a positive effect upon catalyst
stability, is not clear from these studies whether the improve-
ment in stability is due to improved thermodynamic stability
or due to differences in the kinetics of platinum dissolution
or in passivating oxide formation. Wikanderet al. concluded
that employing complex preparation efforts for lowering the
Pt particle size below 3 nm may have limited practical value
unless the particles are stabilized from electrochemical
sintering.380 If we are to design catalysts specifically to
increase their stability, more information is needed about the
mechanism of degradation and the role that the alloying
element plays on the fundamental properties of the catalyst.

4.4. Platinum Particle Growth Analysis
The knowledge of crystallite size distribution (CSD)

statistics provides important information in studying particle
coarsening mechanisms. Ostwald ripening and coalescence
mechanisms produce very different CSDs. Coalescence
growth by aggregation of small particles maintains a log-
normal distribution with an overall increase in average
particle size. Ostwald ripening causes an increase in the
percentage of large particles with a decrease in the relative
fraction of small particles.

4.4.1. Particle Growth Analysis by XRD
The first detailed X-ray diffraction (XRD) studies on

PEMFC electrodes were performed by Wilsonet al.4 using
a Warren-Averbach Fourier transform method for determin-
ing the weighted crystallite sizes. The technique was later
used by one of the coauthors (Garzon),17,381,382to deduce
changes in the electrode crystal size distribution for fuel cells
operating under cyclic and transient conditions. In the
Warren-Averbach method, the peak profile is represented
by a convolution of the pure peak profile and the instrumental
broadening profile. The Fourier transform therefore enables
the separation of instrumental broadening from the pure line
profile. The experimental data are either directly Fourier
transformed or least-square fitted with Poisson summation
formulas (PSFs), which are then subsequently Fourier
transformed. An advantage of using PSFs is the elimination
of noise in the raw data, producing artifacts in the Fourier
transform. Analysis of multiple peaks of different orders of
(hkl) enables the determination of the respective size and
strain coefficients. The second derivative of the size coef-
ficient curve contains column size distribution information
also.

Giorgi, Conti, and Ascerelli used a different approach for
determining the growth mechanism of Pt fuel cell elec-
trodes.383,384 Studies of a commercially available Pt sheet
were used as the reference. Pt/C catalyst powder, consisting
of 20 wt % Pt supported on Vulcan carbon black, was
obtained from E-TEK Inc. A three-layer structure was
prepared using a spray technique. The catalyst layer was
prepared by mixing Pt/C catalyst, Nafion ionomer, and

glycerol. Electrodes, loaded with 2 mg/cm2 of C, 0.11
mg/cm2 of Pt, and 0.6 mg/cm2 of Nafion, were then subjected
to thermal treatment at 110°C and half-cell polarization for
56 h at a current of 0.1 A. Experimental results show cathode
Pt growth under these conditions, as evidenced by the CSD
plots shown in Figure 20.

Whole Profile Analysis.Another X-ray diffraction analy-
sis technique described by Garzon is the use of the whole-
pattern or “Reitveld” (named after the inventor) method.382

Characterization of the crystallite size, amorphous material
fraction, and phase purity may be conveniently measured
using X-ray scattering coupled with whole profile analysis
methods. Nanometer-sized electrocatalyst produces X-ray
scattering with broad often overlapping peaks. Whole profile
methods allow for the precise determination of lattice
parameters and accurate measurement of individual diffrac-
tion line intensities and profiles even when overlapping peaks
are present. In contrast to traditional methods that simply fit
diffraction peak maxima, whole profile methods model X-ray
scattering data for every experimental point.

XRD analysis has been coupled with potential sweeping
of an MEA to examine the causes and operating conditions
leading to loss of electrocatalyst surface area.17 During
potential sweeping, the anode was exposed to hydrogen while
the cathode was exposed to nitrogen. The cathode potential
was swept linearly from an initial voltage (usually 0.1 V) to
an upper limit voltage. After the cycling experiment was
completed, postcharacterization was performed by XRD. The
use of X-ray diffraction analysis to determine the degree of
electrocatalyst sintering was validated by comparing the
particle size with the measured electrochemically active
surface area (Figure 21). A linear relationship between the
platinum particle size and the measured catalytic surface area
was observed, which indicated XRD postmortem measure-
ment of platinum particle size is measuring the mechanism
for platinum surface area loss; that is, growth in particle size
leads to catalyst surface area loss. In studies of single cell
durability testing performed by Borupet al., cathode catalyst
particle sizes grew from about 1.9 to 3.5 nm during the drive
cycle experiments over 1200 h of testing. This extent of
growth was greater than that observed during steady-state
testing, where the particles grew to 2.6 nm at 900 h and 3.1
nm over 3500 h. In accelerated durability cycling tests,
extremely rapid cathode particle growth was observed when
cells were cycled to voltages above 1 V.17 During fuel cell
cycling measurements, catalyst coarsening rates exhibited a
linear increase with temperature. Low relative humidity
decreased platinum particle growth but substantially in-

Figure 20. Particle size distribution obtained from the Pt(2 0 0)
line for (s) Pt/C, (- - -) virgin electrode, and (- ‚ -) polarized
electrode. Reproduced with permission from ref 384. Copyright
2004 Elsevier Sequoia SA.
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creased carbon loss. The rate of carbon corrosion of the
electrode catalyst layer was found to increase with increasing
potential and decreasing humidity.

4.4.2. Glancing Angle X-ray Diffraction Studies

Ferreira et al. used a glancing angle X-ray powder
diffraction technique to probe the changes in the Pt particle
size of the cathode and the anode without removing them
from the ionomer membrane.224 X-ray diffraction patterns
of the pristine powder and cycled 46 wt % Pt/Vulcan (anode
and cathode) MEA samples were collected (see Figure 22).
As the characteristic depth is greater than the thickness of
MEA samples, X-ray diffraction experiments of the MEA
sample at normal incidence would lead to collection of
diffracted intensities of both anode and cathode. Therefore,
X-ray diffraction data collection at low incident angles is
required to obtain diffracted intensities from only the cathode
or the anode alone. Extensive particle size growth (from 2.3
to 10.5 nm) was seen for the fuel cell cycled cathodes, in

agreement with previous work. In contrast, little growth of
the fuel cell anode catalyst was observed.224

4.4.3. Particle Growth Analysis by TEM Imaging
Particle imaging via HR-TEM (high-resolution transmis-

sion electron microscopy) and HAADF-STEM (high angle
annular dark field-scanning transmission electron micros-
copy) can be used for quantifying the changes in catalyst
particle size, distribution, and morphology (particularly in
the cathode) following electrochemical aging; in this way,
particle data measured directly from the TEM/STEM images
can be used to elucidate the predominant mechanism(s) of
particle coarsening that contribute to reduction of the catalyst
electrochemically active surface area and concomitant fuel
cell performance degradation. One advantage of the use of
TEM with proper sample preparation is the direct observation
of the location of particle growth in the electrocatalyst layer.
Samples for TEM are commonly prepared by (1) lightly
dispersing the powder (as-processed or scraped from an MEA
electrode) across a thin (holey/lacey) carbon film or (2)
preparing an intact cross section of a three-layer MEA using
diamond-knife ultramicrotomy.385,386Ultramicrotomy sample
preparation, which makes use of“partial” electrode embed-
ding, has enabled direct imaging of intact recast ionomer,
carbon/Pt, and pore network surfaces within MEA porous
catalyst layers via TEM. This technique has proven valuable
for the imaging of catalyst particles postmortem, including
the ability to determine the location inside the MEA structure
where the growing particles are located.387 An example of
the value of this technique is demonstrated in Figure 23,
which shows the image of a freshly prepared MEA (Figure
23a) and an MEA which underwent repeated high potential
cycling to 1.2 V. In the fresh sample, Pt particles are evident
in the ionomer region of the MEA; thus, the catalyst particles
have separated from the carbon support material. After
cycling, large particle agglomerates have formed in the
ionomer region (Figure 23b).387

Potential cycling, such as that encountered during transient
(drive cycle) operation, increases the rate of Pt particle
growth in the cathode compared with steady-state opera-
tion.381,388At high cathode potentials (potentials between 0.9
and 1.2 V), Pt particles become unstable and the equilibrium
concentration of mobile Pt species in solution will increase
significantly, significantly accelerating the coarsening of Pt
particles.142,352The effect of potential cycling on cathode Pt
particle growth as analyzed by TEM is illustrated in the
example shown in Figure 24, which compares the Pt size
distribution in a fresh cathode with the cathode Pt size
distribution following potential cycling at 0.1-1.2 V for 1500
cycles, 80°C, and 100% RH, where the Pt size distributions

Figure 21. Particle size as determined by XRD and measured
electrochemical active surface area for various potential cycling
experiments. Cell 80°C, H2 226% RH, air 100% RH. Reproduced
with permission from ref 17. Copyright 2004 Elsevier Sequoia SA.

Figure 22. X-ray powder diffraction pattern of the pristine Pt/
Vulcan powder sample collected at normal incidence compared to
those of anode b and cathode c in the cycled Pt/Vulcan MEA sample
collected at primary incidence. Reprinted with permission from ref
224. Copyright 2005 The Electrochemical Society.

Figure 23. (a) TEM of freshly prepared MEA. (b) TEM of MEA
after potential cycling at 80°C to 1.2 V for 1500 cycles.387
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were measured directly from HR-TEM images.387 The Pt
particle size distributions become wider as a function of
increasing potential, as does the nominal Pt particle size.

4.4.4. Particle Growth Mechanism
There are three primary Pt particle coarsening mechanisms

that are believed to be important for PEM fuel cells: (1)
Ostwald ripening occurs when small particles dissolve,
diffuse, and redeposit onto larger particles, resulting in
reduced Pt particle surface area via a minimization in surface
energy; (2) reprecipitation occurs when Pt dissolves into the
ionomer phase within the cathode and then precipitates out
again as newly formed Pt particles; (3) particle coalescence
occurs when Pt particles are in close proximity and sinter
together to form a larger particle. It is worth noting that
mechanisms (1) and (2) are quite similar: in Ostwald
ripening, the nucleation site for platinum deposition is a
previously existing platinum particle; in reprecipitation, the
nucleation site is a particle or defect that did not previously
serve as a platinum site. Each particle coarsening mechanism
is characterized by distinctive elements in the evolution of
the particle size distribution. For example, Ostwald ripening
of the Pt particles will result in the growth of larger Pt
particles at the expense of the smaller Pt particles, and the
typical Gaussian particle size distribution/profile will shift
to higher and wider size distributions during electrochemical
aging.383 For the case of Pt dissolution and reprecipitation,
which may also be associated with Pt particle coalescence
depending on the distances between new Pt particles, the
mobile platinum species that dissolve into the ionomer phase
will nucleate both within the ionomer phase and/or onto the
carbon support surface and will result in a distribution of
particle sizes depending on the localized platinum concentra-
tions within the ionomer and on the Pt-Pt nucleating particle
distances. The particle size distribution for the case of
PEMFC particle growth does not shift entirely to a larger Pt
size range, as would occur for complete Ostwald ripening.
Instead, the size distribution gets broader due to the
nucleation of small, highly separated Pt particles within the
ionomer, as well as larger particles, which form due to the
coarsening via coalescence of Pt particles nucleating close
together. In addition, Pt2+ in solution in the ionomer phase
may also redeposit onto existing nuclei, resulting in some-
what larger Pt particles. A change in the form/profile of the
resulting Pt particle size distribution occurs when a Pt

dissolution/reprecipitation mechanism is coupled with particle
coalescence. This distribution is characterized by a change
from a single, narrow, Gaussian Pt particle size distribution
to a bimodal particle size distribution, where some fraction
of small Pt particles are retained in the cathode while other
Pt particles grow larger.

What Ferreira found was that, at the GDL/cathode
interface, nanoscale Ostwald ripening was dominant, result-
ing in a larger mean particle size and a wider Gaussian size
distribution, due to the limited crossover hydrogen for Pt
ion deposition. Deeper in the cathode (closer to the mem-
brane), Pt deposition in the ionomer was more likely by the
crossover hydrogen reduction of the Pt ions, which resulted
in a more likely “bimodal” profile. These Pt particles were
all carbon-supported, and Pt atoms in the ionomer were not
included in the profiles.224

But still, there are two concerns regarding this explanation
of the different Pt size profiles with the cathode. First, some
recent studies194,225,389showed that a Pt band could form in
the membrane when flowing air at the cathode during
degradation testing. The Pt band was located in a position
where the hydrogen and oxygen diffusing through the
membrane could react with each other and result in a sharp
change in the local potential. The Pt band formation was
relatively fast (a few thousand cycles or 1-2 days) under
potential cycling conditions for the conventional Pt/C
catalyst. Also deposited Pt atoms by hydrogen chemical
reduction might be formed in the ionomer instead of on the
carbon support. So these different Pt size profiles might not
be caused by H2 concentration differences per se but by
differences in the potential distribution within the ionomer.
Second, Pt ions in the cathode will want to diffuse into the
membrane phase, so there would be a Pt ion concentration
gradient in the cathode. This Pt ion transport phenomenon
was not considered in Ferreira’s work. With degradation, Pt
mass distribution within the cathode might not be uniform,
and more large Pt particles could be produced at both the
carbon support and in the ionomer (if hydrogen crossover
and chemical reduction of Pt ions apply) within the cathode
closer to the membrane phase. So at this point in time, it is
still difficult to conclude which Pt growth process is
dominant. Separately counting Pt particles on or off carbon
supports in TEM images could help us gain more details of
Pt particle growth. Mathematical simulation including Pt ions
transport could also assist in understanding cathode Pt
degradations.

Pt particle size distributions measured during cycling
potential (0.1-1.2 V) changed form; that is, the size
distributions exhibit a greater tendency toward a bimodal
form with increasing potential.387 The size distributions for
the potential cycling conditions shown in Figure 24 do not
shift entirely to larger particle size ranges, as would be
expected if the Pt particles were growing solely by an
Ostwald ripening mechanism, where the growth of large
particles occurs at the expense of small particles. Instead,
the size distribution gets broader; a fraction of the very small
Pt particles (<3 nm) remains after potential cycling though
the total particle count decreases, and an increased number
of larger Pt particles are observed and included in the
distribution. These bimodal particle size distributions have
been measured by both XRD and TEM after potential cycling
experiments and after fuel cell testing simulating drive cycle
operation.335,382,390,391Thus, the Pt particle growth behavior
during potential cycling is best described by a combination

Figure 24. Pt particle size distributions comparing the Pt particles
in a fresh cathode with Pt in the cathodes of MEAs subjected to
0.1-1.2 V potential cycling for 1500 h, 80°C, and 50% RH.
Modified from ref 387.
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of Pt particle coalescence and Pt dissolution/reprecipitation
within the ionomer.

4.5. Corrosion of Catalyst Support
In addition to loss of the platinum, the carbon support that

anchors the platinum crystallites and provides electrical
connectivity to the gas-diffusion media and bipolar plates is
also subject to degradation. In phosphoric acid systems,
graphitized carbons are the standard because of the need for
corrosion resistance in high-temperature acid environ-
ments,370 but PEM fuel cells have not employed fully
graphitized carbons in the catalyst layers, due in large part
to the belief that the extra cost could be avoided. However,
as durability targets are scrutinized, it is important to consider
the importance of carbon stability, and graphitized carbons
are being considered for use in PEMFCs to give required
corrosion stability.392 The corrosion reaction of carbon
material in aqueous acid electrolytes including proton
exchange membranes is generalized393 as

This reaction is thermodynamically allowable at the poten-
tials at which the fuel cell cathode operates, but it is believed
to be almost negligibly slow in that potential range because
of the lower temperatures of PEM cells compared with
phosphoric acid. However, even if it proceeds very slowly,
it can affect the long-term durability of PEMFCs. Electro-
chemical corrosion of carbon materials as catalyst supports
of PEMFCs will cause electrical isolation of the catalyst
particles as they are separated from the support or lead to
aggregation of catalyst particles, both of which result in a
decrease in the electrochemical active surface area of the
catalyst and an increase in the hydrophilicity of the surface,
which can, in turn, result in a decrease in gas permeability
as the pores become more likely to be filled with liquid water
films that can hinder gas transport. In this section, carbon
corrosion in PEMFCs, PAFCs, and aqueous solutions will
be reviewed.

4.5.1. Carbon Corrosion in PEMFCs
In the past few years, several articles have been devoted

to the study of carbon corrosion in actual gas diffusion
electrodes of PEMFCs.199,394Roenet al.394 detected CO2 in
the cathode exhaust gas during potential cycling while
feeding humidified helium. Besides enhancement of CO2

evolution at potentials higher than 0.9 V, there was also a
peak at about 0.6 V during anodic sweeps when only
platinum catalyst existed. The intensity of this peak increased
with the amount of platinum catalyst. It was proposed that
CO adsorbed on platinum during this portion of the sweep,
below 0.6 V, and it was subsequently oxidized. The degree
of enhancement of this reaction at potentials higher than 0.9
V also depended on the amount of platinum, but no
mechanism was suggested. Mathiaset al.199 reported the
dependence of carbon corrosion current on the potential,
material, temperature, and time. The potential dependence
displayed Tafel behavior, and the temperature dependence
followed Arrhenius behavior. However, as described later,
there is a linear relation between the corrosion current and
time in the log-log plots, and two constants (initial value
and time-decay exponent) depend on the material. In relation
to the transient condition of the cell operation, a mechanism
named the “reverse-current mechanism”, which creates a

potential high enough for oxygen evolution accompanied by
carbon corrosion, has been proposed.135,138,154,395This mech-
anism occurs under conditions in which hydrogen-rich
regions and hydrogen-starved regions coexist in the anode
chamber of a single cell, resulting in local corrosion in the
region of the cathode corresponding to the fuel-starved region
of the anode.135,138,395Such a situation may occur at start-up
of the system or during shutdown of the anode chamber,
thereby causing degradation of the cathode.154 It is supposed
that oxygen crossover from the cathode chamber through
the electrolyte membrane can be supplied at a sufficient rate
to support the reverse-current mechanism.

4.5.2. Carbon Corrosion in PAFCs

Carbon corrosion in PAFCs has been investigated exten-
sively for years, using both actual PAFC electrodes396-402

and model electrodes in phosphoric acid.403-412 It is worth
noting that, in PEMFCs, the material and structure of the
gas diffusion electrode are similar to those used in PAFC
cells. However, the choice of catalyst support in PAFCs has
traditionally been graphitized versions of carbon. The degree
of corrosion in phosphoric acid has been evaluated by
corrosion current,403,404,407-410,412weight loss,397,407,408and CO2

generation.403,404 Changes of the shape of cyclic voltam-
mograms measured in aqueous acid solution were also
used to measure the changes of the surface functional
groups.140,405,406,411While cyclic voltammetry detects only
electroactive oxides such as the quinone/hydroquinone
couple, it is frequently used as an index of the degree of
surface oxidation of the carbon material. A classification of
surface functional groups on carbon material has been
attempted by XPS,397,413 but quantitative determination of
their amount and changes seems to be difficult. Effects of
platinum catalyst on carbon corrosion409,411were observed.
While Kinoshitaet al.140 did not observe differences in the
saturated density of the electroactive surface oxide after
oxidation at 1.2 V between electrodes with and without
platinum, Passalacquaet al.409 showed an increase of the
corrosion current at 0.6-1.0 V under a nitrogen atmosphere
with platinum loading, and Pyunet al.411showed a depression
of the surface oxide formation during corrosion at 0.7 V
under oxygen atmosphere in the presence of platinum. The
mechanism was not resolved in this study, but the authors
speculated that participation of adsorbed oxygen atoms on
the surface of platinum played a role in controlling what
happens on the carbon surface. They also showed that oxygen
appeared to have an effect not just upon surface oxide
coverage but also on carbon corrosion. In this case, surface
oxide formation was depressed under an oxygen atmosphere.
It was estimated that surface oxides on carbon were further
oxidized to CO2 more easily in an oxygen atmosphere, which
resulted in a smaller amount of surface oxide. If this
mechanism is accurate, net carbon corrosion rates are
accelerated by the presence of gas-phase oxygen.

As carbon corrodes, changes in catalyst layer morphology
occur. Changes in the shapes of carbon black particles have
been observed by TEM.396 After an operation at 853 mV,
the cores of primary particles of carbon black, which are
less crystallized than the outer shells, corroded preferentially
and became hollow. This phenomenon is important but may
not be common with the case of PEMFCs, because the
electrolyte might not penetrate into the microstructure as
thoroughly in PEM as it does in a liquid-electrolyte cell. It
is therefore possible that the inner region of the carbon

C + 2H2O f CO2 + 4H+ + 4e- E° ) 0.207 V
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particles does not corrode in PEMFCs. Also in the case of
PAFC, a mechanism of local cathode corrosion similar to
the PEMFC reverse-current mechanism has been pro-
posed.400,401Another major difference between carbon cor-
rosion in PAFC and PEMFCs is that the water is present as
liquid in PEMFC and acts as the oxidant during the corrosion
reaction. It is worth noting, however, that carbon corrodes
at potentials as low as 0.9 V in phosphoric acid at elevated
temperature even for a cell that has uniform hydrogen
coverage on the anode. The rate of carbon corrosion
decreases linearly with time in the log-log plots, both in
PEM199 and in phosphoric acid cells.404,409,410However, there
seems to be no theoretical basis for such a rate law. Although
formation of passivating films on the carbon surface has been
proposed as a mechanism,402,410it is hard to expect endless
growth of such films. The reported periods of these experi-
ments are on the order of 24 h, so there is still the possibility
of approaching a steady state over longer time periods.

4.5.3. Carbon Corrosion in Aqueous Solutions

Fundamental studies have been carried out on carbon
corrosion in aqueous acid (or neutral) solutions from the
viewpoint of a PEMFC degradation mechanism.414-419 Note
that aquesous based studies allow for liquid water to act as
the oxidant during the corrosion reaction, which is funda-
mentally different from carbon corrosion in PAFCs. In addi-
tion, studies on the corrosion or surface oxidation of graph-
ite,91-100 glasslike carbon,420-426 and carbon fibers427-429 are
also informative. CO2 evolution from electrodes made by
platinum catalyzed active carbon powder in a deaerated
sulfuric acid solution was studied by differential electro-
chemical mass spectroscopy (DEMS).414,418 Similar to the
CO2 generation from a PEMFC cathode,394 peaks during an
anodic sweep appeared to be enhanced in the presence of
platinum catalyst. This implies that carbon corrosion is
enhanced by the platinum catalyst under open-circuit condi-
tions. Generation of CO was also detected above 0.9 V, but
the amount was minor. Proposed mechanisms are as fol-
lows: some surface species, such as absorbed CO, are
generated at relatively low potential (∼0.3 V). These species
can move to the platinum catalyst by surface diffusion and
are consequently further oxidized to CO2. Changes of surface
species of carbon black powder without platinum during
constant potential holds in sulfuric acid solution were
investigated using TG-MS, XPS, and cyclic voltammetry.415

In this study, while potential holds below 1.0 V at room
temperature did not change surface oxide, the authors found
an increase of electroactive oxide at holds above 0.8 V at
65 °C. TG-MS showed that retention at 0.8 and 1.0 V
enhances carboxylic acid and/or lactones, and retention at
1.2 V enhances weak acids such as phenols instead. It is
worth noting that the aim of this particular study was
characterization of the surface oxide, not the overall corrosion
rate. The surface oxide determines hydrophobicity, which
in turn affects the effective gas permeability of the electrode.
If, however, the changes to hydrophobicity of the carbon
support occur only at the carbon| ionomer interface, these
changes might not influence the rates of gas transport through
the gas diffusion electrode. Therefore, further investigations
to connect the electrochemical surface oxidation of the carbon
support with the hindrance of gas diffusion might be required.

Some fundamental studies on carbon oxidation have been
performed using a highly oriented pyrolytic graphite (HOPG)
plate416,417 because of its suitability for observation by

scanning probe microscopy techniques such as AFM. In these
studies, enhancement of carbon corrosion by platinum was
visualized, suggesting the effects of platinum catalyst only
influence the portion of carbon in contact with platinum. In
addition to the electrochemical corrosion pathway, chemical
corrosion by hydrogen peroxide,417 which is generated by
oxygen reduction below 0.682 V, should also be considered,
as has been suggested experimentally.414 Morphological
changes of HOPG surfaces were observed by AFM430,431and
STM.432,433In these observations, bubble-like blisters caused
by gas evolution were formed. Although this strange
phenomenon is partly due to extremely high potentials (e.g.,
2.0 V) and the fragile features of HOPG, the manner of the
corrosion in these experiments is worthy of further study,
for blister formation should follow the penetration of
electrolyte beneath the surface, and it is likely that the
investigation of the details of this process may reveal com-
mon mechanisms of graphite degradation. On the other hand,
the morphological change of glasslike carbon is quite
different.422,425,426A porous layer is formed on the surface
during oxidation at 2.2 V in sulfuric acid solution with a
constant thickness growth rate.

The wettability and gas diffusivity of the electrode change
with surface oxidation of carbon supports. However, it is
difficult to evaluate them quantitatively. In the case of
PAFCs, the wettability of the electrode by electrolyte was
evaluated by the absorbed amount of the electrolyte in the
porous electrode.397,398However, in some cases, the amount
of absorption exceeded the total pore volume in the initial
electrode, which meant that large pores were created by
carbon corrosion during degradation, and absorption is no
longer a simple index of the wettability.

Supported platinum-on-carbon catalysts remain the state
of the art for fuel cells under development today, but
considerably more information is needed about the control-
ling factors of reactivity and stability as new catalyst/support
structures are considered. Of course, alternatives to supported
platinum are under evaluation, but they present theoretical
and practical challenges of their own.

4.5.4. Novel Support Materials

A substantial body of work has been generated on the
development of carbon supports, ranging from the traditional
blacks to various forms, treatments, surface modifications,
and preparation protocols, many with durability ramifications.
However, in this section, we review novel alternatives to
carbon supports within the context of the durability issue.
For these purposes, forms of carbon other than the conven-
tional graphites and blacks are discussed here, such as
diamond structures or nanotubes.

Nanotubes.Carbon nanotubes (CNTs) and nanofibers are
essentially nanoscale cylinders of rolled up graphene sheets.
If the cylinder wall is only one sheet thick, it is a single-
wall nanotube (SWNT). More layers form a multiwall
nanotube (MWNT), and a nonhollow cylinder is a nanofiber.
As discussed in a review of nanotubes for catalysis applica-
tions,434 the orientation of the graphene sheets and pretreat-
ments can influence the nature of the surface and, conse-
quently, the interaction with catalysts. A review of the
synthesis and catalyzation of nanotubes specifically for fuel
cell supports is provided by Leeet al.435 Extensive electro-
chemical experimentation has been performed on nano-
tubes436-453 and specific variations such as nitrogen contain-
ing nanotubes,442,445nanofibers of various types,436,446,448,451-453
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single-wall nanotubes,437,440,443,449 multiwall nano-
tubes,437-439,441,444,447,449,450,454-456 nanocoils,457,458nanohorns,459

nanourchins,460 and cup-stacked nanotubes.461

Probably because of the relatively simple experimental
apparatus required, most of the electrocatalysis support
work focuses on anode catalysts for methanol oxi-
dation436-439,441,445-449,451,452,455,456,462-471 or ethanol oxida-
tion.462,472Additional anode experimentation considered the
effects of CO/H2 on performance.441 The use of nanotube
supports with cathodes or actual fuel cell devices has also
been extensively investigated,440,443,444,451-455,459,463,464,473,474

although not to the same degree as the case of anodes,
probably because the experimentation is more involved.

While a performance advantage is claimed in nearly every
instance where a nanotube supported catalyst is compared
to another support, nanotube durability advantages are rarely
mentioned. However, Wanget al. show that MWNTs
experience less oxidation at 0.9 V and less Pt surface area
loss than XC-72 in durability testing.79 Similarily, MWNTs
are also shown to be more oxidation resistant than carbon
black at 1.2 V.447

While a small body of evidence suggests that nanotubes
and similar structures are more oxidation resistant than
carbon blacks and decrease catalyst surface area loss, the
improvement may not be sufficient to provide the needed
benefits for commercialization, especially in light of the
appreciable costs of such materials at this point. Extensive
durability testing and substantial cost reductions are needed
for nanotube electrocatalyst supports.

Oxides.Various metal oxides have appreciable electronic
conductivities at low temperatures (numerous additional
oxides are electronically conductive at high temperature),
primarily due to mixed valence stoichiometries that introduce
charge carriers into the structure. One such commercial
conductive oxide for electrochemical applications is Ebonex,
a mixed valence TiOx material. However, lower performance
is obtained using Pt catalyzed Ebonex supports compared
to graphite, allegedly due to support interactions,465 even
though the Pt particles are considerably larger than those on
the graphite. Further, in another study, Ebonex and niobium
doped titania supports both lose electronic conductivity upon
electrochemical oxidation, but the Ebonex loss is irrevers-
ible.475 Ioroi et al. compared Pt catalyzed Ti4O7 supports with
XC-72 carbon in fuel cell testing,476 specifically in response
to the carbon corrosion problem. They found the Ti4O7

support to be more stable than the XC-72 when polarized
over 0.9 V, but fuel cell performances were not as high, once
again due to larger Pt particle sizes on the oxide compared
to the carbon. Kurokiet al. investigated indium and tin oxides
as well as titania.477 While the titania did provide the smallest
Pt particle sizes (9 nm), smaller particles and, possibly, higher
oxide conductivities are still needed. While the difficulties
with Pt particle size compared to carbon may be primarily
due to the lower oxide support surface areas, the stability
advantages of the Ti4O7 possibly warrant further investiga-
tions.

Silicon. Numerous groups are developing silicon based
fuel cells that can be manufactured using electronics fabrica-
tion techniques. Correspondingly, the systems tend to be for
low power or micropower applications. A silicon substrate
can be micromachined using photolithography or other
techniques to form flow channels and other fuel cell features.
Although most efforts use conventional supports and MEAs,
high surface area silicon structures can be formed that serve

as catalyst supports. For example, silicon pillars that are 6
µm high by 0.2µm × 0.6 µm are electrochemically coated
with Pt or Pt-Ru to form a methanol oxidation electrode,478

or similar microcolumn structures can be used.479 Alterna-
tively, to attain sufficient catalyst surface areas, a porous
silicon structure can be formed.466,480,481In one case, the
silicon is anodized to generate a porous SiO2 support.480

Catalyst surface area can also be increased by coating a Pt
black layer onto the silicon structure.482 The durability of
the silicon substrates and supports was not considered.
Regardless, silicon based fuel cells are unlikely to find
application at larger scales where cost is a major concern.

Conducting Polymer.An enormous body of literature has
been generated on electronically conducting polymers for a
multitude of electronic and electrochemical applications, but
fuel cell efforts have been modest. Indeed, most of the
literature for fuel cells focuses on anode reactions;467,468,470,471,483

thus, it is suspected that stability may be an issue, particularly
at the cathode. On the other hand, the polymeric material
increases Pt dispersion and utilization,467 which may also
conceivably improve catalyst stability, albeit the support itself
is suspect. Going one step further than electronically con-
ducting polymers, Lefebvreet al. investigated a poly(3,4-
ethylenedioxythiophene)/poly(styrene-4-sulfonate) (PEDOT/
PSS) and PEDOT/polyvinylsulfate (PVS) composite support
that also provides ionic conductivity.469 Anode performances
were inferior to those of Pt/carbon, and the cathode perfor-
mances were comparable, though there may be a number of
stability issues.

Conductive Diamond. Boron-doped diamond (for elec-
tronic conductivity) is a corrosion resistant and electrochemi-
cally stable material compared to carbon,484 which prompts
its investigation as a catalyst support. However, diamond
may not be any better than carbon in limiting the mobility
or dissolution of platinum nanoparticles, unless the particles
are quite large or they are entrapped in some manner,484-486

for example, Pt deposition onto a diamond film in conjunc-
tion with diamond deposition to entrap the Pt. Very high
stabilities are attained in corrosion tests, but the Pt utilization
may be low for fuel cell applications. Other work is oriented
toward the deposition techniques and support materials.
Pulsed galvanic deposition is used to attain 10-50 m2/g Pt
dispersions.487 Electrodeposition is preferred over chemical/
thermal deposition,488 and electrodeposition occurs prefer-
entially at boron rich areas.489 Spontaneous deposition of Pt
onto boron-doped diamond is achieved by supporting the
diamond on a sacrificial Si underlayer.490 High surface areas
are achieved using porous honeycomb diamond,491 although
Pt particle sizes are still quite large. Doped diamond has also
been investigated as a support for direct methanol oxidation
catalysts,492,493and boron-doped diamond is superior to glassy
carbon as a composite Pt-RuOx/C support.493

In summary, boron-doped diamond is an excellent support
from a corrosion point of view, but its applicability may be
limited due to difficulties attaining the Pt utilization and
roughness factors required by commercial fuel cell applica-
tions.

Nonconductive Whiskers. A unique class of catalyst
supports are nanostructured whisker-like materials developed
by 3M.494,495While superficially not unlike other nanofiber
supports, these oriented, crystalline organic whisker structures
are nonconductive. Electronic conduction is provided by the
Pt catalyst sputter-coated onto the high surface area whiskers.
Thus, the whiskers serve as a scaffold that provides structure
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and surface area to the overlying Pt deposition. The whiskers
are initially formed vertically oriented as a film overlying a
release substrate by the thermal sublimation and subsequent
annealing of a red organic pigment,N,N-di(3,5-xylyl)-
perylene-3,4:9,10-bis(dicarboximide) (called perylene red).
The crystalline whisker structures have lengths of about
500-1000 nm, cross-sectional diameters of about 50 nm,
and an areal number density of 3-5 billion cm-2. Pt is
applied by sputter deposition, and the resulting films of
catalyzed whiskers are transferred from the release substrate
to the surfaces of a polymer electrolyte membrane to form
an MEA.496

The Pt deposition particles tend to be somewhat larger
than those on typical support materials, probably to improve
electronic conductivity and electroactivity. The combination
of this near bulklike Pt activity and extremely high surface
utilizations compensates for their lower active areas when
compared to highly dispersed catalysts. Thus, equal or better
fuel cell performances can be attained using platinum
loadings similar to those of highly dispersed catalysts on
conventional supports. Since the whisker material is unaf-
fected by the fuel cell environment, catalyst durability is
expected to be high, as surface area loss resulting in
rearrangement or Pt dissolution is expected to be mitigated
by the more stable, near bulklike catalyst layers. In one
durability investigation, the stabilities of Pt-Fe and Pt-Ni
alloy catalysts on perylene whiskers are reported by Bonak-
darpour et al.,497 though no comparisons with alloys on
conventional supports are provided to establish if there are
indeed advantages with these catalyst structures. Such
catalyst structures may be more prone to contaminants due
to the lower active areas, and they are also reportedly prone
to flooding (not published). This whisker technology is
utilized in 3M MEAs being developed and reported.498

4.6. Novel Materials: Nonprecious Catalysts for
PEMFC Cathodes

In spite of a substantial reduction in platinum catalyst
loading in the past 15 years, from approximately 2 mg cm-2

of the MEA surface area to below 0.5 mg cm-2 without
significant impact on cell performance and lifetime,371

electrocatalyst cost still represents a grand challenge for
polymer electrolyte fuel cells and the hydrogen economy in
general. The average monthly price of platinum has more
than tripled between March 1999 and March 2007, from $370
to $1220 per troy ounce,499 to a large degree offsetting the
benefits of the catalyst loading reduction. In the 2007 U.S.
DOE Multi-Year Research, Development and Demonstration
Plan, the technical target for the cost of electrocatalysts is
based on platinum costs of $450/troy ounce) $15/g (in 2002
dollars).6

Further reductions in platinum loading in the PEMFC
cathode run the risk of lowering performance and magnifying
the performance losses associated with catalyst morphology
changes, thus suggesting that the approach of overcoming
high catalyst costs with lower loadings carries considerable
risk. This approach may be limited by the decrease in the
electrocatalytic activity of platinum (and Pt-alloy catalysts)
with decreasing size of nanoparticles.500 Catalysts made of
carbon-supported Pt, 2-3 nm in average particle size, offer
the highest oxygen reduction reaction (ORR) activity per unit
mass and are likely to remain standard for platinum based
cathode materials. Among other approaches to limiting
precious-metal catalyst cost, the core-shell concept,501 i.e.

a shell of precious metal, usually Pt or Pt-alloy surrounding
a metal-free core, appears to be attractive. However, these
catalysts are at a relatively early stage of development; as
such, nanoparticle stability, surface segregation, and corro-
sion of nonprecious catalyst component(s) must be addressed
before core-shell catalysts can become of greater practical
value to polymer electrolyte fuel cells.

Another approach that is receiving considerable attention
is the replacement of platinum with non-platinum catalysts.
These catalysts are typically based on Pd502-504 or Ru.504-508

Although platinum is avoided, the result is the replacement
of one precious metal with another, by and large, less active
than platinum. Unfortunately, several precious metals of
potential interest as PEMFC electrocatalysts have suffered
similar or even greater increases in price than platinum has.
A most recent example involves ruthenium, the price of
which has risen by almost an order of magnitude in 2006-
2007, reaching nearly $900 per troy ounce in early 2007,
although the price has come down significantly during 2007
to approximately $350 per troy ounce.499

As present methods of limiting or eliminating platinum
from the PEMFC cathode prove challenging, nonprecious
catalysts for the oxygen reduction reaction (ORR) are
becoming more attractive to the PEMFC technology. While
many nonprecious metal catalysts exhibit both good oxygen
reduction activity and respectable performance durability in
alkaline and neutral media, virtually all precious-metal-free
catalysts developed over the past several decades suffer from
low activity and poor stability in the acidic environment of
the PEMFC cathode. As a result, most of the effort invested
to date in the development of nonprecious cathode catalysts
has focused on stabilizing ORR active sites, typically via
the use of high-temperature treatment (pyrolysis) of the
catalyst precursor. The performance that would be needed
for a cost-free non-Pt catalyst has been defined quantitatively
by General Motors.371 In addition to performance require-
ments, the effect of the chemical instability of materials being
developed (e.g., Fe macrocycles) is important, as the effect
of leaching of Fe into an MEA environment is another
potential degradation mechanism. Below, we will briefly
review the most common non-noble metal catalyst develop-
ments.

4.6.1. Carbides, Oxides, Oxynitrides, and Carbonitrides

Tungsten carbide has a platinum-like electronic struc-
ture509-512 and exhibits platinum-like behavior for hydrogen
chemisorption.513 For this reason, tungsten carbide and its
alloys have been studied as fuel cell anode catalysts.514-523

Other transition metal carbides (titanium, zirconium, tanta-
lum, molybdenum, etc.) have also been considered to be
candidates for efficient catalysts for redox-type reactions,
owing to their high chemical and thermal stability.524 The
electrochemical behavior of transition metal carbides (tung-
sten carbide and its alloys,525-531 tantalum carbide,530-532

titanium carbide,530,533-539 molybdenum carbide)531 has been
reported by several research groups. These results showed
that tungsten and other carbides were unstable at high
potentials in acid solution. Therefore, there are limited
applications of tungsten and other carbides as oxygen
reduction catalysts in acid solution.540,541Various carbides,
oxides, borides, and nitrides have been examined as stable
catalyst supports substituting for carbon in phosphoric acid
fuel cells.542 However, the deterioration of cell performance
of a Pt-activated support electrode was unacceptably high.
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Leeet al. showed that tantalum addition to tungsten carbide
increased stability in an oxygen containing atmosphere.543-545

Tungsten and tantalum form complex hydroxide films, which
have high corrosion resistance.546 As a result, thin hydroxide
films of W and Ta form to protect WC, and the catalytic
activity remains and with increased stability.

Some complex oxides are stable in acid solution. Sodium
tungsten bronzes had excellent stability in acid solution, and
Šepaet al. found that sodium tungsten bronze had a high
catalytic activity for oxygen reduction compared to plati-
num.547 After his work, tungsten bronzes were examined for
electrochemical oxidation of hydrogen and CO548,549 and
oxygen reduction.549-551 However, catalytic activity was
found to be due to traces of platinum551-554 while pure
sodium tungsten bronzes exhibited low ORR activity.554

Group 4 and 5 transition metals are well-known as valve
metals, indicating that they have a high corrosion resistance
in acid solutions. Ota and co-workers found that group 4
and 5 metal compounds such as oxides,555,556oxynitrides,556-558

and carbonitrides,559 which were prepared by RF magnetron
sputtering, had catalytic ORR activity. The catalytic activity
of ZrOxNy, TaOxNy, TiOxNy, and TaCxNy for ORR
increased with the increasing substrate temperature during
sputtering. Table 13 shows the solubility of group 4 and 5
metal oxides and oxynitrides measured by Otaet al. in 0.1
M H2SO4.555,557,558,560These solubilities are much less than
that of Pt in 0.1 mol dm-3 H2SO4 at 23°C under atmospheric
conditions,i.e., 3.0 × 10-6 mol dm-3.351

Cyclic voltammograms of these compounds reached
steady-state immediately, with the anodic charge correspond-
ing to the cathodic one. This implies that there is not a one-
sided reaction,i.e., there is no continuous anodic dissolution.
In addition, no specific oxidation or reduction current peak
in the CVs was observed. Therefore, group 4 and 5 metal
compounds prepared by RF magnetron sputtering have high
chemical stability in acidic media. Kimet al. showed that
titanium oxides prepared by heat treatment of titanium plate
under nitrogen gas including a trace of oxygen had some
catalytic activity for ORR and the activity depended on the
heat treatment temperature.351 The solubility in 0.1 M sulfuric
acid at 50°C was 3.5× 10-7 mol dm-3 (Table 13) and was
independent of the heat treatment temperature.351 Ishihara
et al. reported that tantalum oxynitride powder prepared by
nitriding of tantalum oxide had some catalytic activity for
ORR.561,562 In recent years, they showed that the electro-
phoretic method and heat treatment were useful to increase
the reproducibility.560 The solubility in 0.1 M sulfuric acid
at 50°C was 1.0× 10-7 mol dm-3 (Table 13).

Azumaet al. have studied the electrochemical properties
of transition metal nitrides prepared by reactive RF sputtering
such as ZrN,563,564 NbN,564,565 CoN,566 TiN, and VN.564

Electrochemical reduction of oxygen was carried out on an
amorphous cobalt-nitride thin film electrode prepared by
reactive RF sputtering.566 However, their results were
obtained in neutral solution. Zhonget al. showed molybde-

num nitride (Mo2N) supported on carbon powder had some
catalytic activity for ORR, and the catalysts were stable for
60 h of cell operation.567

4.6.2. Catalysts Derived from Macrocycles, Porphyrins,
and Composites

A major contribution to the progress in nonprecious metal
catalysis in the past decade can be credited to Dodelet and
co-workers. Over the years, the focus of the group’s research
expanded from strictly porphyrin-type materials,568,569through
macrocycles and noncyclic materials studied together,570-573

to catalysts synthesized exclusively from noncyclic precur-
sors.574-579 Catalysts fabricated from macrocycles represent
the oldest and arguably the most widely studied category of
nonprecious catalysts for oxygen reduction. Initial studies
in this area involved macrocycle complexes of transition
metals,e.g., cobalt phthalocyanine,580-582 which were not
subjected to high-temperature treatment. However, a vast
majority of the later research was devoted to heat-treated
catalysts.583-585

Recently, there have been a growing number of studies
indicating that transition metals may not be required for the
reduction of oxygen on carbonaceous materials, once such
materials are properly activated, usually via incorporation
of ORR-active nitrogen sites. Matteret al.586-589 published
a series of papers on the preparation and oxygen reduction
activity of catalysts. Although catalysts prepared with iron
were the most ORR active, the metal-free catalysts also
showed oxygen reduction activity. When addressing the
superior activity of Fe-containing catalyst, the authors
suggested that, rather than being directly part of the active
sites, metal particles might be acting as catalysts for active-
site formation during the high-temperature pyrolysis.

Although a vast majority of nonprecious metal catalysts
for oxygen reduction in acidic media require heat treatment
to prevent fast catalyst corrosion, attempts have been made
to synthesize such catalysts without resorting to the destruc-
tive high-temperature processing step. Generally, such
catalysts rely on protection of the ORR active catalytic site,
metal or metal oxide, by some kind of a polymeric matrix,
which results in a composite-like structure of the catalyst,
either polyaniline,590 or, more commonly, polypyrrole.153-157

A CoPPy composite catalyst supported on Vulcan XC-72
was synthesized and extensively tested by Bashyamet
al.591-593 In this case, the heat treatment was found to be of
little value, leading to a decrease rather than an increase in
the ORR catalytic activity of the catalyst. XAFS study
revealed that, depending on the method of catalyst fabrica-
tion, the ORR active site was likely to be either “mono-
nuclear” or cobalt-oxide-like. These two mutually exclusive
active sites were shown to have similar ORR activity and
stability over fairly long operating times of the fuel cell.

Although information on the long-term performance of
these types of nonprecious oxygen reduction catalysts,
especially under fuel cell operating conditions, is relatively
scarce, published data unambiguously point to poor stability
as a major problem of such materials. Regardless of which
precursor is used, most Co and Fe based catalysts obtained
via the pyrolysis process gradually lose their activity under
the operating conditions of the PEMFC cathode.594-599 The
rate of activity loss typically depends on the pyrolysis
temperature, with catalysts exposed to higher temperatures
exhibiting better long-term stability. Dodeletet al. demon-
strated improved stability of catalysts derived from heat-

Table 13. Solubility of Group 4 and 5 Metal Oxides and
Oxynitrides

catalyst temp/°C
solubility/mol‚dm-3

(in 0.1 M H2SO4)

ZrO2 (thin film) 70 3.5× 10-6

ZrON (thin film) 70 4.5× 10-8

TaON (thin film) 70 2.0× 10-7

TaON (powder) 50 3.3× 10-7

TiO2 (plate) 50 3.5× 10-7
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treating at 900°C compared to 500°C or 700°C.569 In turn,
improved stability of heat-treated cobalt tetraphenylporphyrin
(CoPPY) catalysts at 900°C and 1000°C was obtained at
an expense of activity, which was significantly better for
catalysts pyrolized at lower temperatures.568 In general, even
well-performing pyrolized macrocycle catalysts incurred
∼50% performance loss in the first 100 h of opera-
tion.593,594,597Much better long-term stability was demon-
strated in a hydrogen-air fuel cell with a CoPPy composite
supported on Vulcan XC-72 as shown in Figure 25.592,593

Unlike a heat-treated cobalt-porphyrin catalyst, the CoPPy
composite showed virtually no performance loss during a
100-h life test, outperforming the pyrolized porphyrin catalyst
after ∼80 h of operation.

The latter case of good catalyst stability notwithstanding,
the ORR activity and long-term performance durability of
virtually all nonprecious catalysts developed to date are
insufficient to make them practical for polymer electrolyte
fuel cells. However, the progress recently achieved in the
performance of different nonprecious catalysts improves the
odds for the development of nonprecious catalysts for the
fuel cell cathode in the foreseeable future.

5. Gas Diffusion Layer (GDL)
Many PEMFC researchers have noted that the way the

GDL interacts with water changes during lifetime tests. The
changes seem to occur at the microstructural level (micro-
meter to submicrometer) but can be seen macroscopically.
Water sprayed on the surface of a fresh GDL bounces off
as spherical beads, but water sprayed on the surface of a
lifetime-tested GDL adheres to the surface. Evidently, the
PEMFC operating environment gradually changes the GDL
from hydrophobic to hydrophilic, which can degrade fuel
cell operation. For example, gas convection and diffusion
are hindered through a GDL after lifetime testing.287,600-608

Moreover, liquid water saturates the catalyst-ionomer phase
in the catalyst layer, restricting gas flow to the active
platinum sites in the layer.15,118,290,609,610Maintaining the
hydrophobic character of the GDL and MPL poressknown
as a “GDL hydrophobicity gradient”sis important to main-
taining mass transport in the fuel cell during lifetime tests.611

The GDL typically consists of two layers bonded to-
gether: a macroporous layer made of conductive carbon
fibers and a microporous layer (MPL) made of carbon
particles and a Teflon binder.612,613 The MPL enhances
electronic contact to and water removal from the catalyst
layer.

Our understanding of how a GDL degrades during
operation and the effects of its degradation on fuel cell

performance is based on only a few recent studies.604,607,614-619

Unfortunately, there is a large gap in the literature between
studies of the GDL’s physical properties and studies that
relate these properties to PEMFC-durability data.

5.1. Modeling of Transport Processes
The gas diffusion media is the component most responsible

for optimal water management in the PEMFC. Without good
water management, the fuel cell performance is decreased
due to transport losses of the reactants. Transport processes
in a fuel cell involve the movement of various species
through and between the cell’s adjacent layers, each of which
consists of different combinations of phases.

The low temperatures at which PEM fuel cells operate
imply that the product water is formed as a liquid. This liquid
water can collect in the pores of the catalyst layer. The liquid
water must be removed to maintain clear gas pathways to
the active sites of the catalysts. As a result, gas phase and a
liquid phase often compete to occupy the same pores of the
catalyst layers and the gas-diffusion media of typical fuel
cells.620 Liquid water in the pores of the gas-diffusion media
can also affect the fuel cell’s mass transport.

The first fuel cell models to employ porous-electrode
theory assumed a constant level of liquid-water content
throughout the thickness of the gas-diffusion layer,621 or they
assumed the liquid-water content was zero.138 Later work
modeled the effects of liquid water in the pores of the gas-
diffusion layer.622 For example, Springeret al. modeled the
effective path lengths of the diffusing gas molecules as
functions of water content and monotonically increasing
functions of current density. The path length calculated from
these functions was assumed to be constant throughout the
gas diffusion layer.623 The modeling showed that the water
content in the gas-diffusion layer largely controls the rates
of gas-phase mass transport to the catalyst surface. It also
showed that the water content is a function not only of
operating conditions but also of position within the catalyst
layer. Models were developed to examine water content with
varying degrees of input from experimental results, but the
models consistently show that the water content in the pores
strongly depends on the rate of water generation, which
critically affects fuel cell performance.602,624

5.2. Saturation and GDL Surface Properties
Weberet al. describe four separate phases in the catalyst

layer: the solid phase, the ionomer phase, the gas phase,
and the liquid phase. This last phase is the liquid water in
the pores of the catalyst layer.603Their model allows for water
content that can vary with the capillary pressure in the pores
of the catalyst layer and the adjacent gas-diffusion layer;
liquid water’s permeability and the effective gas diffusivities
are strong functions of the water content in the pores. Low
water content suggests only limited liquid-phase transport
occurs through the GDL; high water content implies that
liquid can move relatively easily but gases cannot. The
relationship between water content and capillary pressure
depends on the physical properties of the porous media, such
as the composite contact angle of the pores and the pore-
size distribution. Models have been developed to describe
the dependence of water content on capillary pressure625 and
how the buildup of liquid droplets in the flow channels
depends on the wettability of the GDL surface.626 These
models suggest that changes to surface properties have
profound effects on mass transport in fuel cells.

Figure 25. Life test of a hydrogen/air fuel cell operating with a
CoPPy catalyst cathode. Life test data for a cell with a pyrolized
cobalt tetraphenyl porphyrin cathode are shown for comparison.
Cell voltage, 0.40 V; cell temperature, 80°C.592
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At present, no models precisely describe how the proper-
ties of porous-media surfaces in a fuel cell change as the
operating conditions change. However, existing models that
predict fuel cell performance for a given set of porous-media
surface properties suggest that changing these properties
dramatically affects fuel cell performance, especially in
ranges of operating conditions for which mass-transport rates
are important. Changing the pore size or the surface
properties can change the water content in the pores, making
the fuel cell prone to either dry out or flooding. Changes in
wettability have been observed for carbon supports after
prolonged exposure to the fuel cell operating environment,627

but there is still no mechanistic model that predicts the rates
of surface-property changes in the PEM fuel cell environ-
ment or correlates those changes with reduced fuel cell per-
formancesexcept for rerunning the beginning-of-life models
using different sets of structural and surface properties.

5.3. Degradation of Mass Transport with
Operation

5.3.1. GDL Hydrophobicity Loss

As the GDL’s hydrophobicity decreases, so does its mass
transport.5,628 After prolonged exposure to the strong oxida-
tive conditions at the cathode of an operating PEMFC, carbon
atoms on the GDL surfaces oxidize to form carboxyl groups
or phenols, which are hydrophilic. As a result, the GDL
carbon surface becomes more hydrophilic, causing a gradual
increase in cathode water uptake during lifetime tests. To
study the loss of hydrophobicity of the GDL or the MPL,
Woodet al. have performed accelerated lifetime tests of GDL
materials.629 These tests aged GDL materials in liquid water,
and varied oxygen concentrations and temperature during
the aging process. The researchers showed that hydrophobic-
ity decreases with time and increases with temperature and
that adding O2 molecules to the aging process reduced the
hydrophobicity more than did elevated temperature alone.
The contact-angle measurements of these GDL materials are
shown in Figure 26.

Lee and Me´rida measured some properties of a GDL after
compressing it for 300 h at constant temperature in anex
situ test, but they did not measure permeabilities with
simultaneous liquid- and vapor-phase transport.129 During
their experiment, the dry-gas-phase permeabilities remained

roughly constant, but these experiments did not expose the
sample to the high liquid-water intrusion pressures that likely
exist in actual cells.

Reviewing durability data from 2003, Wilkinson and St.-
Pierre showed that fuel cell performance degrades after
MEAs are aged by soaking in deionized water. The fact that
performance at low current densities shows only minimal
changes after aging suggests that the primary losses are due
to reduced mass transport5 and not due to changing catalyst
kinetics. The researchers noted that mass-transport losses can
be linked to changes in GDL substrate hydrophobicity and
that the sections of the GDL exposed to the channels of
the bipolar plate are considerably more hydrophilic after
11,000 h of operation than the adjacent areas beneath the
ribs of the current collector. Although focused on catalyst
and membrane degradation under high relative-humidity
conditions, a durability study conducted at Los Alamos
National Laboratory showed that appreciable mass-transport
losses occurred after 1,000 h of lifetime testing under
constant-current conditions.335 Moreover, severe mass-
transport losses were observed by Liuet al. in fuel cell tests
under both cyclic- and constant-current conditions. The cyclic
tests were aggressive, and hydrogen crossover effectively
ended them within 1,000 h, but the test at a constant current
density of 1.06 A/cm2 revealed severe mass-transport losses
(>300 mV).630 Another durability study performed at Ballard
indicates that prolonged operation with high water content
accelerates degradation, perhaps by forcing water into pores
that would otherwise remain open for gas transport.121

Intermittent interruption of the loadsand thus water produc-
tion (for 30 s during every 30 min of operation)sallowed
the cathode mass transport to remain stabilized over con-
siderably longer times.

Few of these studies have quantitatively correlated per-
formance loss with changes in surface properties and the
resulting changes in transport properties. One exception is a
study by Schulzeet al. that correlates fuel cell performance
changes with the decomposition of PTFE binder in the porous
materials.141 The researchers note that the degradation of
PTFE induces performance losses roughly twice as large as
those associated with the loss of platinum surface area after
1,000 h of fuel cell operation.

Current understanding suggests that changes to the mi-
crostructure and surface characteristics of gas-diffusion media
can cause changes in the water-content levels and transport
properties of those media. Some durability studies have
confirmed this idea, but there is still little information about
the rate at which wettability changes or which key properties
that determine a composite contact angle are most susceptible
to degradation. Thorough studies of how liquid water enters
pores whose hydrophobicity has been degraded to various
degrees will be necessary to design GDL materials that
adequately resist this type of degradation.

5.3.2. GDL Carbon Corrosion and Loss

It has recently been reported that carbon supports degrade
during start-up and shutdown,153 when large fluctuations in
potential occur, or during fuel starvation.121,147,148In these
situations, the cathode or anode potential drastically in-
creases, causing carbon corrosion. Although the Teflon used
in GDLs is stable against chemical corrosion and large
fluctuations in potential or temperature, the carbon in the
GDL/MPL is not and can be oxidized at high potentials.
Kuriki et al. used mass-spectrometric cyclic voltammetry

Figure 26. Contact angle measurements of GDL materials before
and after aging in various environments. Image is from ref 629.
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(MSCV) to analyze fuel cell exhaust, which presumably
contains gaseous products of carbon degradation. They
concluded that carbon was directly oxidized to carbon
dioxide above 0.8 V.631 These corrosion mechanisms pertain
to carbon used as an electrocatalyst support, but the carbon
powder in the MPL can also be corroded in the environment
of an operating fuel cell. One way to reduce carbon loss in
the MPL would be to use corrosion-resistant carbons,
graphitized to a higher degree than the carbon black.
Porosimetry measurements can indicate that carbon is lost
from the MPL during fuel cell operation.629 The mercury
and water porosimetry measurements have shown that the
GDL pore structure changes during lifetime tests. Large-
pore (30-60 µm diameter) volume has decreased, while
small-pore volume increases. The loss in large-pore volume
is likely due to irreversible compression due to the fuel cell
compression.143

Delamination of the MPL from the GDL substrate has not
been widely reported but may occur during freeze-thaw
cycles, as occurs with catalyst-layer delamination from the
membrane.627,632Cappadoniaet al. reported that water in a
Nafion membrane partially freezes around-20 °C, but
unfrozen water remains in the membrane even at much lower
temperature.122 A different situation occurs in the GDL/MPL,
where the pore diameters are on the order of a micron or
larger and the water is not subject to the sulfonic acid of the
ionomer. The volume expansion caused by ice formation can
produce large isotropic stresses that can damage the structure
of the catalyst layer, the MPL, or the GDL.

5.3.3. Mechanical Degradation of GDLs

There are only a few literature papers which examine
mechanical degradation and review the effect of compression
of gas-diffusion layers on the performance of PEM fuel
cells.129,633-636 SGL Carbon presented a relationship between
in-plane resistance and compression stress of GDLs.635 Lee
and Mérida characterized some GDL properties after 300 h
of compression at constant temperature in anex situtest and
found the dry gas-phase permeabilities remained roughly
constant.129

A study on the effect of fuel cell compression by adjusting
the bolt torque for different GDL materials found an optimal
bolt torque for GDL materials with MPLs.633 The researchers
explained this optimum in terms of changes in the GDL’s
porosity and electrical-contact resistance. For GDLs without
an MPL, less torque gives the highest power, with an
indication that higher torque may damage the GDL.

6. Summary

This review article discusses one of the major remaining
barriers to commercialization of fuel cells, namely durability.
The correlation of durability with cost cannot be overlooked
in developing fuel cell systems, as the two are interrelated
in materials. In this review, we present some of the targets
for PEM fuel cell systems as set by the U.S. DOE
(Department of Energy) and Japanese NEDO (New Energy
& Industrial Technology Development Organization). We
discuss durability testing and effects that operating conditions
have on fuel cell durability. Then we cover the internal
component durability of fuel cells, considering the polymer-
electrolyte membrane, the electrocatalyst and electrocatalyst
support, and the gas diffusion media. As PEM fuel cell
technology has advanced in terms of performance and cost,

more emphasis has recently been put on durability, which is
hopefully one of the final steps on the road to com-
mercialization.
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