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A polymer electrolyte membrane 共PEM兲 fuel cell model that incorporates chemical degradation in perfluorinated sulfonic acid
membranes is developed. The model is based on conservation principles and includes a detailed description of the transport
phenomena. A degradation submodel describes the formation of hydrogen peroxide via distinct mechanisms in the cathode and
anode, together with the subsequent formation of radicals via Fenton reactions involving metal-ion impurities. The radicals
participate in the decomposition of reactive end groups to form carboxylic acid, hydrogen fluoride, and CO2. Degradation proceeds
through unzipping of the polymer backbone and cleavage of the side chains. Simulations are presented, and the numerical code is
shown to be extremely time-efficient. Known trends with respect to operating conditions are qualitatively captured, and the
exhibited behavior is shown to be robust to changes in the rate constants. The feasibility of a chemical degradation mechanism
based on peroxide and radical formation is discussed.
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The proton exchange membrane 共PEM兲 fuel cell has long been
recognized as an important component of the future hydrogen
economy. Although significant progress has been made on issues
related to performance, the commercial viability of the PEM fuel
cell is largely dependent upon overcoming a host of durability and
degradation issues;1 these include poisoning of the anode by carbon
monoxide and hydrogen sulfide,2-6 platinum sintering and
dissolution,7,8 degradation of carbon supports,9,10 and membrane
failure.11,12 Indeed, the lifetime of the PEM fuel cell is highly dependent on the lifetime of the ion-exchange membrane. The majority of membranes used in PEM fuel cells have a perfluorinated backbone and are modified to include sulfonic groups that facilitate the
transport of protons. Typical examples of such materials are Aciplex,
Flemion, Dow, and DuPont’s Nafion, shown in Fig. 1.
There are several known failure modes for these perfluorosulfonic acid 共PFSA兲 membranes during fuel cell operation, involving
mechanical, thermal, and electrochemical processes. Mechanical
failure can occur in many forms, including tears, cracks, punctures,
pinholes, and inadequate sealing, which can lead to reactant crossover and unwanted reactions. Among the causes of mechanical failure are manufacturing imperfections,13 inadequate humidification
and high temperatures,14-17 excessive swelling,18 membrane stiffening related to physical cross-linking induced by platinum cations,19
and localized heating caused by O2 evolution.20 Collier et al. have
provided a detailed review of these and other causes.11
The most cited cause of membrane failure is chemical degradation, although in reality failure is likely to be a combination of both
mechanical and chemical phenomena, the interplay between which
is not fully understood. The two paramount steps in the sequence
that leads to chemical degradation are 共i兲 formation of the attacking
species and 共ii兲 attack by the species on the membrane structure.
Both remain the subject of much debate. There is, however, a consensus that the chemical degradation of PFSA membranes is initiated by free radical attack on reactive end groups.11,12 Carboxylic
acid 共or other H-containing兲 end groups can form during polymerization or as a result of chemical reaction and are highly vulnerable
to attack.21,22 Curtin et al. proposed a degradation mechanism in
which a carboxylic acid group 共COOH兲 attached to a CF2 group
reacts with hydroxyl radicals 共·OH兲 to release CO2 and HF. Another
COOH group is formed on the polymer main chain, attached to the
CF2 group adjacent to the original COOH group, and the process is
repeated, “unzipping” the polymer backbone. This and other pos-

* Electrochemical Society Active Member.
z

E-mail: A.Shah@soton.ac.uk

sible mechanisms are discussed further in the Membrane Attack
Mechanisms section.
The most likely source of the radicals is decomposition of H2O2
on metal impurities that are present in the membrane. The concentration of such impurities can increase during operation due to leaching from the membrane electrode assembly 共MEA兲 and other system
components.11,16,23,24 The H2O2 can form on both the anode and
cathode, in the former case through O2 crossover and in the latter
case as a result of the two-electron O2 reduction.23,25,26 Details are
provided in the Hydrogen Peroxide Formation and Radical Formation sections.
The time scale associated with membrane degradation severely
limits experimental studies. A number of techniques have been employed to “simulate” real-time degradation, including the ex situ
Fenton’s test,15,23,27,28 accelerated tests at open-circuit voltage,29 and
potential or relative-humidity 共RH兲 cycling.29,30 The problem is further compounded by the challenges posed in measuring the small
concentrations of species that can provide direct evidence of failure
or in visualizing the degradation itself. Recent reviews of membrane
degradation have highlighted these issues.11,12
Modeling and simulation are well-established tools for PEM fuel
cell study and have proven to be useful in the analysis of
performance-related issues.31,32 In contrast, there are few models of
degradation, particularly of the ion-exchange membrane. This is
somewhat surprising considering its relevance to the commercial
viability of PEM fuel cells and the aforementioned challenges associated with laboratory experiment. Xie and Hayden27 derived a
model for the degradation of PFSA membranes based on the unzipping mechanism and scission of the backbone at side-chain loca-
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Figure 1. Structure of Nafion, which has an aliphatic perfluorinated backbone and ether-linked side chains ending in sulfonate cation exchange sites.94
The equivalent weight satisfies EW = 100m + 446, assuming that n = 1. For
EW = 1100, m ⬇ 6.5.
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tions, leaving the COOH group attached to the remaining fragments.
After several approximations are made, the resulting equations are
solved explicitly, yielding expressions for normalized carboxylic
acid and fluorine concentrations. Their model does not include a
description of peroxide and radical formation, the effects of operating conditions, and transport phenomena in the MEA components. It
is, therefore, of limited applicability to the degradation of membranes in fuel cells.
Below, a detailed model of chemical degradation is developed,
motivated largely by the difficulties associated with experimental
characterization. The evolution of H2O2, ·OH, and ·OOH radicals,
HF, carboxylic acid, and CF2 groups are included in the model. Two
degradation routes are considered, namely, an unzipping mechanism
and side-chain cleavage resulting in the formation of perfluoro共3oxa-5-methyl兲pentane-1-sulfonic-5-carboxylic diacid groups, which
are regularly detected in effluent water collected during degradation
experiments.12,15,27,33 In modeling membrane, as well as other forms
of degradation, it is important to take into account the transport
phenomena in the cell, the properties of the cell components, and the
conditions under which the fuel cell is operated; the rate of reactant
crossover, the membrane thickness, the operating temperature, the
relative humidity, and the cell voltage are known to exert a strong
influence on the extent of degradation.15-17,23,34-39 They are incorporated into the model explicitly.
Numerical simulations based on the model are performed in a
hierarchical manner, beginning with the simplest case of an unlimited supply of metal-ion impurities and no side-chain cleavage. The
numerical simulations yield predictions of the rates of H2O2, ·OH,
and COOH formation, unzipping of the backbone, side-chain cleavage, and HF generation. The evolutions of these quantities with
respect to time and variations in the operating conditions are discussed. The observed trends are compared to experimental
results,11,12 and the feasibility of a model of chemical membrane
degradation based on peroxide and radical formation is assessed. In
order to affirm the basic phenomenology, parametric studies in several unknown reaction constants are conducted.
Membrane Degradation
Membrane degradation is a complex process that is poorly understood. The model developed in this paper considers chemical
forms of degradation, for which there is strong evidence 共from both
Fenton and accelerated life tests兲 to suggest that peroxide formation
is a precursor, leading to intermediate radical formation and eventual
attack of the membrane structure. Although this mechanism is
widely accepted, not all aspects are universally acknowledged.
Questions regarding the applicability of the results from simulated
degradation experiments to practical fuel cells, the location of peroxide formation, the location of attack, the attacking species, and
additional modes of degradation remain unanswered at the present
time. These issues are briefly discussed below. The reader is referred
to recent reviews by Collier et al. and Schiraldi for further
details.11,12
Hydrogen peroxide formation.— Formation of peroxide and
radicals in PEM fuel cells is considered to be a key step in membrane degradation. There is still debate over which electrode experiences the highest quantities of these species and by what mechanisms they are formed. Preferential degradation of the membrane
has been observed at both the anode and cathode, depending on the
operating conditions;11 if peroxide ions lead to radical formation,
this would suggest separate mechanisms in the anode and cathode
and dominance of one over the other depending on the fuel cell
conditions and, probably, the component properties. Several factors
may contribute to preferential degradation, including water transport, catalyst corrosion in the cathode, catalyst migration, and preferential end-plate corrosion.19,25,37
To fully describe the problem of selecting the correct mechanisms, the electrode reactions, oxygen reduction reaction 共ORR兲 and
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Figure 2. The model of Damjanovic et al. for oxygen reduction on metals in
both alkaline and acidic media. Water can either be formed directly via the
four-electron pathway, 1, or via the two-electron pathway, 2 and 3 in series.40
The subscript “ad” refers to an adsorbed species.

hydrogen oxidation reaction 共HOR兲, are reviewed. The ORR, in particular, is highly complex and leads to the formation of intermediates that are harmful to the membrane.
At the cathode, O2 is reduced to water either through a fourelectron path or through a two-electron path with intermediate radical and H2O2 formation 共in an acidic medium兲. This model, originally proposed by Damjanovic et al.,40 is depicted in Fig. 2, where
the subscript “ad” denotes an adsorbed species. Several similar models have been proposed, notably those of Wroblowa et al.41 and
Appleby.42 Step 1 in Fig. 2 is the four-electron 共direct兲 reduction
path 关1.229 V vs standard hydrogen electrode 共SHE兲兴. Reactions 2
and 3 represent a series path where O2 is first reduced to H2O2
through two-electron transfer 共0.695 V vs SHE兲, followed by reduction of H2O2 to H2O 共1.77 V vs SHE兲. H2O2 can also detach from
the catalyst surface and enter the bulk 共Reaction 4兲. The two pathways occur simultaneously in varying ratios; the four-electron pathway is the dominant mechanism on noble metals such at Pt, whereas
the two-electron pathway is favored on most carbons.
The differences between the reduction models proposed by Damjanovic et al., Wroblowa et al., Appleby, and others concern the
interaction of intermediates, the nature of O2 adsorption 共bonding on
the catalyst兲, and the individual steps required to reach the final
product.43 It is possible to fit distinct models to the same experimental data. Intermediates such as the radicals ·OH, ·OOH, and superoxide are known to exist, but the precise mechanism on any given
catalyst remains elusive.44 Insight into the likelihood of possible
pathways can, however, come from quantum chemistry calculations
based on density functional theory 共DFT兲 and ab initio molecular
dynamics.45 The stability of intermediates and the activation energies for proposed individual steps can be approximately
calculated.46 Assuming O2 adsorption at a dual site, Sidik and
Anderson47 demonstrated by DFT that the rate-determining step is
Pt − O2 + H+ + e− → Pt − OOH, in agreement with selected experimental data.42,48 DFT calculations have also demonstrated that
H2O2 is generally unstable on low-index platinum, dissociating into
two adsorbed ·OH radicals.49 This result seems to be at odds with
the appreciable quantities of H2O2 produced on supported platinum
catalysts, including Pt共100兲, Pt共110兲, and Pt共111兲, in rotating ringdisk electrode studies,50 particularly in the presence of a few ppm of
Cl−. Moreover, H2O2 has been detected both in the exhaust stream
and within the membrane of a fuel cell.23,39 It is clear that some
H2O2 detaches from the catalyst surface in the presence of water.
Indeed, the two-electron transfer 共step 2 with the desorption step 4
in Fig. 2兲 has been investigated by several researchers and is reported to occur at a potential of 0.695 V vs SHE29,39,51
O2 + 2H+ + 2e−  H2O2

关1兴

The reaction constants and activation energy have been estimated by
Sethuraman et al.29
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The HOR in the anode proceeds via one of two mechanisms,
depending on the catalyst.52,53 The Tafel–Volmer pathway consists
of a dissociative chemisorption step, followed by two singleelectron oxidations of the H adatoms
H2 → 2Pt–H

Tafel reaction

Pt–H  H+ + e− + Pt

Volmer reaction

关2兴
关3兴

The Heyrovsky–Volmer pathway consists of a single-electron oxidation and simultaneous chemisorption, followed by a singleelectron oxidation of the H adatom
H2  Pt–H + e− + H+

Heyrovsky reaction

Recent DFT studies have suggested that the HOR in acid solution
follows the Tafel–Volmer mechanism on Pt surfaces,54,55 except on
Pt共100兲 at low overpotentials.56 However, Zhang et al. have suggested a mixed Tafel–Heyrovsky–Volmer mechanism for platinum
electrodes in PEM fuel cells with the Heyrovsky–Volmer pathway
dominating at high overpotentials and the Tafel–Volmer pathway at
low overpotentials.53
At the anode, it is believed that H2O2 forms from hydrogen
radicals produced by the Volmer reaction, and O2, which can cross
the membrane from the cathode16,23,26,57
H· + O2 → ·OOH

关4兴

·OOH + H· → H2O2

关5兴

The rate constants of these 共chemical兲 reactions have been
estimated.58,59
The predominant mechanisms for H2O2 generation are unclear.
Although conditions generally favor production at the anode,60 preferential degradation has been reported at both the anode and
cathode.11
Radical formation.— ·OH radicals are formed during ORR on
platinum and bind strongly with the platinum surface;61,62 in the
work of Markovic et al.,50 cyclic voltammograms using Pt共111兲
electrodes exhibit an onset potential for adsorbed ·OH formation at
approximately 0.6 V vs SHE. Anderson proposed that the radical is
formed predominantly from the oxidation of bonded water.46,63 In
the presence of water, a small fraction of the radicals may detach
from the electrocatalyst surface and, provided they do not recombine
or undergo other reactions, attack the ionomer/membrane. However,
it is likely that trace amounts of transition-metal ions found in the
membrane/ionomer are the main source of radicals, as was proposed
by Laconti et al.23,64 These ions, M2+, where M = Fe, Cu, or Mg
共among others兲, can arise from the manufacturing process or can
evolve during operation, from, for example, the end plates.25,65,66
Pozio demonstrated that a fuel cell with stainless steel plates was
significantly degraded after 960 h of continuous operation.25 When
the stainless steel plates were replaced with iron-free, aluminumalloy plates, little or no degradation was observed over a further
1200 h. Aoki et al.,34 Merlo et al.,38 and Inaba et al.36 have all
shown that membrane degradation is negligible without reactant
crossover, particularly O2, which suggests that radicals generated
from ORR are not a significant contributor to degradation. It is also
known that the degradation rate increases with decreasing RH,16,17,67
for which a decreasing number of radicals would be expected to
detach from the catalyst surface.
Transition-metal ions can be highly effective catalysts for the
breakdown of peroxide to radicals through the well-known Fenton
共catalyzed Haber–Weiss兲 reactions68
M2+ + H2O2 → M3+ + ·OH + OH−

关6a兴

M3+ + H2O2 → M2+ + ·OOH + H+

关6b兴

M3+ + ·OOH → M2+ + H+ + O2

关6c兴

H2O2 + ·OH → ·OOH + H2O

关6d兴

M3+ + e− → M2+

B467
cathode

关6e兴

M2+ + ·OH → M3+ + OH−

关6f兴

M2+ + H+ + ·OOH → M3+ + H2O2

关6g兴

where M is the metal ion. More details on the Fenton mechanism
can be found in the work of Haber and Weiss68 and Barb et al.69 The
efficiency with which radicals are produced in the above reactions is
the basis of the so-called Fenton test.15,23,27,28
Membrane attack mechanisms.— The highly unstable radicals
generated by the sequence of reactions described above eventually
attack the PFSA membrane structure. Several modes of attack have
been proposed, the most cited of which was put forward by Curtin et
al.,22 supported by measurements of the fluoride emission rate
共FER兲12,15,23,28,70
Rp − CF2COOH + ·OH → Rp − CF2· + CO2 + H2O
Rp − CF2· + ·OH → Rp − CF2OH
Rp − CF2OH → Rp − COF + HF
Rp − COF + H2O → Rp − COOH + HF

关7兴

The reaction sequence begins with abstraction of hydrogen and formation of a perfluorocarbon radical. This radical reacts with an hydroxyl radical to form HF and an acid fluoride; the final step is the
hydrolysis of the acid fluoride. Direct testing of model compounds
and stabilized membranes has confirmed that carboxylic acid end
groups, COOH, are the main H-containing end groups to initiate this
mode of degradation.22,38 They are adopted in this work as representative of weak end groups.
–COOH groups can be formed during the polymerization process
or from the transformation of other nonperfluorinated end groups via
radical attack21,23,27
Rp − CF2CF2Y + ·OH → Rp − CF2COOH

关8兴

where Y is the nonperfluorinated end group, such as CHF2.
From the analysis of effluent water under membrane degradation
test conditions, several research groups12,15,27,33 have reported the
presence of the molecule perfluoro共3-oxa-5-methyl兲pentane-1sulfonic-5-carboxylic diacid, HOOC–CF共CF3兲–O–CF2CF2–SO3H.
The existence of this molecule, which is termed “molecule A” following Xie and Hayden,27 can be explained by side-chain cleavage
from the polymer when the main unzipping mechanism 共Reaction 7兲
approaches a junction with a side chain
Rp − CFOOH − S + ·OH → Rp − COOH + A + HF + CO2
关9兴
where S represents a side chain and A represents molecule A. The
formula and structure of both are shown in Fig. 3. Molecule A can
diffuse through the membrane and undergo an independent degradation reaction as follows
A + 2 ·OH → 2HF + 2CO2 + SO2−
4

关10兴

The justification for Reaction 7 is based on fluoride-ion measurements. A plot of fluoride-ion generation against carboxylic acid content 共in Nafion兲, however, exhibits a nonzero intercept,33 suggesting
that up to 10% of the fluoride is generated from a mechanism other
than Reaction 7. There is much speculation regarding the origins of
this relatively small percentage of the total fluoride-ion emission,
with no definitive conclusions.
From X-ray photoelectron spectroscopy analysis, Chen et al.28
claimed strong evidence for CF2 decomposition on the polymer
backbone, possibly arising from radical attack on defects such as
C–H and CvC bonds to form carbon-centered radicals. These
carbon-centered radicals are then assumed to undergo reaction with
hydroxyl or O2 and water to produce fluoride ions and polymer
fragments, presumably with –COOH groups attached. The authors
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Figure 3. Formula and structure of 共i兲 the Nafion side-chain molecule and
共ii兲 molecule A.

also suggest a second, minor mechanism driven by radical and peroxide attack of −SO3 groups to form cross-linking S-O-S bonds,
which are assigned to weak signals detected in Fourier transform
infrared spectra. This anhydride may react with an −SO3 group to
produce sulfonate esters, which in turn can undergo reaction with
water to form carboxylic acid. Both mechanisms are plausible, but
much of the evidence presented for the main mechanism can equally
be explained by the mechanism of Curtin et al. 共Reaction 7兲.
Mittal et al.71 tested Nafion membranes that had been converted
into different cationic forms by immersion in NaOH, CsCO3, or
LiCl solution 共−SO3H is replaced with −SO3M, with M = Na, Cs,
or Li兲. The FERs from these modified membranes were 2 orders of
magnitude lower than the FERs from Nafion in the H+ form, suggesting that −SO3 groups play a key role in the degradation of
Nafion membranes. These results contradict those of Chen et al.,28
which imply that −SO3 groups play only a minor role in the degradation process. The probable explanation is ion exchange of COOH
acid groups to COOM during the immersion process 共as Mittal et al.
conceded was likely to occur in their experiments兲.
Schlick and co-workers investigated the degradation of Nafion
and Dow membranes using UV irradiation and electron spin resonance 共ESR兲.72,73 They detected the presence of the chain-end radicals Rp − OCF2CF2·.72 As the irradiation time increased, the ESR
signal intensity corresponding to these radicals increased, while the
Fe共III兲 intensity decreased. Weak signals were detected even in the
absence of H2O2 if the membranes were neutralized with Fe共III兲.
They concluded that Fe共III兲 may facilitate the UV scission of C–S
bonds in the side chains or engender redox reaction
Fe共III兲 + Rp − OCF2CF2SO−3 → Fe共II兲 + Rp − OCF2CF2SO3·
The Rp − OCF2CF2SO3· radicals then recombine to form Rp
− OCF2CF2·, SO2, and O2. For neutralization with both Cu共II兲 and
Fe共II兲, quintet signals were detected in the ESR spectra and assigned
to the radical −CF2C·共OR兲 − CF2−. On the basis of this finding, the
authors proposed that the backbone carbon atoms linked to the side
chains are attacked, releasing fluorine. It is not clear, however, to
what extent these results are affected by photoexcitation of the
membranes; without UV irradiation, the signal intensity corresponding to the chain-end radicals is weak, and the rate of formation of
these radicals may well be negligible within a fuel cell.
In summary, the model developed in this work incorporates the
most widely accepted routes to H2O2 and radical production and the
most commonly cited chemical-degradation mechanism. Other
mechanisms can be included, but it is natural to focus on that of
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Figure 4. A schematic of the MEA and definitions of the positions along the
thickness coordinate y. A schematic of the peroxide/radical formation, backbone unzipping, and side-chain cleavage is also shown.

Curtin et al. as a first step in an heirarchical approach. For clarity,
the mechanisms considered are Reactions 1-10, together with the
four-electron transfer mechanism for O2 reduction
O2 + 4H+ + 4e−  2H2O

关11兴

The following 共global兲 version of Reaction 7 is assumed for the
purposes of simulation
Rp − CF2COOH + 2·OH → Rp − COOH + CO2 + 2HF 关12兴
Model Equations
The main features and underlying assumptions of the model are
described below. The reader is referred to earlier work74-77 for further details of the standard conservation principles.
Assumptions.— Domain.— The domain includes the entire
MEA, shown in Fig. 4. Each component is modelled explicitly.
Where convenient, the following notation is used: GDL is the gas
diffusion layer, CCL is the cathode catalyst layer, ACL is the anode
catalyst layer, and CL is the catalyst layer.
CL.— The primary carbon particles of the catalyst carbon support
form spherical clusters, termed aggregates. The aggregates are held
together by van der Waals forces to form agglomerates, which are
assumed to be surrounded by electrolyte and water layers. The pores
between the agglomerates are referred to as “primary pores,” which
are distinct from the smaller pores between the carbon particles.
Sufficient contact between the agglomerates to permit electron and
proton migration is further assumed. Reaction occurs on the agglomerate surfaces.
Reactant mass transport and transfer.— A distinction is made between reactants in the gas and dissolved phases. Given the requirement of simultaneous electrolyte and catalyst contact, the reaction is
assumed to occur in the dissolved phase. The gas-phase species are
transported by convection and diffusion and the dissolved species by
diffusion alone. Deviations from Henry’s law provide the driving
force for interfacial mass transfer between the two phases. It is
assumed that H2O2, ·OH, and ·OOH are in the dissolved phase at the
reaction locations and that HF is produced in the dissolved phase.
The concentrations of carbon dioxide and OH− are neglected, because they do not participate in the degradation scheme selected and
justified above.
Charge.— Electroneutrality and a pseudo-steady state apply to conservation of charge, as justified in Wang and Wang.78
Water.— Water is considered to exist in three forms, namely, as a
dissolved species in the membrane/electrolyte, as vapor, and as liquid. The net water produced is in liquid form. Mass transfer between
the phases is dictated by deviations from appropriate equilibria, as
described below.
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Table I. Gas-phase diffusion and convection parameters.
Symbol

Quantity

 O2
 H2
vapor
 N2
⍀N2,O2
⍀N2,H2
⍀N2,vapor
⍀N2,N2
D H2O2
DHF
DOH
G
C


O2 Lennard–Jones constant
H2 Lennard–Jones constant81
Vapor Lennard–Jones constant81
N2 Lennard–Jones constant81
O2–N2 collision integral81
H2–N2 collision integral81
Vapor–N2 collision integral81
N2–N2 collision integral81
H2O2 diffusion coefficient
Assumed HF diffusion coefficient
·OH diffusion coefficient/H2O at 60°C, 300 kPa
Absolute permeability of diffusion layers109
Absolute permeability of CLs110
Gas-phase dynamic viscosity in CCL/air at 60°C

Kinetics.— As a first approximation, it is assumed that 共i兲 Reactions
1 and 4-10 are irreversible and 共ii兲 the concentration of M2+ is
constant and uniform, with only the main Fenton reaction 共Reaction
6a兲 considered. In real scenarios, the rate of radical production depends on the rate at which ions are added to the system, which is a
function of material properties, particularly of the plates, and the
operating conditions. A constant M2+ concentration is representative
of test scenarios, such as the Fenton, and similar, accelerated degradation experiments. A finite rate of ion addition introduces several
additional control parameters associated with the Fenton mechanism, the effects of which are explored in detail in a forthcoming
paper. It is further assumed that molecule A remains in the electrolyte phase.
Material property variations.— The variation of material and structural properties as a result of degradation,19,79,80 the interaction of
degradation and platinum sintering,24 and carbon oxidation due to
reactant crossover9,10 are not incorporated in the model. It would not
be feasible to include these additional processes in the present study
due to the complex nature of the interactions and the difficulties
posed in separating out the effects associated with individual phenomena. There are, moreover, few characterizations of the variations
in properties. The focus in this paper is placed on appraising
membrane-degradation mechanisms, which can be achieved in a
qualitative sense. The attendant consequences of degradation and
any possibly related phenomena are worthy of study in isolation.
Principles of conservation.— Reactant mass balance.— Massbalance equations in the gas phase can be derived by taking into
account transport by diffusion and convection together with mass
transfer to and from the electrolyte

冋

册

ci

 3/2
− vgci = − Sg,i 关13兴
⑀ 共1 − s兲3/2Di
关⑀共1 − s兲ci兴 −
y
t
y

冋

 c H2O

 3/2
v
v
v
− v gc H
⑀ 共1 − s兲3/2DH
关⑀共1 − s兲cH
O兴 −
O
2
2
2O
y
t
y
= Sg↔l + Sd↔g

Size

81

v

册

关14兴

v
denote the pore
where s denotes liquid-water saturation; ci and cH
2O
concentrations of species, i = O2, H2, N2, H2O2, ·OH, ·OOH, and
HF and water vapor, respectively; cdi is the concentration of species
i dissolved in the electrolyte and membrane; Di is the free-space
v
diffusion coefficient of species i in the pore space and DH
is the
2O
free-space diffusion coefficient for water vapor; and ⑀ is the porosity, which takes the value ⑀ = ⑀p in the CLs and ⑀ = ⑀G in the GDLs.
The diffusion coefficients are approximated by the Chapman–
Enskog formula,81 assuming N2 as the dominating component in
both electrodes

3.433 Å
2.915 Å
2.903 Å
3.667 Å
0.966
0.848
1.305
0.949
1.89 ⫻ 10−5 m2 s−1
10−5 m2 s−1
2.08 ⫻ 10−5 m2 s−1
8.69 ⫻ 10−12 m2
1.02 ⫻ 10−12 m2
2.01 ⫻ 10−5 Pa s

Di = 0.01858

T3/2 冑1/M i + 1/M N2
2
pg
⍀iN2
iN

关15兴

2

in m2 s−1, where T is temperature and pg is the gas pressure. For
each species i, M i is the molar mass, iN2 is the Lennard–Jones force
constant, and ⍀iN2 is the collision integral. The Lennard–Jones constants can be approximated by N2,i = 共i + N2兲/2, where i are
the Lennard–Jones constants for the individual species i 共Table I兲.
The diffusion coefficients for H2O2 and HF are taken as constant,
and their values are given in Table I. The value for ·OH was approximated by the value for vapor, which has been shown by Bertram et al. to provide a good fit.82 In Eq. 13 and 14, the free-space
diffusion coefficients are multiplied by the void fraction raised to the
power 3/2 to obtain their effective values 共Bruggeman correction兲.
The gas velocity follows Darcy’s law
vg = −


 pg
共1 − s兲3

y

关16兴

where  is the absolute permeability of the medium 共 = G in the
GDLs and  = C in the CLs兲 and  is the dynamic viscosity of the
gas.
The source term Sg,i 共defined in Table II兲 is the rate of mass
transfer between the electrolyte and gas phases for species i, Sg↔l is
the rate of condensation/evaporation, and Sd↔g is the rate of mass
transfer of water between the dissolved and gas phases. The quantity
 is the fixed-charge site concentration of the membrane. In Table II,
km,i are volumetric mass-transfer coefficients from the gas to the
electrolyte/water phase on the gas side, and Hi are dimensionless
Henry constants. The km,i are evaluated using a formula for flow
past a spherical particle based on a local Sherwood number of 2:
km,i = aag2Di /dC, where aag is the specific surface area of the agglomerates and dC is the average pore diameter in the CLs 共characteristic length scale兲.81 The Henry’s law coefficients for H2O2, HF,
and ·OH shown in Table III were approximated by the values for
air–water systems at 60°C. The condensation/evaporation coefficient kg↔l is defined below.

Table II. Sources and sinks for the gas-phase equations (Eq. 13
and 14). These terms represent, from top to bottom, reactant
dissolution into the electrolyte, condensation/evaporation, and
vapor/dissolved water mass transfer.
Term

ACL

CCL

GDL

Sg,i
Sg↔l
Sd↔g

km,i共Hici − cdi 兲
−kg↔l共xv pg − psat兲
kd↔g共cHd O − cH* O兲

km,i共Hici − cdi 兲
−kg↔l共xv pg − psat兲
kd↔g共cHd O − cH* O兲

0
−kg↔l共xv pg − psat兲
0

2

2

2

2
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Table III. Default parameter values related to mass transfer.
Symbol

Quantity

Size

112

0.15
0.63
3.04 ⫻ 107
3515
3951
100
10
10−6 m s−1
3.3 ⫻ 10−6 m s−1
100 s−1 atm−1
100 s−1

O2 Henry’s law constant
H2 Henry’s law constant113
H2O2 Henry’s law constant/liquid water at 60°C 114
HF Henry’s law constant/liquid water at 60°C115
·OH Henry’s law constant/liquid water at 60°C116
H2O desorption coefficient74
H2O adsorption coefficient74
Absorption constant91
Desorption constant91
Evaporation coefficient117
Condensation coefficient117

H O2
H H2
H H2O2
HHF
HOH
kdes,l
kads,l
kads,g
kdes,g
kevap
kcond

The electrolyte volume fraction, ⑀e, has two components; one
originates from the films that coat the agglomerates 共⑀fe兲, while the
other is derived from the electrolyte contained in the agglomerate
interiors 共⑀ie兲, with ⑀e = ⑀fe + ⑀ie. Swelling is accounted for through
the relationship ⑀fe = ⑀fe,0 + 0.0126, where  is the membrane water
content and ⑀fe,0 represents the volume fraction of electrolyte films
without any swelling. More detail is provided in the Kinetics section. Mass balances for species i = O2, H2, H2O2, ·OH, ·OOH, HF,
and molecule A dissolved in the electrolyte can be expressed as
follows

冉

冊

再

0
membrane 共⑀ = 1兲

 3/2 d cid
⑀ Di
= Si +
共⑀cid兲 −
Sg,i CLs 共⑀ = ⑀e兲
t
y
y

冎

Did = 5.88 ⫻ 10−17T

are the free-space diffusion coefficients in the electrolyte.
where
The source terms Si are defined in Table IV and are the rates of
consumption or generation of species i. In Table IV, q11 is the rate of
O2 reduction in the cathode and q1–q10 are the rates of Reactions
1-10. The forms of these reaction rates are presented in the Kinetics
section.
The O2 diffusion coefficient through Nafion was correlated by
Sethuraman et al.29 across a range of temperature and water activity,
aw
d
DO
= 9.78 ⫻ 10−12 + 3.5 ⫻ 10−13T + 10−8aw in m2 s−1 关18兴
2

The remaining diffusion coefficients were approximated by the values in liquid water using the correlation developed by Wilke and
Chang83

2

2

0.6
lVi,m

in m2 s−1

关19兴

H2O = 2.26 is an “association parameter” for the solvent water,84 l
and M H2O are the viscosity and molar mass of liquid water, and Vi,m
is the molal volume of species i at normal boiling point. The Vi,m
can be estimated either by the method of Le Bas85 or, in the case of
HF, the method of Tyn and Calus,86 based on the value of the critical
volume in Reid et al.84 The volume increments required in the Le
Bas method are given by Satterfield.87
The weak polymer end groups degrade to form carboxylic acid
end groups according to Reaction 8; their concentration, cwpe, satisfies 共in the CLs and membrane兲

cwpe
= − q8
t

关17兴

Ddi

冑H OM H O

关20兴

–COOH groups are produced by Reactions 8 and 9. There is no net
production or consumption of –COOH groups from Reaction 7 provided a CF2 group is available on the backbone structure for the
unzipping to continue. Once the CF2 groups are exhausted, the
COOH concentration decays to zero. Accordingly, the equation for
the concentration of –COOH groups, ccarb, valid in both the CLs and
the membrane, can be written as

ccarb
min
+ cCF2兲
= q8 + q9 − q7 + q7H共− cCF
2
t

关21兴

where H共·兲 is the heaviside function. The last two terms on the right
side ensure that Reaction 7 does not contribute to the mass balance,
provided the backbone CF2 group concentration, cCF2, is greater
min
than the minimum value, cCF
. When the minimum value is reached,
2

Table IV. Sources and sinks for the dissolved reactants, dissolved water, and potential equations, Eq. 17, 24, and 28, respectively.

S O2
S H2
S N2
S H2O2
SOH
SHO2
SHF
SA
Se
Ss
Sd↔l
S H2O

ACL

CCL

Membrane

−q4 − q1

1
q −q
4 110 1

0

−q2
0
q5 − q6a
q6a − q7 − q8 − q9 − q10
q4 − q5
2q7 + q9 + q10
q9 − q10
F共q3 − 2q1兲
−Se
kd↔l共cHd O − cH* O,l兲
2
2
0

0
q1 − q6a
q6a − q7 − q8 − q9 − q10
0
2q7 + q9 + q10
q9 − q10
F共q11 + 2q1兲
−Se
kd↔l共cHd O − cH* O,l兲
2
2
1
− q11
2

q6a

0
0
−q6a
− q7 − q8 − q9 − q10
0
2q7 + q9 + q10
q9 − q10
0
—
—
0
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Table V. Sources and sinks for the energy equation (Eq. 30). They are, from top to bottom, activation losses, heats of reaction, ohmic losses, and
heats of evaporation.
Term

Membrane

ACL

CCL

GDL

Qact

0

aFAq3

FCqO2

0

Qrev

0

−⌬sATaq3

⌬sCTqO2

0

Qohm

+

共 兲
+
y

2

兺 ⑀3/2
j j
j=+,−

0

Qpc

共 兲
 j
y

t

min
+ cCF2兲
= − q7 + q7H共− cCF
2

关22兴

The concentration of side chains, cside, is governed by

cside
= − q9
t

5 3/2 +

 3/2 d cH2O
d
兲
−
⑀ D H2O
共⑀cH
+
⑀ +
O
2
t
y
y
44F
y
=

再

d

membrane 共⑀ = 1兲

0

j=+,−

− Sd↔g − Sd↔l CLs 共⑀ = ⑀e兲

冎

冊

关24兴

d
is the diffusion coefficient of dissolved water through
in which DH
2O
88
Nafion

共 兲
 j
y

2

共1 − ⑀G兲3/2−

−hglSg↔l

共 兲
−
y

−hglSg↔l

冉

冊

冉

冊

 3/2 +
 3/2 −
⑀ +
+ Se =
⑀ −
− Ss = 0
y e
y
y supp y

冉 冊


+
+
=0
y
y

冋

CLs

membrane

册


−
共1 − ⑀G兲3/2−
=0
y
y

关28兴

GDLs

where ⑀supp is the volume fraction of carbon support, + and − are
the protonic and electronic conductivity, respectively, used with
Bruggeman corrections to obtain their effective values, and F is
Faraday’s constant. The source terms Ss and Se are defined in Table
IV and represent the electron and proton sources, respectively. The
protonic conductivity of Nafion is assumed to take the form developed by Springer et al.89
+ = 共0.514 − 0.326兲exp共1286/303 − 1286/T兲 in S m−1
关29兴

d
DH
= 4.17 ⫻ 10−8共1 + 161e−兲exp共− 2436/T兲 in m2 s−1
2O

The source term Sd↔g was previously defined, and Sd↔l, given in
Table IV, is the rate of water mass transfer between the liquid and
dissolved phases. Both are discussed below.
The mass balance of liquid water can be written as follows74

冉

冊

l s
 ⑀l s3  p
= − Sg↔l + Sd↔l + SH2O
−
M l t  y M l l  y

关25兴

where ⑀ = ⑀G in the GDLs and ⑀ = ⑀p in the CLs. M l, l, and p are
the molar mass, viscosity, and pressure of the liquid water, respectively. The source term SH2O is defined in Table IV and is the rate of
liquid-water production. By definition, p = pg − pcap, where pcap is
the capillary pressure, which yields

冋冉

l  3 dpcap s  pg
⑀l s
−
s
+
M l t l M l  y
ds y
y

冊册

= − Sg↔l + Sd↔l + SH2O
关26兴

The widely used Leverette function, J共s兲, is adopted for the form of
the capillary pressure
pcap = ⬘ cos G

冑

⑀G
J共1 − s兲,
G

pcap = ⬘ cos C

冑

2

Conservation of charge.— Equations for the potentials in the
electrolyte/membrane and carbon phases, + and −, respectively,
can be expressed as 共assuming electroneutrality and a pseudo steady
state兲

关23兴

The mass balance for water dissolved in the electrolyte and memd
, is derived by considering
brane, normalized with respect to , cH
2O
mass transfer and transport by diffusion and electro-osmotic drag

冉

兺 ⑀3/2
j j

−hglSg↔l

the last term approaches zero and the remaining carboxylic groups
are allowed to decay. The concentration of backbone CF2 groups is
determined by the rate of Reaction 7

cCF2

2

⑀p
J共s兲
C
关27兴

in the gas diffusion and CLs, respectively. ⬘ is the surface tension,
and C and G are the contact angles in the CLs and GDLs, respectively.

Thermal-energy conservation.— The thermal-energy balance can be
written as follows, assuming a single temperature for all phases

冋

册

T

 ˆ
⑀slclvlT + ⑀共1 − s兲gcgvgT − k̂
=
共cpT兲 +
y
t
y

兺Q

k

k

关30兴
where l, g, and s are the densities of the liquid, gas, and solid
phases, respectively; cl, cg, and cs are the specific heat capacities of
ˆ are,
the liquid, gas, and solid phases, respectively; and k̂ and c
p
respectively, the thermal conductivity and heat capacity volumeaveraged over all phases. The heat-generation terms Qk are defined
in Table V. In these expressions, −⌬sC is the entropy associated with
the ORR and −⌬sA is the entropy associated with the HOR 共note
that as a simplification we neglect the heats of reaction of the other
anode reactions兲. hgl is the liquid–gas enthalpy change for water.
The thermal conductivity and thermal capacitance of the gas diffusion and CLs are volume-averaged over the constituents; that is,
the carbon support, platinum, membrane, gas phase, and liquid water. The gas-phase thermal conductivity and specific heat capacity
are approximated by the values for air 共Table VI兲.
Mass transfer of the water.— Condensation and evaporation are assumed to be driven by the deviation from thermodynamic equilibrium xv pg − psat, where psat is the saturation pressure and the first
term, in which xv is the vapor mole fraction, is the partial pressure of
the vapor
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Table VI. Default parameter values for the heat equation.
Symbol

Quantity

0.18 W m−1 K−1
7.63 W m−1 K−1
0.66 W m−1 K−1
0.0285 W m−1 K−1
73 W m−1 K−1
7.63 W m−1 K−1
980 kg m−3
2045 kg m−3
2045 kg m−3
4188 J kg−1 K−1
685 J kg−1 K−1
685 J kg−1 K−1
4188 J kg−1 K−1
1009 J kg−1 K−1
163.7 J mol−1 K−1
0 J mol−1 K−1

Nafion thermal conductivity at 65°C and 50% RH
Toray paper thermal conductivity/graphite102
Liquid-water thermal conductivity at 60°C118
Gas-phase thermal conductivity/air at 60°C
Pt thermal conductivity at 60°C120
Carbon-support thermal conductivity/graphite102
Liquid-water density at 60°C119
Toray paper density: base material121
Carbon-support density/graphite
Nafion specific heat capacity
Toray paper specific heat capacity/graphite122
Carbon-support specific heat capacity/graphite122
Liquid-water specific heat capacity at 60°C
Gas-phase specific heat capacity/air at 60°C
Entropy associated with ORR123
Entropy associated with HOR123

kN
kTor
kl
kg
kPt
ksupp
l
Tor
supp
cp,N
cp,Tor
cp,supp
cp,l
cp,g
−⌬sC
−⌬sA

kg↔l =

Size
118

冦

⑀p共1 − s兲xv
xv pg − psat ⬎ 0 共condensation兲
RT
⑀psl
xv pg − psat ⬍ 0 共evaporation兲
kevap
Ml

kcond

冧

d
*
kd↔l = kdes,lH共cH
− cH
2O

关31兴

kcond and kevap are the condensation and evaporation rate constants.
Note that the condition xv pg = psat is equivalent to aw = 1, where aw
is the water activity or equilibrium RH, i.e., condensation occurs
when the environment is fully saturated.
In a similar fashion, the vapor-dissolved phase-change term in
Eq. 14 and 24 is driven by the deviation from concentration equid
* , where
− cH
librium between the vapor and dissolved water, cH
2O
2O
*
cH O is the dissolved water concentration at equilibrium with water
2
vapor, as given by Hinatsu et al.90
2
3
* = 0.3 + 10.8aw − 16aw
+ 14.1aw
,

*
cH

2O

=

 *u
1 + 0.0126*
关32兴

In these formulas, aw = xv pg /psat is the water vapor activity. The
mass-transfer coefficient kd↔g is approximated from the results in
Ge et al.91

kd↔g =

d
* , provided s ⬎ s , where s is the immobile
occurs for cH
⬍ cH
*
*
2O
2O,l
saturation. Under these conditions, the term kd↔l in Table IV takes
the form

再

d
* ⬍ 0 共adsorption兲
kads,g共1 − s兲 cH2O − cH
2O
d
* ⬎ 0 共desorption兲
kdes,g共1 − s兲 cH2O − cH
2O

冎

关33兴

for the desorption and adsorption coefficients kdes,g and kads,g, respectively.
The equilibrium membrane water content depends on its environment, with either Eq. 32 for contact with vapor or  = l*
= 16.8 for contact with liquid water. The liquid-equilibrated dis*
solved water concentration is cH
= l* /共u + 0.0126l*兲. The dis2O,l
continuity between the vapor-saturated and liquid values is known
as Schroeder’s paradox. The mass-transfer term Sd↔l in Eq. 24 and
25 and Table IV, is decomposed into terms for absorption and desorption of liquid water to and from the electrolyte in the CL. When
*
is reached or exthe liquid-equilibrated water-content value cH
2O,l
ceeded, desorption of water from the electrolyte takes place as liqd
*
uid, the magnitude of which is driven by cH
O − cH O,l. Adsorption
2

2

2O,l

d
* 兲
兲 + kads,lH共s − s*兲H共− cH
+ cH
2O
2O,l
关34兴

where H共·兲 is the Heaviside function and kads,l and kads,l are the
coefficients of water desorption and absorption to and from the elecd
trolyte, respectively. Their values are chosen large enough that cH
2O
*
does not overshoot cH
significantly 共in the absence of known
O,l
2
values兲.
Kinetics.— Oxygen reduction.— The kinetics of the direct, fourelectron reduction of O2 to water 共Reaction 11兲 are well-captured by
the Butler–Volmer expression under charge–transfer control
q11 =

ajO2,ref
FcO2,ref

冋 冉

s
⑀ ec O
exp
2

冊 冉

␣CFC
␣AFC
− exp −
RT
RT

冊册

关35兴

where jO2,ref is the exchange current density, ␣A and ␣C are the
anodic and cathodic transfer coefficients, respectively, cO2,ref is the
reference O2 molar concentration, a is the volumetric specific surface area of catalyst, and C is the overpotential
C = − − + − E0

关36兴

E0 is the open-circuit potential 共OCP兲. Reaction 11 is the predominant reaction for reduction of O2 to water on platinum. The reduction of H2O2 to water 共see Fig. 2兲 is assumed to be negligible. An
s
in Eq. 35
agglomerate model is used for the CCL. The quantity cO
2
is the O2 concentration at the agglomerate surfaces. It is related to
the bulk value, cO2, by balancing the rate of reaction at the agglomerate surfaces with the molar flux of O2 through the electrolyte and
water films, yielding75,76
q11 = 4a⬘

d
A⬘DlADO
2
d
A⬘Dl␦e + ADO
␦
2 l

⫻cO2

e␣AFC/RT − e−␣CFC/RT
d
A⬘DlADO
2
d
A⬘Dl␦e + ADO
␦
2 l

+ a⬘共e␣AFC/RT − e−␣CFC/RT兲
关37兴

where a⬘ = ajO2,ref⑀e /共4FcO2,ref兲, ␦e and ␦l are the electrolyte and
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liquid-water film thicknesses, respectively, N is the number of agglomerates per unit volume, A = 4R2a N is the specific surface area
of agglomerates, where Ra is the agglomerate radius, A⬘ = 4共Ra
+ ␦e兲2N, and Dl is the diffusion coefficient of O2 through liquid
water.
The volume of electrolyte attached to the surface of each agglomerate is ⑀fe /N, which, by assumption, covers the entire surface
of the agglomerate. The electrolyte film thickness without swelling,
␦⬘e , and the volume fraction of electrolyte films without swelling,
⑀fe,0, are related by

冉

␦⬘e = R3a +

3⑀fe,0
4N

冊

Pt = 1 − H

A = − − +

冋

3共⑀fe − ⑀fe,0兲
␦e = 共Ra + ␦⬘e 兲3 +
4N

册

Radical formation and attack on the membrane.— The rates of Reactions 6-10 are given by

关39兴

When the liquid-water saturation exceeds the immobile saturation,
s*, the water forms a contiguous phase and provides additional resistance to O2 transport. Given the hydrophilic nature of the electrolyte, it is assumed that the liquid water coats the entire surface of the
agglomerates. Based on these assumptions, the water-layer thickness
is

冋

3s⑀p
␦l = 共Ra + ␦e兲3 +
4N

册

1/3

− 共Ra + ␦e兲

关40兴

and the total film thickness is given by ␦ = ␦e + ␦l. The volumetric
specific surface area of platinum is a = aPtmPt /L, where aPt is the
mass specific platinum surface area, mPt is the platinum loading, and
LC is the CL thickness. The number of agglomerates per unit volume
is estimated from the agglomerate radius and the volumetric active
specific surface area of catalyst: N = a/共4R2a 兲.
H2 oxidation and H2O2 formation.— The rate of Reaction 1 in the
cathode, q1, is given by the Butler–Volmer expression
2

冉

s
q1 = ar1cO
c + exp
2 H

− 2␣1F1
RT

冊

1 = − − + − E1

关42兴

E1 = 0.695 V is the equilibrium potential for Reaction 1 vs
SHEs.29,39,51 In the anode, H2 is adsorbed and electro-oxidated on
the platinum catalyst according to the Tafel–Volmer Reactions 2 and
3. The surface coverage of H, H, is given by the following ordinary
differential equation


dH
= 2q2 − q3
dt

关43兴

where  is the molar area density of catalyst sites and q2 and q3 are
the rates of Reactions 2 and 3, respectively. In deriving Eq. 43 it was
assumed that coverage does not exceed a monolayer. The rates of
Reactions 2-5 are given by

关48兴

d 2
兲
q7 = r7ccarb共cOH

关49兴

d
q8 = r8cwpecOH

关50兴

d
q9 = r9csidecOH

关51兴

d 2
q10 = r10cA共cOH
兲

关52兴

Initial and boundary conditions.— At the interfaces between the
membrane and CLs, y = y 2 and y = y 3 in Fig. 4, the gas-phase and
liquid-water fluxes are taken to be zero; that is, the gas species and
liquid water do not penetrate the membrane. Similarly, the fluxes of
protons and dissolved species at the CL/GDL interfaces, y = y 1 and
y = y 4, are taken to be negligibly small

cH2O 5+ +
cid
+
d
=0
= +
= DH
+
O
2
y
y
y
44F y
d

y = y 1,y 4:

Did

关53兴
y = y 2,y 3:

⑀p共1 − s兲Di

ci
s
− v gc i =
=0
y
y
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At the interfaces between the channels and GDLs the mole fractions
of H2, O2, N2, and H2O are prescribed 共or calculated from the other
conditions兲
xi =

再

x̄i,C y = y 0
x̄i,A y = y 5

冎

,

i = H2,O2,N2,H2O

关55兴

Likewise, temperature, water activity, and pressure are prescribed
according to average values in the channels
T共y 0兲 = TC

pg共y 0兲 = pg,C

pg共y 5兲 = pg,A,

aw共y 0兲 = aw,C
关56兴

and similarly at the anode, with subscript C replaced with A. The
concentrations of water vapor in the cathode and anode channels,
c̄v,C and c̄v,A, respectively, are calculated from the water activities
given in Eq. 56. The saturation pressure is a function of temperature
and is given by the following formula 共bars兲89

d 2
2
q2 = r2fcH
 − r2bH
2 Pt

q3 = r3H sinh共FA /2RT兲
d
q 4 = r 4c Hc O
2

q5 = r5cHO2cH

d
q6a = r6acM2+cH
2O2

where ri is the rate constant for Reactions 1-7.

关41兴

in which ␣1 is the transfer coefficient, r1 is the forward reaction
constant, and the overpotential 1 is defined as

关47兴

cH = aH·

1/3

− Ra

关46兴

In the model, H· radicals participate only in Reactions 4 and 5 so
there is no loss of generality in assuming that they are consumed
within the ACL and do not leave the electrolyte phase. The concentration of H adatoms is calculated from the H surface coverage and
volumetric concentration of free platinum sites as follows

关38兴

The electrolyte swelling results in a volume change equal to 共⑀fe
− ⑀fe,0兲/N per agglomerate, yielding an electrolyte film thickness of

关45兴

and the overpotential for Reaction 3, A, is defined as

1/3

− Ra

B473

关44兴

respectively. In these expressions, ri are the forward rate constants
for Reactions 1-7. A Butler–Volmer expression is used for Reaction
3 and the rate of Reaction 2 is based on Frumkin kinetics. The
surface coverage of free platinum sites, Pt, is given by

log10 psat = − 2.1794 + 0.02953共T − 273.15兲 − 9.1837
⫻ 10−5共T − 273.15兲2 + 1.4454 ⫻ 10−7共T − 273.15兲3
关57兴
From the above relationships, the vapor concentrations in the channels can be calculated
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Table VII. Channel conditions assumed in the calculations, unless otherwise specified.
Symbol

Quantity
Cathode channel temperature
Anode channel temperature
Cathode channel water activity
Anode channel water activity
Oxygen mole fraction in cathode channela
Hydrogen mole fraction in anode channela
Nitrogen mole fraction in cathode channela
Nitrogen mole fraction in anode channela
Gas pressure in the cathode channel
Gas pressure in the anode channel
Vapor concentration in cathode channel
Vapor concentration in the anode channel
Fe2+ concentration in the membrane/electrolyte
Initial carboxylic acid concentration
Initial weak polymer end group concentration
Initial side-chain concentration
Initial CF2 group concentration
Applied cell voltage

TC
TA
aw,C
aw,A
x̄O2,C
x̄H2,A
x̄N2,C
x̄N2,A
pg,C
pg,A
c̄H2O,C
c̄H2O,A
关Fe2+兴0
ccarb,0
cwpe,0
cside,0
cCF2,0
Ecell
a

Size
60°C
60°C
0.9
0.9
0.21
0.2
0.79
0.8
300 kPa
300 kPa
6.38 mol m−3
6.38 mol m−3
20 ppm
1170 mol m−3
1170 mol m−3
1800 mol m−3
2.106 ⫻ 104 mol m−3
E0

After subtracting the vapor concentration.

c̄v,C =

aw,C psat,C
RTC

or

x̄v,C =

the initial CF2 concentration by 10%兲 in all simulations. Altering
these values does not qualitatively affect the results presented below.

aw,C psat,C
pg,C

where psat,C is the cathode-channel saturation pressure 共expressed in
Pa兲. A similar calculation applies on the anode side, where the channel saturation pressure is psat,A.
For operation in the potentiostatic mode, the cell voltage, Ecell, is
prescribed at the cathode channel/GDL interface. At the anode
channel/GDL interface, the electronic potential is set to zero
−共y 0兲 = Ecell,

−共y 5兲 = 0

关58兴

At the interfaces between the gas channels and the GDL, it is assumed that the flow rate is high enough to maintain zero saturation
and zero gas concentrations of ·OH, H2O2, and HF
y = y 0,y 5:

s = cHF = cH2O2 = cOH = 0

Parameters and numerical details.— In Tables I, III, and VI-XI,
the default set of parameter values are listed. The values are taken
from the literature, with references provided, or are either estimated
or assumed. The component thicknesses are within the normal range
of values reported. The membrane/electrolyte property values are
based on Nafion, subject to the availability of data. The GDL properties are based on Toray TGP-H-060 carbon-fiber paper.
The proton concentration is related to the equivalent weight, EW,
and the density, N, of Nafion as follows
c H+ =

关59兴

The initial conditions for the pressures, temperatures, and vapor
concentrations are consistent with the conditions in the channels. In
the cathode, the electronic potential is given by the OCP and is
uniformly equal to zero on the anode. The protonic potential is zero
in all regions. The water content of the membrane/electrolyte is
given by equilibrium with the vapor in the channels, and the liquidwater saturation is uniformly zero. Compositions of 20% hydrogen
in 80% nitrogen at the anode and air at the cathode are used, which
are representative of some poisoning and degradation tests.92 Values
as low as 10% hydrogen have been used by Ohma et al.93 Importantly, the precise value does not qualitatively affect any of the results presented below.
The initial surface coverage of H 共in the anode兲 is taken to be
zero. The initial concentrations of –COOH groups, weak polymer
end groups, CF2 groups, and side chains are based on their values
for Nafion and are given in Table VII. The side-chain concentration
coincides with the fixed charge site concentration, 
= 1800 mol m−3. The structure and properties of Nafion were extensively reviewed by Mauritz and Moore;94 using Fig. 1 as a guide, the
relationship between the equivalent weight, EW, and the weight, m,
is EW = 100m + 446, assuming that n = 1. This formula yields an
approximate value of 13 CF2 groups per side chain and a total
concentration of approximately 13 = 2.34 ⫻ 104 mol m−3. The
initial –COOH and weak polymer end-group concentrations depend
on several factors related mainly to the manufacturing process. They
are both set at 5% of the CF2 group concentration 共which reduces

N
EW

关60兴

in mol m−3. The density of Nafion is related to its water content as
follows29
N =

1.98 + 0.0324
⫻ 10−3
1 + 0.0648

关61兴

in kg m−3. Expressions 60 and 61 relate the rate of H2O2 formation
from Reaction 1 to the channel water activities, which largely determine the membrane water content and the pH of the electrolyte,
which is a function of the proton concentration. The rate constant r1
was estimated by Sethuraman et al.29 based on the form

冉

ri = ri0 exp −

Eact,i
RT

冊

关62兴

with i = 1, where Eact,1 is the activation energy characterizing the
dependence of r1 on temperature. Values for r01 and Eact,1 are given
in Table X; the value of r01 obtained by Sethuraman and co-workers
was converted to the equivalent volumetric value using the active
surface area of platinum.
The rate constants for the Tafel and Volmer reactions, Reactions
2 and 3, respectively, are given by Baschuk and Li,95 and the rate
constants for the peroxide and radical producing reactions, Reactions 4, 5, and 6a, have been determined by Christensen and
co-workers58,96 based on Eq. 62. The values of r0i and Eact,i are given
in Table X. Note that ferrous iron, Fe2+, is used as the representative
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Table VIII. The default parameter values relating to structural properties.
Symbol
LC
LM
LG
⑀e
⑀p
⑀sp
⑀supp
⑀Pt
⑀G
Ra
␦⬘
aPt
mPt
C
G
dG
dC
a

Quantity

Size

CL thickness
Membrane thicknessa
GDL thicknessa
Total initial electrolyte volume fraction: CLsa
Volume fraction of primary pores without swelling101
Volume fraction of small pores in CLsa
Volume fraction of carbon supporta
Volume fraction of Pt in CLs102
Porosity of the GDL103
Agglomerate radius104
Ionomer film thickness without swellinga
Specific surface area of platinum105
Platinum loadinga
CL contact angle106
GDL contact angle106
GDL pore diameter103
CL pore diameter103

25 m
50 m
200 m
0.35
0.15
0.07
0.35
0.08
0.78
0.5 m
0.1 m
1000 cm2 共mg Pt兲−1
0.4 共mg Pt兲 cm−2
90°
120°
23 m
2 m

a

Assumed value.

metal ion. The initial concentration of Fe2+, 关Fe2+兴0, is given in ppm
of the membrane/electrolyte in Table VII. This value is converted to
the equivalent in mol per m3 of Nafion as follows
0

cFe2+ =

关Fe2+兴0N
M Fe

关63兴

which is valid in the CLs and membrane. M Fe is the molar mass of
Fe.

Table IX. The default parameter values relating to electrochemical properties.
Symbol
jO2,ref
cO2,ref
␣C
␣A
−


Quantity

Size
107

Cathode exchange current density
Reference O2 concentration
Cathodic transfer coefficient
Anodic transfer coefficient
Through-plane electronic conductivity103
Molar area density of platinum sites108

−2

10 A m−2
0.05 mol m−3
0.55
0.45
1250 S m−1
0.01042 mol m−2

The four remaining rate constants related to the degradation
model are unknown: –COOH formation 共r7兲, end-group unzipping
共r8兲, side-chain cleavage 共r9兲, and molecule A decomposition 共r10兲.
The values of these constants were adjusted to provide a fit to experimentally obtained rates of HF and H2O2 formation. It is emphasized that the main objectives of this study can be achieved by
qualitative comparisons of the numerical simulations to experimental data. Nevertheless, to gain some understanding of the behavior of
the system with respect to variations in the underlying rate constants, parametric studies in the values of r7–r9 were performed.
The initial-boundary value problem was solved in the software
package COMSOL Multiphysics on a uniform, one-dimensional
grid 共typically 512 points兲 using quartic Lagrange polynomials as
trial and test functions in the finite-element methodology. For the
base-case parameters shown in Tables I, III, and VI-XI and using
256 grid points, simulation of 308 h of operation, by which time
degradation was complete, took 563 s on an Athlon 64 X2 Dualcore 2.4 GHz processor with 5 Gb of RAM. The equivalent calculation took 752 s using 512 grid points. For the base-case parameters and side-chain cleavage in included reactions 共Reactions 9 and

Table X. Rate constants used in the calculations.
Symbol
r01
r02f
r02b /r2f
r03
r04
r05
0
r6a
r7
r8
r9
r10
Eact,1
Eact,2f
Eact,2b
Eact,3
Eact,4
Eact,5
Eact,6a

Quantity

Size

Forward rate constant for Reaction 129
Forward rate constant for Reaction 295
Backward rate constant for Reaction 295
Rate constant for Reaction 395
Forward rate constant for Reaction 458
Forward rate constant for Reaction 558
Rate constant for Reaction 6a96
Rate constant for Reaction 7
Rate constant for Reaction 8
Rate constant for Reaction 9
Rate constant for Reaction 10
Activation energy for Reaction 129
Activation energy for forward part of Reaction 295
Activation energy for backward part of Reaction 295
Activation energy for Reaction 395
Activation energy for Reaction 496
Activation energy for Reaction 596
Activation energy for Reaction 6a96

23.1 mol m−2 s−1
3 m s−1
4.18 ⫻ 1011 mol m−3
23.1 mol m−2 s−1
2.04 ⫻ 102 m3 mol−1 s−1
5.2 ⫻ 10−5 m3 mol−1 s−1
1 mol−2 m6 s−1
1 ⫻ 103 mol−1 m3 s−1
0 mol−1 m3 s−1
0 mol−2 m6 s−1
13.9 kJ mol−1
10.4 kJ mol−1
87.9 kJ mol−1
16.7 kJ mol−1
10.3 kJ mol−1
14.2 kJ mol−1
42 kJ mol−1
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Table XI. Liquid-phase diffusion parameters and convection parameters.
Symbol

Quantity
a

VHd
2
V O2
V H2O2
VHF
VOH
VA
l
l
⬘
a
b

Size

Molal volume of H2 at n.b.p.
Molal volume of O2 at n.b.p.
Molal volume of H2O2 n.b.p.b
Molal volume of HF at n.b.p.
Molal volume of OH at n.b.p.b
Molal volume of molecule A at n.b.p.b
Liquid-water viscosity at 60°C111
Liquid-water viscosity at 100°C111
Liquid-water surface tension 共air contact兲 at 60°C

1.43 ⫻ 10−5 m3 mol−1
2.56 ⫻ 10−5 m3 mol−1
22.2 m3 mol−1
2.41 ⫻ 10−5 m3 mol−1
11.1 m3 mol−1
221.0 m3 mol−1
4.67 ⫻ 10−4 Pa s
2.82 ⫻ 10−4 Pa s
0.066 N m−1

n.b.p. = normal boiling point.
Le Bas method.85,87

10 with r9 = r10 = 1 mol−1 m3 s−1兲, the calculation took 1033 s to
simulate 308 h using 256 grid points. It is clear from these statistics
above that even with a fine grid and a high-order basis, the simulation times are short; parametric studies of real-time degradation
共over several thousand hours兲 can be performed within several
hours. Although in two and three dimensions the calculation times
would increase significantly, they would still be much shorter than
the typical timescales for long-life or accelerated experiment.
Results and Discussion
Effects of oxygen concentration at the OCV.— Figure 5 shows
the simulation results for the base case parameter values in Tables I,
III, and VI-XI, with channel temperatures of 60°C, channel water
activities of 0.9 共90% equilibrium RH兲, and operation at the opencircuit voltage 共OCV兲. Figure 5a demonstrates the evolution of the
–COOH group concentration from the interface between the CCL
and GDL at y = 0.2 mm to the interface between the ACL and GDL
at y = 0.3 mm at intervals of 28 h. The weak end groups are rapidly
depleted 共within 112 h兲, giving rise to an increase in the –COOH
group concentration, from the initial uniform value of 2000 mol m−3
to a uniform value of 2340 mol m−3. A value of r8 = 1
⫻ 103 mol−1 m3 s−1 was selected to ensure that the end groups were
depleted rapidly, as expected.27 The –COOH groups react with hydroxyl radicals according to Reaction 7, with a concentration that
remains steady provided CF2 groups exist on the backbone to continue the unzipping. When the CF2 groups are exhausted, the
–COOH concentration decays to zero, as seen in Fig. 5a. Also evident from Fig. 5a, d, and f is that degradation proceeds in a wavelike
manner, with the wave advancing toward a region of predominantly
nondegraded membrane 共on the cathode side兲, which is separated
from a region of complete degradation to the rear of the wave. The
implications of this behavior are discussed later.
A faster rate of degradation in the anode, evident in Fig. 5, is
consistent with experimentally measured FERs using Nafion and
similar membranes.23,36,38,97 The cause of the relatively low degradation rate in the cathode is the slow rate of H2O2 production via
Reaction 1, which, in turn, is a result of a high positive
overpotential;60 at the OCV, the electronic and ionic potentials satisfy − ⬇ 1.23 and + ⬇ 0, respectively, yielding an overpotential
of approximately
1 = − − + − ⬇ 1.23 − 0.695 = 0.535 V

关64兴

in Eq. 41. The rate of Reaction 1 is, therefore, exponentially small.
The profiles of H2O2 and ·OH in Fig. 5c and d, respectively, show
that the concentrations of these species are an order of magnitude
higher in the vicinity of the ACL, as is the rate of ·OH production in
Fig. 5e. Preferential degradation in the anode follows as a result.
Diffusive transport of H2O2 from the anode to the cathode through
the membrane would clearly occur as a result of the large concentration gradient in Fig. 5c. Without this diffusive transport, the H2O2
and, therefore, ·OH concentration in the cathode would be lower.

Toward the end of the degradation process 共t = 196 h and beyond兲,
as the radicals continue to be produced but are no longer consumed
to the rear of the wave in Fig. 5a, degradation in the cathode accelerates as a consequence of diffusive transport of the unreacted ·OH
from the anode to cathode sides.
The evolution of the rate of HF production, 2q7, is shown in Fig.
5f. Consistent with the profiles in Fig. 5a-e the production rate is
faster in the anode up to t = 140 h. Thereafter, the profiles exhibit
peaks that follow the wave front in Fig. 5a 共separating the region of
completely depleted –COOH from the region of partially depleted
–COOH groups兲. Behind the wave, in the region of zero –COOH
group concentration, the value of q7 falls to zero as Reaction 7
ceases in the absence of –COOH 共or CF2兲 groups. The large peaks
correspond to rapid HF production in a region of high ·OH and
–COOH concentration, as is evident from Fig. 5a and d. The H2O2
and ·OH concentrations reach a steady state early in their evolutions
共before t = 28 h兲. This is a consequence of the relaxation of the
dissolved O2 and H2 concentration to steady-state profiles in a short
period of time. To conserve space, these results are not shown.
Information regarding the rate and localization of H2O2 production is important for addressing the wider issue of the extent to
which H2O2 is involved in degradation92,98 and, simultaneously, the
feasibility of existing models. Evidence of preferential degradation
at the cathode, rather than the anode, has been reported by several
groups,25,80,36 and this discrepancy has yet to be explained fully.
FER measurements depend strongly on the test procedure and the
operating conditions, particularly the cell voltage, temperature, and
RH. At the OCV, the rate of H2O2 production in the cathode is slow,
even with significant levels of oxygen present. This is a consequence
of the exponential dependence of Reaction 1 on the overpotential.
Temperature and water activity determine the volume of liquid water
present in the MEA. For a decreased temperature, decreased cell
voltage, and increased water activity in the channels, the volume of
water in the electrodes increases. These observations suggest that
tests at the OCV, high temperature, and low RH provide the most
reliable data on H2O2, ·OH, and HF production. Under these conditions, the volume, and therefore influence, of liquid water is minimal. Several investigations of the degradation rate at the OCV have
revealed a sensitive dependence on the O2 partial pressure in the
cathode channel, the membrane thickness, and the O2 concentration
into the anode stream 共oxygen bleeding兲.34,36,37,39 Aoki et al. demonstrated that the coexistence of O2, H2 and platinum catalyst is
necessary for Nafion decomposition.34 At the OCV, the FER was
measured for systems simulating cross leakage of O2 to the anode
and, separately, cross leakage of H2 to the cathode. The FER was
found to be much faster for cross leakage of O2, suggesting that the
H2O2 is predominantly produced at the anode. Liu and Zuckerbrod
found that the H2O2 concentration was inversely proportional to
membrane thickness, i.e., the rate of gas crossover.39 The authors
also argued that the anode conditions are far more conducive to
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Figure 5. Evolutions of the concentrations of carboxylic acid, HF, H2O2, and
·OH, and the rates of reactions producing
radicals and HF for the base-case parameter values at the OCV: TA = TC = 60°C,
pg,A = pg,C = 300 kPa, aw,A = aw,C = 0.9,
no side-chain cleavage, and a constant
Fe2+ concentration of 5 ppm. See Tables I,
III, and VI-XI for the other parameter values. The CCL lies in the region 0.2 ⬍ y
艋 0.225, the membrane lies in 0.225
⬍ y 艋 0.275, and the ACL lies in 0.275
⬍ y 艋 0.3.
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H2O2 production than those at the cathode, where the large positive
overpotential when operating near the OCV is prohibitive.
The plots in Fig. 5, arising from a model based on well-accepted
mechanisms for H2O2 production, Reactions 1, 4, and 5, are consistent with preferential degradation at the anode. Figure 5b also reveals that the HF concentration is close to uniform across the MEA,
rising slightly toward the anode. Over the timescales considered, the
HF is evenly distributed by diffusive transport through the membrane and ionomer. Moreover, the rate of production of HF changes
qualitatively after the CF2, or equivalently the –COOH, groups are
exhausted in the ACL, coinciding with the onset of the wavelike
behavior. The HF production rate is the most widely employed measure of degradation in accelerated and long-life tests. As the wave
moves through the membrane from the anode to cathode, the rate of
HF production on the anode side is practically zero. At t = 252 h
and beyond, the HF concentration is higher at the cathode than at the
anode. These results imply that FER may not be a reliable indicator
of the evolution of chemical membrane degradation. The time at
which the measurements are made is crucial; a lower FER in the
anode may well be a consequence of complete degradation and not,
as is typically assumed, a lack of degradation. Furthermore, as the
simulation results demonstrate, transport by concentration gradients
共diffusion兲, without the aid of water movement, redistributes the HF
quite effectively. FER data must therefore be interpreted carefully

0.24

0.26

0.28

0.3

y / mm

when used as the basis for locating sites of major degradation and
characterizing the progress of degradation through the MEA. As Fig.
5 shows, the concentration of ·OH is more indicative of the evolution of degradation. More so, the 共steady兲 profiles of the rates of
H2O2 and ·OH production represent good indicators of preferential
degradation and the direction in which it will proceed, in the absence of other factors.
The evolution of the system for a reduced cathode-channel gas
pressure of pg,C = 200 kPa, with all other conditions and parameter
values identical to those used in the base case in Fig. 5, is shown in
Fig. 6. The decreased O2 concentration in the cathode leads to a
slower rate of crossover to the anode and, therefore, a lower concentration of H2O2 and a slower rate of ·OH production, which can
be seen by comparing Fig. 6a and b with Fig. 5c and e, respectively.
As a consequence, the rate of degradation is decelerated. Compared
with Fig. 5a and f, the profiles in Fig. 6b and c, respectively, are
retarded by approximately 140 h; for pg,C = 300 kPa, degradation of
the whole membrane is complete within 308 h, whereas most of the
membrane on the cathode side is intact after 308 h for pg,C
= 200 kPa. Furthermore, the rate of HF production is reduced by a
factor of approximately two by the drop in gas pressure.
A similar result is found for a reduction in the membrane thickness, as demonstrated in Fig. 7, which shows the simulation results
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Liu and Zuckerbrod’s measurements of H2O2 evolution for a range
of membrane thickness.39 An increased rate of O2 crossover to the
anode for the thinner membrane increases the rate of H2O2 via Reaction 5 and, consequently, the ·OH production rate, ultimately enhancing the degradation rate significantly.
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for a reduced membrane thickness of LM = 25 m, with all other
conditions and parameter values identical to those considered for the
base case in Fig. 5. As before, the CCL lies in the region 0.2 ⬍ y
艋 0.225, but now the membrane lies in 0.225 ⬍ y 艋 0.25 and the
ACL in 0.25 ⬍ y 艋 0.275. The large increase in H2O2 concentration, comparing Fig. 7a with Fig. 5c, is in complete agreement with
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Figure 6. Evolution of the system at the
OCV for a cathode-channel gas pressure
pg,C = 200 kPa, with all other parameter
values identical to those for the base case
in Fig. 5: TA = TC = 60°C, aw,A = aw,C
= 0.9, no side-chain cleavage, and a constant Fe2+ concentration of 5 ppm. See
Tables I, III, and VI-XI for the remaining
values.
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Figure 7. Evolution of the system at the
OCV for membrane of thickness LM
= 25 m, with all other parameter values
identical to those for the base case in Fig.
pg,A = 300 kPa,
5:
TA = TC = 60°C,
aw,A = aw,C = 0.9, no side-chain cleavage,
and a constant Fe2+ concentration of
5 ppm. See Tables I, III, and VI-XI for the
remaining values. The CCL lies in the region 0.2 ⬍ y 艋 0.225, but now the membrane lies in 0.225 ⬍ y 艋 0.25 and the
ACL in 0.25 ⬍ y 艋 0.275.
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Figure 8. Evolution of the system for a
cell voltage Ecell = 0.3 V, with all other
parameter values identical to those for the
base case in Fig. 5: TA = TC = 60°C,
pg,A = pg,C = 300 kPa, aw,A = aw,C = 0.9,
no side-chain cleavage, and a constant
Fe2+ concentration of 5 ppm. See Tables I,
III, and VI-XI for the remaining values.
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Degradation away from the OCV.— Figure 8 shows simulation
results at a reduced cell voltage value of Ecell = 0.3 V, with all other
parameter values identical to those for the base case in Fig. 5 共see
Tables I, III, and VI-XI兲.
A comparison of Fig. 8a with Fig. 5c reveals that the concentration of H2O2 in the anode is lower at Ecell = 0.3 V, while the concentration in the cathode is higher. Accordingly, the rate of ·OH
production is slower in the anode and faster in the cathode, which is
seen by comparing Fig. 8b with Fig. 5e. Ultimately, the rate of
degradation in the anode is slower at Ecell = 0.3 V; the –COOH
group profiles at t = 168 and 196 h in Fig. 8c indicate a slower rate
of progress of the wave when compared to the wave in Fig. 5a. As
the wave reaches the cathode, its speed, i.e., the rate of membrane
degradation, increases as a consequence of the faster rates of H2O2
and ·OH production in the cathode at Ecell = 0.3 V compared with
the OCV. At t = 224 h, a minimum in the –COOH concentration is
attained at y ⬇ 0.25 mm in both cases. By t = 280 h, the progress
of the wave at Ecell = 0.3 V is more advanced than that at the OCV.
It has been reported by Mittal et al. and Inaba et al., among other
groups, that chemical degradation is less severe at cell voltages below the OCV.98,99 The result above, however, suggests a more subtle
link; the rate of degradation is initially decreased, but as degradation
advances there is little difference between the two cases in Fig. 5
and 8. The duration of the test and the times at which measurements
are taken are important. The commonly accepted explanation for the
link between cell voltage and degradation is the increased O2 consumption at a nonzero current, which reduces the rate of O2 crossover, thereby decreasing the rate of H2O2 production at the
anode.34,36 As Mittal et al. point out, increased degradation for increased cell voltage is contrary to what would be expected from a
mechanism that is based on radical formation predominantly from
the two-electron oxygen reduction at the cathode 共Reaction 1兲.92
Indeed, the observed relationship between degradation and cell voltage provides further evidence of preferential degradation at the anode, initiated by radicals that are formed as a result of O2 crossover
and peroxide formation according to Reaction 5.
A comparison of Fig. 8a and 5c does demonstrate that a lower

0.24

0.26

0.28

0.3

y / mm

cell voltage 共increased current兲 leads to an increased rate of H2O2
production in the cathode through Reaction 1. This is to be expected,
because a nonzero current lowers the overpotential 1 in Eq. 41.
Because the majority of radicals are produced at the anode from O2
crossover, and the evolution of degradation is from anode to cathode, the effects of increased H2O2 and radical concentrations in the
cathode are not significant until the portion of the membrane on the
anode side has degraded. Initially, the reduced cell voltage leads to a
reduced O2 crossover, which reduces the rate of degradation, in
agreement with the experimental results.98,99
Effects of channel temperature and water activity.— It is widely
accepted that degradation can be enhanced at a higher temperature
and a lower RH,15-17,23,34,35,67 although the reasons for these trends
are not entirely understood. Figure 9 shows simulation results at the
OCV for reduced channel water activities of aw,A = aw,C = 0.2, with
all other parameter values identical to those considered in the base
case in Fig. 5 共see Tables I, III, and VI-XI兲. The H2O2 concentration
increases by approximately 10% and the rate of production of ·OH
by approximately 35% for the case with a lower water activity;
compare Fig. 9a and b with Fig. 5c and e, respectively. The differences are more clearly seen in Table XII which gives the average
steady-state values of the H2O2 concentration and the ·OH production rate in the anode and cathode, for both the base case in Fig. 5
and the case aw,A = aw,C = 0.2 in Fig. 9. The averages are defined
by
具q6a典 =

1
LC

冕

q6adx,

具cH2O2典 =

1
LC

冕

cH2O2dx

关65兴

where LC is the thickness of the CLs and the integrals are taken over
the anode or cathode CLs.
Figure 9c and d, compared to Fig. 5a and f, respectively, shows
that the degradation is enhanced by the reduction in channel water
activities, as experimental studies have demonstrated. Variations in
water activity have several consequences. First, the decrease in cathode water activity increases the rate of H2O2 production by Reaction
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1, given in Eq. 41 through an increase in the proton concentration
共pH兲 given by Eq. 60 and 61; at a water activity of 0.9, the density
of Nafion is approximately 1506 kg m−3, and at a water activity of
0.2, the density is approximately 1815 kg m−3. The increased density leads to a reduction in the volume of the membrane to conserve
mass. The thickness of the membrane 共assuming equal variation in
each dimension兲 is therefore given by the original value of 50 m
multiplied by 共1506/1815兲1/3 = 0.94, that is, 47 m.
As seen from the values in Table XII, the increase in H2O2 concentration in the cathode is only on the order of 10%. The increase
in the rate of radical production, however, is on the order of 35% in
both the cathode and ACLs. This cannot be due entirely to the modest increase in the H2O2 concentration. The main reason for the
enhanced degradation at lower water activity is the increased concentration of Fe2+, given by Eq. 63 as a result of the 20.5% increase
in the density of the Nafion. In other words, the mass of Nafion per
unit volume leads to an increase in the mass of Fe2+ per unit volume, which increases the rate of Reaction 6a. There is a concomitant
increase in the initial concentrations of –COOH groups, weak polymer end groups, and CF2 groups. In the calculations leading to Fig.
9, the initial values were therefore given by those in Table VII
multiplied by a factor of 1.205.
Figure 10 shows simulation results at the OCV for increased
channel temperatures of TA = TC = 80°C, with all other parameter
values identical to those for the base case in Fig. 5 共see Tables I, III,

Table XII. The spatially averaged steady-state values of the H2O2
concentration and the OH production rate for both the base case
in Fig. 5 and for water activities of 0.2, corresponding to Fig. 9.
Anode

Figure 9. Evolution of the system at the
OCV for channel water activities aw,A
= aw,C = 0.2, with all other parameter values identical to those for the base case in
Fig. 5: TA = TC = 60°C, pg,A = pg,C
= 300 kPa, no side-chain cleavage, and a
constant Fe2+ concentration of 5 ppm. See
Tables I, III, and VI-XI for the remaining
values.
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and VI-XI兲. In agreement with experimental observations, increasing the temperature by 20°C has a significant effect on the rate of
degradation.28,100 Chen et al.28 reported a fourfold increase in the
FER as a result of increasing the temperature from 60 to 80°C in
Fenton tests. Sethuraman et al. performed in situ the OCV decay
tests and found that cells operating at 80, 100, and 120°C failed
after 498, 56, and ⬍25 h, respectively.100
A comparison of Fig. 10a and b with Fig. 10c and e, respectively,
reveals a twofold increase in the steady-state rate of ·OH production
and a slight reduction in the steady-state concentration of H2O2. The
reduction in the H2O2 concentration is due to a decrease in the O2
and H2 concentrations in the cathode and anode channels, respectively, as a result of the temperature rise at constant pressure. The O2
concentration decreases from 21.41 to 18.46 mol m−3, which, despite an increase in the diffusion coefficient of O2 through the membrane according to Eq. 6, reduces the rate of crossover to the anode.
The decreased rate of crossover outweighs the increase in the rate
constant for Reaction 5 through the Arrhenius form 共Eq. 62兲 and
results in lower levels of H2O2 in the anode. The rate of Reaction
6a, however, increases substantially, again as a consequence of the
Arrhenius form of the rate constant r6a. Figure 10c and d, when
compared to Fig. 5a and f, respectively, shows that both the rate of
degradation and the release of HF increase dramatically, matching
both in situ and ex situ experimental results.28,100
Rate of degradation and side-chain cleavage.— The rate constants for Reactions 7-10 are not known, and in this work their
values have been assumed. In all of the preceding results, a value of
1000 m6 mol−2 s−1 was used for Reaction 7. Figure 11 compares
simulations at the OCV for a range of r7 values, with all other
parameter values as in Tables I, III, and VI-XI. The main conclusion
from these calculations is that the basic behavior observed in Fig. 5,
in which r7 = 1000 m6 mol−2 s−1, is robust to changes in the value
of r7. The wavelike behavior is not affected; the speed of the wave
is merely increased or decreased for an increase or decrease, respectively, in the value of r7.
The side-chain cleavage 共Reaction 9兲 and the associated decomposition of molecule A 共Reaction 10兲 are generally considered to
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Figure 10. Evolution of the system at the
OCV for channel temperatures TA = TC
= 80°C, with all other parameter values
identical to those for the base case in Fig.
5: pg,A = pg,C = 300 kPa, aw,A = aw,C
= 0.9, no side-chain cleavage, and a constant Fe2+ concentration of 5 ppm. See
Tables I, III, and VI-XI for the remaining
values.

1.2

have a secondary influence on the degradation of PFSA membranes.
A plot of FER against –COOH group content in Nafion exhibits a
nonzero intercept,33 suggesting that up to 10% of the fluoride is
generated from a mechanism other than Reaction 7. The presence of
molecule A in effluent water has been reported by several
groups,12,15,27,33 further suggesting that side-chain cleavage is one
origin of the additional fluoride. In order to match the figure of 10%,
it was found that a value of r9 = O共1兲 was required.
Figure 12 shows simulation results at the OCV with r9 = r10
= 1 mol−1 m3 s−1, with all other parameter values identical to those
for the base case in Fig. 5, given in Tables I, III, and VI-XI. The
side-chain groups are rapidly depleted in comparison to the rate of
–COOH group depletion, as seen by comparing Fig. 12a and c.
Cleavage of the side chains and degradation of molecule A lead to
the formation of additional –COOH groups, so that the initial rise in
the –COOH group concentration is well above that in Fig. 5, where
side-chain cleavage is not included. The preponderance of ·OH at

500

B481
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Figure 11. Evolution of the –COOH group concentration at the OCV with
共a兲 r7 = 10 m6 mol−2 s−1, and 共b兲 r7 = 1 ⫻ 104 m6 mol−2 s−1. All other parameter values are identical to those for the base case in Fig. 5: pg,A
= pg,C = 300 kPa, aw,A = aw,C = 0.9, TA = TC = 80°C, no side-chain cleavage, and a constant Fe2+ concentration of 5 ppm. See Tables I, III, and VI-XI
for the remaining values.

the anode, as before, leads to preferential side-group depletion at the
anode. The profile in the –COOH concentration at 28 h in Fig. 12c
shows that the maximum –COOH group concentration is rapidly
attained at the anode. Thereafter, the –COOH group concentration
begins to decay. Figure 12d and b shows that the ratio of the formation rate of HF by the unzipping mechanism 共Reaction 7兲 to that by
side-chain cleavage reaction 共Reaction 9兲 is approximately 1:10, as
required.
The profiles of –COOH concentration and of 2q7 show that the
wavelike motion seen in all previous results persists with side-chain
cleavage included, albeit at a slower rate compared to the wave in
Fig. 5a as a result of the increased maximum in the –COOH concentration. The side-chain concentration also decays in a wavelike
manner at a more rapid rate; the decay is limited primarily by the
local concentration of ·OH.
Conclusions
A framework for modeling the chemical degradation of a PFSA
membrane inside a PEM fuel cell has been developed. Within the
framework, several extensions to this first model are possible, primarily in relation to the kinetics of both peroxide/radical formation
and membrane attack. At the present time, however, there is no
consensus on the mechanisms for these processes. A central objective of this work is to gain a better understanding of the physicoelectrochemical steps that lead to membrane degradation. The initial
focus has been placed on those mechanisms that are best supported
by experimental evidence, or most widely accepted, in order to assess their ability to explain observed trends in a consistent fashion.
The parametric studies performed in this paper have revealed
several features of the degradation behavior that are potentially important to achieving a better understanding of the steps and processes involved, particularly of the role of peroxide and radicals.
H2O2 is generated predominantly at the anode by Reaction 5,
facilitated by O2 crossover from the cathode to anode. Formation of
appreciable rates of H2O2 in the cathode at the OCV is prevented by
a large positive overpotential. The rate of crossover controls the rate
of H2O2 production. Decreasing the membrane thickness and in-
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Figure 12. Evolution of the system at the
OCV with side-chain cleavage included:
r9 = r10 = 1 mol−1 m3 s−1. The other parameter values are identical to those for
the base case in Fig. 5: pg,A = pg,C
= 300 kPa, aw,A = aw,C = 0.9, no sidechain cleavage, and a constant Fe2+ concentration of 5 ppm. See Tables I, III, and
VI-XI for the remaining values.
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creasing the O2 partial pressure in the cathode stream can dramatically increase the rate, consistent with a model of H2O2 production
mainly at the anode.
The rate of radical formation increases substantially with temperature and impurity concentration and is correlated to the rate of
H2O2 formation. The effect of a decrease in the rate of H2O2 formation on the rate of degradation can be outweighed by a increase in
the rate of radical formation, through its highly sensitive dependence
on temperature 共compare Fig. 5 and 10兲. A decrease in water activity
is known to increase the rate of degradation. There are two effects
that contribute to this phenomenon: 共i兲 an increased rate of H2O2
production in the cathode by Reaction 1 through an increase in the
proton concentration and 共ii兲 an increase in the concentration of
metal-ion impurities as a consequence of the increased membrane
density. Effect ii is by far the predominant factor leading to the
increased rate of degradation.
Degradation of the membrane 共depletion of the –COOH and CF2
groups兲 proceeds in a wavelike manner, as seen in, for example, Fig.
5a. The direction of propagation is invariably from the anode to
cathode. For a decreasing cell voltage, the rate of O2 consumption in
the cathode increases, which reduces the rates of O2 crossover and
H2O2 formation at the anode. The degradation rate is, therefore,
decreased. However, as the degradation front approaches the cathode, its speed increases because the rate of H2O2 formation at the
cathode is enhanced by a reduction in the cell voltage. The values of
the rate constants for the degradation reactions were varied in order
to demonstrate that the wavelike behavior persists over a broad
range of unknown parameter values. The speed of the wave front
varies with changes in the values of r7 and r9, but there are no
qualitative differences. These rate constants could in principle be
measured with in situ carbon-fluorine NMR 共high field兲 to follow
the unzipping of the chain. It is important to acknowledge, however,
the problem of extreme sensitivity for any analytical method.
The most widely employed measure of the degradation rate is the
FER. Numerical simulations have demonstrated that the use of FER
to investigate preferential degradation could lead to erroneous conclusions. The generation of HF is highly localized, as demonstrated

0.24

0.26

0.28

0.3

y / mm

in Fig. 5f, and the peak in HF production follows the degradation
front from the anode to the cathode. Moreover, diffusive transport
redistributes the HF quite effectively across the MEA. The times at
which the measurements are taken are important; a low concentration of HF may well be a result of complete degradation rather than
a lack of degradation. The H2O2 and ·OH concentrations 共for example, Fig. 5c and d兲 provide better indicators of preferential degradation.
Southampton University assisted in meeting the publication costs of this
article.

List of Symbols

Ecell
E0
Eact
F
H
j
J
km,i

volumetric surface area of agglomerates, m−1
volumetric surface area of platinum, m−1
water activity
molar concentration, mol m−3
mean pore diameter, m
diffusion coefficient, m2 s−1
cell voltage, V
open-circuit cell voltage, V
activation energy, J mol−1
Faraday’s constant, C mol−1
Henry’s constant or Heaviside function
current density, A m−2
Leverette function
mass-transfer coefficient for species i, s−1

k̂
L
m
N
p
pg
q
q O2
Q
ri
R
Ra
s

thermal conductivity, W m−1 K−1
thickness, m or m
loading, kg m−2
agglomerate density, m−3
liquid pressure, Pa
gas pressure, Pa
reaction rate, mol m−3 s−1
ORR rate, mol m−3 s−1
heat source, J mol m−3 s−1
rate constant for Reaction i, reaction dependent
molar gas constant, J K−1 mol−1
agglomerate radius, m
saturation

A
a
aw
c
d
D
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s
*
S
t
T
v
M
x
y

immobile saturation
source term, mol m−3 s−1 or W m−3 or A m−3
time, s
temperature, K
velocity, m s−1
molar mass, kg mol−1
mole fraction
distance, m

␣
␥
␦
⌬s
⑀







⬘




charge-transfer coefficient
diffusion rate through films, s−1
film thickness, m or m
entropy change, J K−1 mol−1
volume fraction
overpotential, V
contact angle or surface coverage, deg
absolute permeability, m2
membrane water content
dynamic viscosity, kg m−1 s−1
fixed charge site concentration, mol m−3
density, kg m−3
surface tension, N m−1
ionic conductivity, S m−1
molar area density of platinum sites, mol m−2
potential, V

Greek

Subscripts
a
app
A
A
b
c
C
cap
carb
d
d↔g
d↔l
e
g
g↔l
G
HO2
H 2O 2
H 2O
HF
f
v
l
Mn+
OH
p
Pt
ref
s
side
wpe
0

agglomerate
applied
anode
molecule A
backward reaction
cathode
catalyst layer
capillary
carboxylic acid
dissolved
dissolved to/from gas phase mass transfer
dissolved to/from liquid phase mass transfer
electrolyte
gas
gas to/from liquid-phase mass transfer
GDL
hydroperoxyl radical ·OOH
hydrogen peroxide
water
hydrogen fluoride
forward reaction
vapor
liquid water
metal ion
hydroxyl radical ·OH
pore space
platinum
reference
solid or electronic
side chain
weak polymer end group
initial value

Superscripts
d dissolved
f electrolyte film
v water vapor
* equilibrium value
¯ boundary/initial value
ˆ volume average
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