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A B S T R A C T

Chemical membrane degradation causes deterioration of critical membrane properties such as gas separation
which finally causes failure of polymer electrolyte membrane fuel cells (PEMFCs). In order to identify the un-
derlying physical processes, a physics-based model of chemical membrane degradation is implemented into the
novel numerical framework NEOPARD-X [1]. The existing 2D PEMFC model is extended to incorporate the
mechanisms of hydrogen peroxide formation and reduction, a redox cycle of iron contaminants in the ionomer
phase, radical formation due to Fenton's chemistry and radical attack on the polymer structure. Unzipping of the
polymer backbone and scission of the side chains are considered as degradation mechanism. The degradation
model is validated against experimental data obtained in accelerated stress tests (ASTs). From theoretical con-
siderations, the influence of chemical membrane degradation on the cell performance is revealed. The influence
of pressure, relative humidity and cell voltage on the chemical degradation is rationalized. The operating condi-
tions strongly influence the kinetics and spacial distribution of the membrane degradation. Degradation is found
to be most pronounced at elevated pressure, high relative humidity and high cell voltage close to the interface
of anode catalyst layer and PEM.

1. Introduction

Cost reduction and improved durability are key elements to boost
prevalence of the PEMFC technology. Lower platinum group metal con-
tent in the catalyst layers and cheaper bipolar plates are required to
bring down the price of a cell. The main factor limiting the lifetime of
PEMFCs in terms of performance is the loss of active catalyst. However,
critical failure of the cell is typically due to failure of the polymer elec-
trolyte membrane (PEM).

The membrane needs to provide low gas permeability, high pro-
ton conductivity and electrical insulation. Further, it has to resist me-
chanical stress due to swelling and shrinking during humidity cycling
and disintegration due radical attack. Mechanical degradation can be
suppressed effectively through incorporation of an e-PTFE reinforce-
ment layer into the membrane [2,3]. However, chemical degradation of
the membrane and its dependence on the operating conditions is not
well understood. Therefore, this work aims to illuminate the underlying
mechanisms based on physical theory.

The production of hydrogen peroxide during fuel cell operation is
one of the roots of chemical membrane degradation [4–7]. It may be
formed as a side product of the oxygen reduction reaction (ORR) in the
cathode catalyst layer (CCL) or from cross-over oxygen in the anode cat-
alyst layer (ACL) [7]. Since its diffusion length is in the millimeter range
[4], the location of chemical degradation and hydrogen peroxide pro-
duction need not be the same. Due to H⁠2O⁠2 decomposition, HO• radicals
are formed which are able to attack the polymer [4,8]. Further, radical
formation from hydrogen peroxide is effectively catalyzed by iron cont-
aminants [9].

Therefore, the presence of iron ions, stemming from the membrane
manufacturing process [10] or metallic piping and bipolar plates [11]
needs to be considered. A source from the bipolar plates can be pre-
cluded if a material which does not contain iron, e.g. graphite, is used.
Another possible iron source could be non-noble metal ORR catalysts.
For example, ions from Fe/N/C catalysts [12–16] could leak into the
membrane [17] and accelerate the degradation. In earlier studies on
chemical degradation, a constant [5,7,18] or steady-state [4,8] iron ion
concentration is assumed. In Ref. [19] a continuous source is applied.
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The assumption of a constant Fe⁠2+ concentration is not reasonable
since it is quickly converted to Fe⁠3+ via the Fenton's reactions. There-
fore, chemical degradation would soon cease. Assuming a continuous
source might only be valid in a cell with metallic bipolar plates but a
high uncertainty remains concerning the magnitude of this source.

All studies mentioned above neglect the influence of the electro-
chemical redox reaction and transport of iron ions on the steady-state
concentration which was found by Wong and Kjeang [20]. In the elec-
trodes, Fe⁠3+ is effectively converted back into Fe⁠2+ via a single-electron
redox reaction (Eq. (16)).

Further, iron ions are transported due to gradients of concentration
and ionic potential in the CLs and PEM. Therefore, a small initial con-
tamination with iron ions is enough to enable continuous degradation
of the polymer. The model of Wong and Kjeang [20] is the only model
capable to describe the dependency of chemical degradation on the cell
voltage. However, this dependency was not validated.

In order to model membrane degradation in realistic fuel cell con-
ditions, the steady-state HO• concentration needs to be determined at
elevated temperatures. It is influenced by chemical reactions with H⁠2,
O⁠2, HOO• and H• [4,8,20]. Further, the degradation reactions with the
ionomer will decrease the steady state concentration [4]. As discussed
in Ref. [21], relevant reactions with H⁠2 and O⁠2, which are present in
comparably high concentrations inside the ionomer phase, are neglected
in Ref. [8]. Further, the influence of degradation reactions on the HO•

steady-state concentration is neglected. On the other hand, the studies
[4,20] neglect the influence of temperature on the reaction rates. There-
fore, the sets of chemical reactions considered in these studies are valid
at room temperature only.

Radical attack on the polymer structure may occur in different lo-
cations. Carboxylic acid groups on the polymer backbones have been
identified as a weak spot. Here, degradation proceeds via the so called
unzipping mechanism [10,22] which causes continuous disintegration
of the polytetrafluoroethylen (PTFE)-like polymer chains accompanied
by release of HF and CO⁠2. When this degradation mechanism reaches
a junction of backbone and pending side chain, a side chain is cut off
forming the so-called ‘molecule A’ which may be detected in the efflu-
ent water of the cell [23].

Scission of the side chains is a second degradation pathway [22,24].
In this case, radicals will attack the sulfonic acid group or the ether link-
ages on the side chain [25–30]. Subsequently, unzipping along the side
chain will become operative [24] resulting in the formation of two car-
boxylic acid groups on the backbone. This way, side chain scission will
promote degradation via the unzipping mechanism.

In this study, a model for chemical membrane degradation based
on [8,20] is developed and incorporated into the detailed, physical 2D
PEMFC model of the NEOPARD-X framework [1]. To our knowledge,
for the first time, a comprehensive PEMFC model takes into account
the transport and electrochemical reactions of iron ions in the ionomer
phase to capture the voltage dependency of degradation. An advanced
set of chemical reactions which contains the relevant reactions and takes
into account their temperature dependency is applied for the determi-
nation of the radical concentration under typical fuel cell operating con-
ditions. Both, unzipping and side chain scission are considered as degra-
dation pathways in the model. Finally, the model is validated against
experimental data [31].

2. Physical and mathematical model

In this study, chemical membrane degradation is assumed to result
from multiple coupled processes. The mechanisms included into the
model are depicted schematically in Fig. 1.

The membrane exhibits a small gas permeability. Gas cross-over is
described using the model of [32] where all interactions but those be-
tween the gas species and the polymer are neglected. A combination of

Fig. 1. Mechanisms represented in the chemical membrane degradation model.

Henry's and Fick's law allows to calculate the gas flux from permeation
coefficients and gradients of the partial pressure. For a membrane in
contact with a gas- or liquid phase, different permeation coefficients are
applied which represent distinct transport modes. If the membrane is
in contact with both phases, the two transport modes are interpolated
linearly using the fraction of expanded water channels in the polymer
[33]. Therefore, the conservation equation for gas species in the PEM is
given by

(1)

where ϕion, cj, Sch, pj denote the ionomer volume fraction in the PEM,
the molar concentration of gas species j, the fraction of expanded water
channels in the membrane and the gas species partial pressure respec-
tively. The symbols and represent the permeation coefficients for
the liquid- and vapor-equilibrated membrane.

For O⁠2, the permeation coefficients are given by Ref. [32].

(2)

and

(3)

where ϕH2O denotes the volume fraction of water in the membrane.
Thus, the gas cross-over is a function of pressure, temperature and mem-
brane hydration.

Oxygen traverses the membrane from the cathode to the anode side.
Since the overpotential for the corresponding reaction is large, oxygen
will react electrochemically to form hydrogen peroxide. Further, a small
iron ion contamination is assumed be present in the membrane and the
catalyst layers. Ions may exist in the form of ferrous- (Fe⁠2+) or ferric
(Fe⁠3+) ions and are mobile in the ionomer phase of the PEM and CLs.
Ferrous ions will react with hydrogen peroxide to form hydroxyl rad-
icals and ferric ions in chemical Fenton's reactions. They are regener-
ated from ferric ions via an electrochemical redox reaction. The rad
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icals may attack the polymer structure of the ionomer. The considered
polymer in this work is Nafion⁠®XL with a 8.33μm thick reinforcement
layer. For the sake of simplicity, the polymer structure is described us-
ing the radically coarse-grained approach of [8]. It is discussed in detail
in Section 2.5.

The governing equations for the transport of H⁠2, O⁠2, N⁠2, H⁠2O, H⁠+

and e⁠− in the porous electrodes and the PEM are discussed in detail in
a recent publication [1]. The present study, is limited to the key species
relevant for chemical membrane degradation. Further, the numerical
framework NEOPARD-X, which is based on the open source software
DUNE [34,35] and Dumu⁠X [36] is presented in detail in Ref. [1].

2.1. Performance model validation

In order to simulate the membrane degradation within the cell under
operation, coupling of the degradation model with an accurate PEMFC
performance model is needed. This single cell model provides the local
conditions required by the degradation model, while the degradation
model provides the change of membrane properties which affect the cell
performance.

Thus, in the first step the PEMFC performance model is validated
against experimentally measured polarization curves [31] in Fig. 2. It
should be noted that the membrane electrode assemblies (MEAs) used
in this study are non-automotive. Therefore, the performance is not
state-of-the-art. Since chemical membrane degradation is expected to be
most severe under dry conditions and at elevated temperature, the po-
larization curves were measured at a temperature of 368.15K, a pres-
sure of 1.5×105 Pa and 30% and 50% relative humidity. To fit the ex-
periments, most of the model parameters used in Ref. [1] were left un-
changed. Only those parameters which are expected to vary for a dif-
ferent active layer were changed. They are listed in Table 1. Further, in
this study, the sorption isotherm of [37] was used to model the water
uptake of the membrane. The experiments in Refs. [1,31] were carried
out in counter- and co-flow respectively and with different MEAs. Still,
excellent agreement between the model and the experiments can be ob-
served. This demonstrates the predictive capabilities of the performance
model.

At low relative humidity, the cell performance is reduced signif-
icantly due to an increase in ohmic resistance, reduced catalyst uti-
lization and increasing oxygen transport resistance in the ionomer
thin-films of the CLs [1].

2.2. Hydrogen peroxide in a two-phase system

For the formation and reduction of hydrogen peroxide in the CLs,
the following electrochemical reaction are considered:

(4)

(5)

The corresponding equilibrium voltages are 0.695V and 1.76V re-
spectively. From the equilibrium voltage the reaction overpotential is
calculated as

(6)

where Φelec,Φion and E0 denote the electrode potential, the ionic po-
tential and the equilibrium voltage respectively. The reaction rates are
modeled using Tafel and symmetric Butler-Volmer kinetics respectively
[20]. They are given by

(7)

Fig. 2. Comparison of simulated and experimental polarization curves: a) linear current
density scale. b) logarithmic current density scale.

and

(8)

where the symbols Aeff,i0 and χ denote the effective active surface area,
the exchange current density and the H⁠2O⁠2 selectivity. The parameters
used in this study are presented in Table 2.

In the porous electrodes, hydrogen peroxide is transported via con-
vection and diffusion in the gas- and liquid phase. In a general form the
balance equation of a species j is expressed as [1].

(9)
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Table 1
Model parameters for validation.

Symbol/Value Units Comment

Lambda control:
imin = 600/1000* A m⁠−2 –
λflux,O2 = 2/10* – –
λflux,H2 = 1.2/10* – –

ORR:
A m⁠−2 fitted

ECSA:
Aanode = 1.26×107 m⁠2 m⁠−3 measurement⁠a

Acathode = 1.17×107 m⁠2 m⁠−3 calculated
Ionomer film model:
δion = 7×10 − 9 m fitted
A = 100 s m⁠−1 fitted
B = 3×104 s m⁠−1 fitted
C = − 5.5 – fitted

PTFE reinforcement in the PEM:
ϕion = 1/0.4⁠b – estimated

⁠∗value for the polarization curve- and AST simulations respectively.
a Corresponds to a Pt loading of 0.6mgcm⁠−2.
b Values out- and inside the reinforcement layer respectively.

Table 2
Model parameters for H⁠2O⁠2-formation and -reduction.

Symbol Value/Units Reference

Aeff A(1 − θPtOx) /m⁠2m⁠−3 ⁠a

i0,H2O2,f 4×10 − 10 /A m⁠−2 fitted
i0,H2O2,r 1×10 − 5 /A m⁠−2 [20]
χ [38]

αH2O2,r 0.32 [18]
40.88/mol m ⁠−3 [20]
40.88/mol m ⁠−3 [20]

a The active area A is given in Table 1. The surface coverage of platinum oxides θPtOx is
calculated according to [1].

The first and second term of Eq. (9) for H⁠2O⁠2 are given by

(10)

and

(11)

respectively, where ϕ, ρmol,α, , Sα denote the porosity, the molar
density, the mole fraction of H⁠2O⁠2 in phase α and the saturation of phase
α respectively. The symbol M denotes the number of fluid phases and is
equal to two. For the phase velocity vα, a multi-phase Darcy approach is
applied:

(12)

Here, K represent the intrinsic permeability of the porous medium. The
permeability values for the different layers of the electrode are taken
from Ref. [1] and are given in Table 3. The symbols krα, μα and pα de

Table 3
The permeability values used in this study for different layers of the electrodes.

Layer Permeability/m⁠2

GDL 1.8×10 − 11

MPL 3.33×10 − 15

CL 2×10 − 15

note the relative permeability, the dynamic viscosity and the pressure
of phase α respectively. The diffusive flux density of hydrogen peroxide

takes into account Fickian- and Knudsen diffusion [1].
In the considered two-phase system, hydrogen peroxide has a high

affinity for the liquid water phase. This manifests itself in a high value
of the Henry coefficient (6.81×102 to 1.382×103 mol m⁠−3 Pa⁠−1 [39])
which exceeds the value for e.g. oxygen by seven to eight orders of mag-
nitude. The mole fraction of H⁠2O⁠2 in the liquid- and ionomer phase is
calculated using

(13)

where the vapor pressure, , and the activity of H⁠2O⁠2 in the liquid
phase, , are calculated using the relations given in Ref. [40]. Since,
in equilibrium, the resulting concentration of hydrogen peroxide in the
liquid phase is extremely high compared to the gas phase concentration,
a low value for the exchange current density of the H⁠2O⁠2-formation re-
action was chosen in this study (see Table 2) to obtain concentrations
similar to those reported in the single-phase model of [20]. The value
used here is five to eleven orders of magnitude below other values given
in literature [18,20,41]. The rigorous treatment of hydrogen peroxide in
the two-phase system is a fundamental novelty in the modeling of chem-
ical membrane degradation.

In the PEM, for secondary species like hydrogen peroxide, iron ions
and radicals, the transport is assumed to be purely diffusive. There-
fore, the corresponding balance equation for an arbitrary species j in the
membrane is given by

(14)

where ϕion denotes the volume fraction of the ionomer phase (see Table
1). For hydrogen peroxide, a diffusion coefficient DH2O2 = 6.8×10 − 11

m⁠2 s⁠−1 [42] is used. For the calculation of arbitrary effective transport
parameters P in the ionomer phase (e.g. diffusion coefficients, mobili-
ties, conductivities, …), a Bruggemann correction is employed:

(15)

This correction is applied to all transport properties inside the re-
inforcement layer of the PEM and in the catalyst layers. This standard
approach is used due to a lack of data on the actual micro-structure of
the ionomer phase in the PEM reinforcement and the CLs. Tomographic
measurements of the ionomer distribution in these layers are required
to obtain improved relations for effective transport properties.

The sink term qH2O2 inside the PEM is calculated based on the system
of reactions presented in Section 2.4 using Eq. (23).

2.3. Iron ions

Chemical membrane degradation strongly depends on the operating
conditions. The strongest impact has the cell voltage. Further, degrada-
tion is found to be most severe on the anode side of the membrane [31].
Since the anode potential does not change much under load, the hy-
pothesis of an electrochemical process leading to radical formation and
subsequent chemical degradation can be ruled out. Therefore, a differ-
ent process which depends on cell voltage is required in order to explain
the experimental observations. In Ref. [20] the presence of an iron ion
redox cycle in combination with iron transport in the PEM and CLs is
assumed. Iron ions react via

(16)
in the electrodes and move due to concentration- and ionic potential
gradients in the ionomer phase.
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This theory is useful for two reasons: (i) Fe⁠2+ is regenerated from
Fe⁠3+ via Eq. (16) so that degradation does not cease with only a little
amount of iron present and (ii) the transport of iron ions depends on the
cell voltage, which could be the missing mechanism to explain the volt-
age dependency of chemical membrane degradation. For these reasons,
the model of [20] for the iron ions is adapted in this study.

The rate of the electrochemical iron ion redox reaction in the elec-
trodes is calculated as [20].

(17)

with kFe = 1×107 m s⁠−1, αFe = 0.5 and the temperature-dependent
equilibrium voltage [43].

(18)

The flux density of a trace ion j in the ionomer phase of the CLs and
the PEM is described with a Nernst-Plank-type equation [20].

(19)

where Dj, cj, uj, and zj denote the diffusion coefficient, the concentration,
the mobility and the charge number of ion j respectively. The diffusion
coefficient is expressed as a function of mobility using the Nernst-Ein-
stein-relation

(20)
For ferrous and ferric ions, mobilities of 1.25×10 − 13 and

1.25×10 − 14 s mol kg⁠−1 were used respectively [20]. Again, effective
ion mobilities are calculated using Eq. (15).

2.4. Radical formation

The considered set of chemical reactions involved in the radical for-
mation together with the corresponding kinetic parameters is given in
Table 4.

The rate constant of the irreversible reactions i for a given tempera-
ture is calculated with an Arrhenius approach

Table 4
Set of chemical reactions considered in the model.

Nr. Reaction
/m⁠3

mol⁠−1 s⁠−1
/J

mol⁠−1 Ref.

1 Fe2 + + H2O2 + H + →Fe3 + +
HO• + H2O

6.5×10 − 2 3.54×104 [44]

2 Fe3 + + H2O2 + H + →Fe2 + +
HOO• + H +

4×10 − 8 1.26×105 [4]

3 Fe2 + + HOO• + H + →Fe3 + +
H2O2

1.2×103 4.2×104 [45,46]

4 Fe3 + + HOO•→Fe2 + + O2 + H
+

2×101 3.3×104 [46,47]

5 Fe2 + + HO• + H + →Fe3 + +
H2O

2.5×105 9×103 [45,48]

6 HO• + H2O2→HOO• + H2O 2.7×104 1.4×104 [49,50]
7 HOO• + H2O2→HO• + H2O +

O2

3×10 − 3 3×104 [51,52]

8 2HOO•→H2O2 + O2 8.6×102

/s⁠−1
2.06×104 [53,54]

9 HO• + H2→H• + H2O 4.2×107 0⁠a [49]
10 H• + O2→HOO• 2.1×1010 0⁠a [49]

a No activation energy available.

(21)

where the reference temperature Tref = 298.15 K. The corresponding re-
action rates are given by

(22)

where j denotes the educt species of reaction i with the corresponding
stoichiometry coefficient νi,j.

The set of reactions is similar to the one used in Ref. [8]. However,
reactions 9 and 10 were added since they are relevant in operating PEM-
FCs [4]. To the authors knowledge, for these reactions, no activation
energy is available in the scientific literature. Especially reaction 9 may
lower the hydroxyl radical concentration significantly, depending on its
activation energy. Therefore, the hydroxyl radical concentrations calcu-
lated with the model represent the upper limit.

A sensitivity study for the activation energies of reactions 9 and 10
was performed to investigate the importance of the reactions. For this
purpose, 100h of chemical membrane degradation at OCV, a pressure of
1.5×105 Pa, a relative humidity of 30% and a temperature of 368.15K
were simulated. The activation energies of reactions 9 and 10 were var-
ied in a broad range from 0 to 9×104 J mol⁠−1 and the results are de-
picted in Fig. 3.

An exponential decrease of the FER with increasing values of
can be observed as hydroxyl radicals are decomposed efficiently via re-
action 9. In the present model, the kinetics of reaction 10 is insignifi-
cant. However, reaction 10 will become relevant if degradation mecha-
nisms involving hydrogen radicals [29] are considered.

It should be noted that the temperature-dependence of all reac-
tion kinetics was neglected in Ref. [20], so the results are applicable
to ex-situ experiments only. Further, in Ref. [8], an analytical solu-
tion for the steady-state HO• concentration was derived, neglecting the
influence of the degradation reactions. This is a simplification which
may lead to an drastic overestimation of the HO• concentration up to
two orders of magnitude [4]. Both simplifications mentioned above are
avoided in the present study.

Fig. 3. Model sensitivity to the activation energies of reactions 9 and 10.
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For each radical species involved in the reactions, a balance equa-
tion equal to Eq. (14) is solved inside the PEM. The diffusion coefficients
used in this study for H•, HO• and HOO• are 9×10 − 10, 6.8×10 − 11 and
3×10 − 9 m⁠2 s⁠−1 respectively [4]. The source terms for species j due to
the reactions i are given by

(23)

2.5. Polymer structure and radical attack

The polymer structure of Nafion⁠®is depicted in Fig. 4 a). It con-
sists of a PTFE-like backbone with pending side-chains, terminating in
a sulfonic acid group. For the attack of radicals on the polymer struc-
ture, different locations have been identified. In this study, carboxylic
acid groups on the backbone [10,22] and the α-ether-linkages are con

Fig. 4. a) Chemical structure of Nafion⁠®and its coarse-grained simplification according
to [8]. b) Side-chain scission and unzipping along the side-chain. c) Unzipping along the
backbone.

sidered as weak spots [22,24–30]. Consequently, the polymer structure
is simplified using the radically coarse-grained approach of [8]. The
side-chains are separated at the α-ether-linkages into trunk- and head
groups. As a third structure, the part of the backbone between two
side-chains is considered.

Degradation is assumed to proceed via three mechanisms:

1. Side-chain scission: When the α-ether-linkage is attacked, the head
group is cut from the side chain and a carboxylic acid group is cre-
ated on the trunk. Thus, the trunk unit becomes ‘activated’, i.e. sus-
ceptible to chemical degradation via the unzipping mechanism (see
Fig. 4 b) middle).

2. Unzipping along the side-chain: The activated trunk units gets de-
stroyed in a sequence of unzipping steps resulting in two carboxylic
acid groups on the polymer backbone. Consequently, these parts of
the backbone become activated (see Fig. 4 b) bottom). Through this
step, degradation accelerates as more carboxylic acid groups are cre-
ated.

3. Unzipping along the backbone: Once a carboxylic acid group is lo-
cated on the backbone, it is degraded in a sequence of unzipping
steps. When this process reaches the junction with a side-chain, it is
lost indirectly (see Fig. 4 c)).

In order to describe the processes discussed above, additional bal-
ance equations for the five membrane species backbone (bb), activated
backbone (bba), trunk (t), activated trunk (ta) and head group (h) are
solved. Since these species are considered immobile, the equations are
given by

(24)

The degradation reactions are assumed to proceed via a single
rate-determining step (RDS). With the simplified physical model, they
are expressed as pseudo reactions given in Table 5.

With the given parameters, the rate constant for the side-chain scis-
sion k11 at 353.15K is 0.24m⁠3 mol⁠−1 s⁠−1, where in Ref. [8], the cor-
responding value is 44. This deviation by two orders of magnitude is
due to the overestimation of the HO• concentration in Ref. [8] as dis-
cussed in Section 2.4. However, the rate constant used here for reac-
tion 11at the reference temperature is six orders of magnitude below
the value found in Ref. [55]. With the room temperature value of [55],
even when assuming an activation energy of zero, the rate constant of
the side-chain scission at 353.15K would exceed the given value by
four orders of magnitude. With such a fast degradation mechanism, the
polymer would quickly lose all the sulfonic acid groups and become
an non-conducting PTFE membrane. This indicates that degradation in
Nafion⁠®via side-chain scission must be much slower than the reaction
of model compounds in an aqueous solution used in the experimental
study [55].

Unzipping along the activated trunks and backbones is assumed to
proceed in Nj consecutive steps, where the value of Nj depends the
backbone length between neighboring side-chains and the side chain
length. According to [56], the integrated reaction rate for such a re
Table 5
Set of degradation reactions considered in the model.

Nr. Reaction
/m⁠3

mol⁠−1 s⁠−1
/J

mol⁠−1 Ref.

11 3×10 − 3 7×104
⁠a

fitted

12 7.9×102 7×104 [4,55]
13 7.9×102 7×104 [4,55]

a Assumed to be the same as for unzipping.
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action i can be written as

(25)

Therefore, the rates for the head group-, activated trunk- and acti-
vated backbone loss are given by

(26)

(27)

and

(28)

respectively. Further, trunks, activated trunks and head groups may be
lost indirectly when unzipping along the backbone reaches a junction to
a side-chain as depicted in Fig. 4 c). The corresponding rates for the in-
direct losses are given by

(29)

(30)

and

(31)

Ghelichi et al. [8] used the terms ct/ch,init, cta/ch,init and ch/ch,init in
Eqs. (29)–(31) respectively, where ch,init denotes the initial head group
concentration. This leads to an underestimation of the indirect losses
since it neglects the evolution of the polymer due to degradation. Con-
sequently, the equivalent weight of the polymer may decrease which is
not meaningful for the given model of the polymer structure.

To sum up, the source terms of Eq. (24) for the head groups, trunks,
activated trunks, backbones, and activated backbones are given by the
following equations.

(32)

(33)

(34)

(35)

(36)

In the AST experiments [31], the fluoride emission rate (FER) as a
measure for the chemical membrane degradation has been measured us-
ing ion chromatography. To compare the model results with the experi-
ments, the FER is calculated using

(37)

where nh, nt and nbb denote the number of fluorine atoms per head
group, trunk and backbone respectively.

Further, in Ref. [31], the change of the membrane thickness due
to chemical membrane degradation was determined. Therefore, for the
purpose of model validation, the change of the membrane mass per
control volume is calculated. Assuming a constant density of the mem

brane, this loss of mass can be related directly to a change in membrane
thickness. In this study, the effects of membrane thinning are taken into
account without the necessity to use of an adaptive simulation grid. For
this purpose, the x- or through-plane component of the gradients, ∇x,
used for the calculation of the local fluxes is scaled with the density ra-
tio:

(38)

where ρinit and ρ(t) denote the initial membrane density and the mem-
brane density at time t, respectively.

2.6. Initial-, boundary and coupling conditions

The relationships used for the calculation of the initial conditions in
the PEM domain are listed in Table 6.

In the electrodes, the initial mole fraction of hydrogen peroxide is set
to zero and the concentrations of Fe⁠2+ and Fe⁠3+ is set to 0.022molm⁠−3

in accordance with the initial conditions in the PEM domain.
The boundary conditions for hydrogen peroxide in the electrodes are

set as described in Ref. [1]. For the iron ions, identical to the protons,
Neumann no flow conditions are applied on the CL/MPL interfaces. For
the polymer and radical species, Neumann no flow conditions are set on
the boundary of the PEM domain.

For the coupling of H⁠2O⁠2 transport in the electrodes and the polymer
electrolyte membrane, chemical equilibrium is assumed. In the PEM do-
main, a Dirichlet type coupling condition is set. The molar concentration
of hydrogen peroxide on the coupling interfaces is calculated from the
local conditions in the electrodes using Eq. (13). In return, a Neumann
type flux coupling condition in the electrode domains is set.

The iron concentration across the CL/PEM interfaces is assumed to
be continuous.

Table 6
Initial conditions for the degradation model.

Property/Equation Units Ref.

Polymer density:
ρinit = 2000 kg m⁠−3 [32]

Polymer chain lengths:
Nbb = 14 [8]
Nt = 2 [8]

Molar mass of polymer constituents ⁠a:
Mh = MS + 3MO + 2MC + 4MF kg mol⁠−1

Mbb = (MC + 2MF)Nbb + MC + MF kg mol⁠−1

Mt = (MC + 2MF)Nt + 2MO + MC + 2MF kg mol⁠−1

Equivalent weight:
EWinit = Mh + Mbb + Mt kg mol⁠−1

Initial concentrations:
mol m⁠−3

⁠b mol m⁠−3

⁠b mol m⁠−3

mol m⁠−3

mol m⁠−3 [8]
mol m⁠−3

mol m⁠−3

mol m⁠−3

mol m⁠−3

mol m⁠−3

mol m⁠−3

a MS, MO, MC and MF denote the molar mass of sulphur, oxygen, carbon and fluorine
respectively.

b Corresponds to 1.26ppm.
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3. Results

3.1. Influence of pressure and relative humidity on chemical degradation

To validate the chemical membrane degradation model, the simu-
lated FER is compared to experimental values under the three condi-
tions listed in Table 7. The lambda control parameters given in Table
1, corresponding to OCV operation, were used and cell operation in
counter-flow was simulated. To simulate the OCV conditions, galvano-
static simulations were executed with a constant cell current density
equal to zero. The simulated temperature was 368.15K.

Fig. 5 a) shows the comparison between the simulated and measured
FER under the three conditions. In Ref. [31], the FER was measured for
the anode and cathode exhaust water separately. In the present model,
the FER is calculated from integration of Eq. (37) over the PEM domain.
Further, transport of degradation products out of the cell is neglected in
the model. Therefore, anode and cathode FER cannot be distinguished.
Thus, the simulation results are compared to the sum of both experimen-
tal values. Additionally, the thinning of the membrane was measured in
Ref. [31]. From the comparison of thinning and FER, it was concluded
that not all fluorine, released during the ASTs, could be detected be-
cause ionomer fragments were not decomposed completely into fluoride
ions. Thus, it was estimated that the total amount of fluorine released
during the ASTs exceeded the measured value by a factor of 20.8. Since
the model does not distinguish between detectable and non-detectable
fluorine, the simulation results are compared to the experimental values
multiplied with the given factor.

The FER is lowest for low pressure and low relative humidity. Under
this condition, the oxygen partial pressure gradient across the PEM is
smaller and the permeability of oxygen is reduced [32]. Therefore, the
formation of hydrogen peroxide is slow and thus the chemical degra-
dation. Consequently, an increase in pressure accelerates the chemical
degradation. The increase of relative humidity has two effects: (i) in-
crease of oxygen permeability with increasing relative humidity and (ii)
increased iron ion transport in the CLs and PEM. Since increasing rela-
tive humidity increases the ionomer conductivity, gradients of ionic po-
tential are reduced and the drag of iron ions (Eq. (19)) is decreased.
Thus, their effective transport across the PEM and CLs accelerates.

In Fig. 5 b), the contributions of the different degradation mecha-
nisms to the overall FER for the AST at low relative humidity and ele-
vated pressure are depicted. With the current parametrization, the un-
zipping mechanism is fast when compared to the side chain attack (see
Table 5). Therefore, unzipping of the backbones is the main contribution
to the FER. Further, indirect losses due to unzipping of the backbones
are significant. Since activated trunks on the side-chains are degraded
quickly, their concentration is extremely low, which makes the indirect
loss of these groups insignificant. The FER due to side-chain scission and
unzipping of side-chains is three orders of magnitude below the one for
unzipping of the backbones.

3.2. Membrane thinning and OCV evolution

In Ref. [31], the thinning of the membrane after the tests was inves-
tigated. Further, the decrease of the OCV in the course of the ASTs was

Table 7
Operating conditions for the ASTs [31].

Case RH/% panode /Pa pcathode /Pa

1 30 1.5×105 1.5×105

2 30 2.5×105 2.3×105

3 75 2.5×105 2.3×105

Fig. 5. a) Comparison between experimental and simulated FER during the ASTs. b) De-
tailed analysis of the simulated FER for case 2.

measured. Membrane thinning due to chemical degradation will in-
crease the hydrogen cross-over from the anode to the cathode. As hy-
drogen cross-over causes a small internal short-circuit current which de-
creases the OCV considerably from its theoretical value [57], thinning
of the membrane will lower the OCV. Plots of the simulated membrane
thinning and the OCV during the ASTs are depicted in Fig. 6.

Comparison of experimental and simulated values for the membrane
thickness at the end of the ASTs shows good agreement for case 2. In
case 1, the model overestimates the value given in Ref. [31] to a large
extent. No experimental data is available for case 3. One should keep
in mind that the experimental values are obtained from the analysis of
SEM images. Since membrane thinning will vary across the cell area,
many images are required in order to obtain a realistic estimate of the
thinning.
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Fig. 6. a) Simulated membrane thinning. Symbols denote experimental observations. b)
Simulated decrease of OCV.

The simulated OCV during the ASTs is depicted in Fig. 6 b). In case 1,
the partial pressure gradient of hydrogen across the membrane is lower
than in the other two cases. Further, hydrogen permeation is reduced
at low relative humidity [32]. Consequently, in this condition, the in-
ternal short circuit current is small and the OCV is highest. With in-
creasing pressure and relative humidity, the partial pressure gradient of
hydrogen across the membrane and the hydrogen permeability will in-
crease. Therefore, the initial OCV decreases from ∼0.985V in case 1 to
∼0.965V in case 3. As membrane thinning is proportional to the FER,
the decrease of OCV during the ASTs increases from case 1 to case 3.

In Ref. [31] a linear approximation of the OCV reduction is given
for the three test cases. Experimental and simulated values are listed in
Table 8.

In case 1 and 2, the model underestimates the experimental value
by a factor of five, in case 3 by a factor of 14. This indicates that addi

Table 8
Experimental and simulated decrease of OCV/μV h⁠−1.

Case Experiment Model

1 262 46
2 451 95
3 492 35

tional mechanisms, apart from the increase of gas cross-over due to
membrane thinning, must cause the OCV drop during the ASTs.

3.3. Voltage dependency of chemical degradation

Experimentally, a strong dependency of chemical membrane degra-
dation on the cell voltage is observed [31]. It is attributed to the poten-
tial dependency of H⁠2O⁠2-formation and the transport of iron ions in the
CLs and PEM. In this study, these effects are analyzed in 2D under real-
istic conditions with a physics-based model. For this purpose, potentio-
static simulations in a voltage range from 0.5 to 0.95V were executed.
For each condition, the cell voltage was ramped to the desired value and
held constant for 1000s to ensure steady-state. Then, chemical degrada-
tion was simulated for 100h.

Fig. 7 shows the distributions of the Fe⁠2+ concentration and the vol-
umetric FER at the beginning of AST case 3 in the PEM, together with
head group concentration after 100h of degradation at 0.95, 0.85 and
0.75V.

At 0.95V, the concentration of Fe⁠2+ is highest at the anode CL/PEM
interface close to the anode gas inlet which also corresponds to the cath-
ode gas outlet in counter-flow. The overpotential for the reduction of
Fe⁠3+ to Fe⁠2+ Eq. (16) is approximately −0.53Vat the anode, while it is
0.03Vat the cathode. Thus, Fe⁠2+ is produced at the anode, while it is
consumed at the cathode. Since the gradient of ionic potential across the
PEM is small close to OCV (−8Vm⁠−1), Fe⁠3+ is able to reach the anode
side.

In the plot for the volumetric FER, the effect of the PTFE-reinforce-
ment layer is visible. As sources and sinks for all species are multiplied
with the ionomer volume fraction ϕion, the FER is reduced in this part
of the membrane. Though the maximum iron ion concentration is close
to the anode inlet, the FER increases along the channel since hydrogen
peroxide accumulates along the flow direction. The maximum FER is lo-
cated at anode CL/PEM interface close to the anode outlet in this case.

After 100h of chemical degradation, the concentration of sulfonic
acid groups, i.e. head groups, in the anode- and cathode side of the PEM
are reduced by 17% and 13% respectively.

With the cell voltage equal to 0.85V, the gradients of the Fe⁠2+ con-
centration across the PEM are not as pronounced as for 0.95V. The over-
potential for iron ion reduction at the anode is still −0.5V, however, in-
creasing potential gradients (−234Vm⁠−1) drag the iron ions to the cath-
ode side under this condition.

The maximum for the FER is found close to the cathode CL/PEM in-
terface under this conditions which results from the combined presence
of H⁠2O⁠2 and ferrous ions in this location. Compared to degradation at
0.95V, the maximum degradation rate is reduced by 54%.

The concentration of sulfonic acid groups in the PEM after degrada-
tion exhibits only small gradients in the through-plane direction under
this condition. Along the channel, from anode inlet to outlet, the con-
centration falls from 1810.4 to 1601.9molm⁠−3 which corresponds to a
loss of 1% and 12% respectively.

At 0.75V, strong potential gradients (−730Vm⁠−1) drag the iron con-
taminants to the cathode side. The maximum concentration under this
condition is one order of magnitude below the values for the higher cell
voltages.
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Fig. 7. Simulated distributions of Fe⁠2+ (left) and the volumetric FER (center) and the head group concentration (right) in the PEM for cell voltages of 0.95 (top), 0.85 (center) and 0.75V
(bottom). The iron ion concentration and FER are displayed for the beginning of the AST (case 3), the head group concentration corresponds to 100h of chemical degradation.

In this case, chemical degradation is found to shift to the cathode
side close to the CL/PEM interface. After the AST, the minimum concen-
tration of head groups is 1806.2molm⁠−3, corresponding to a loss of 1%.
Therefore, under this condition, chemical degradation becomes insignif-
icant.

In Fig. 8, the initial FER, at the beginning of the ASTs, for different
cell voltages in the conditions of the test cases 1–3 are depicted.

In all test cases, the highest degradation rate is observed at the
highest potential close to OCV. As discussed above, this is due to the
small gradients of ionic potential in these conditions, which let the iron
ions move freely. With decreasing cell voltage, these gradients inten-
sify and the iron ions are dragged to the cathode CL. For cell volt-
ages below 0.7V, the membrane is swept clean of the majority of the
iron contaminants leading to a strong reduction in chemical degrada-
tion. Since the ionic conductivity is reduced at low relative humid-
ity, the ionic potential gradients are more pronounced and the voltage
dependency is stronger for the dry test cases 1 and 2. Again, degra-
dation increases at higher pressure since the partial pressure gradient
of oxygen, leading to hydrogen peroxide formation, becomes larger.
Further, degradation increases with increasing humidification since

oxygen permeation through the PEM is accelerated in humid conditions.

4. Conclusions

In this study, models for gas transport through the PEM, electro-
chemical hydrogen peroxide formation, transport and an electrochem-
ical reaction of iron ions, radical formation, polymer structure and
radical attack on the polymer were combined and implemented into
a comprehensive 2D, along-the-channel PEMFC model [1]. The simu-
lated cell performance is in excellent agreement with the experiment.
This was achieved by reasonable adjustment of only a few parame-
ters, underlining the predictive capabilities of the performance model.
Non-ideal relations for the thermodynamics of hydrogen peroxide in
a two-phase-system are considered, motivating a reconsideration of
the reaction kinetics hydrogen peroxide formation. An extended set
of chemical reactions, leading to hydroxyl radical formation, together
with the corresponding temperature dependencies is considered. Where
data on the temperature dependency of the reaction kinetics is miss-
ing, a sensitivity study was performed in order to highlight the im-
portance of further research in this area. For the kinetics of
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Fig. 8. Simulated dependency of the FER on the cell voltage.

the unzipping- and side-chain-scission-mechanism, literature values
were employed where available. A coupling between chemical mem-
brane degradation and fuel cell performance is achieved through simu-
lation of membrane thinning and gas cross-over. The model is validated
against experimental data for the FER. Experimental and simulated evo-
lution of OCV during the ASTs are compared. Reasonable agreement be-
tween simulated and experimental membrane thinning is achieved. The
key findings of this study are:

1. In order to depict chemical membrane degradation in a PEMFC, the
high affinity of hydrogen peroxide to the liquid phase needs to be
taken into account.

2. Chemical degradation is most pronounced at the anode side of the
PEM and highly voltage dependent. To explain these observations,
the presence of iron ions, their (electro-)chemical reactions and their
transport has to be considered.

3. To simulate in operando chemical degradation, the temperature de-
pendencies of the radical formation reactions need to be taken into
account. The influence of the degradation reactions on the steady
state concentration of hydroxyl radicals must not be neglected.

4. The rate constants of the degradation reactions in the confined spaces
inside the membrane may differ significantly from the values ob-
tained from ex situ measurements of model compounds in aqueous
solution.

5. Chemical membrane degradation causes thinning of the membrane
which promotes hydrogen cross-over from the anode to the cathode.
This causes an increase of the internal short circuit current, a reduc-
tion of OCV and therefore cell performance.

6. OCV reduction during the ASTs cannot be explained by increasing
hydrogen crossover due to membrane thinning alone. Further inves-
tigations on the phenomenon are required.

7. Degradation increases with the operating pressure due to an increase
in oxygen cross-over and subsequent hydrogen peroxide formation.

8. Humidification increases chemical membrane degradation since it
promotes gas cross-over and reduces potential gradients by improv-
ing the ionic conductivity.

9. At OCV, chemical membrane degradation is most pronounced as
ionic potential gradients are small and iron ions are able to move

freely. With decreasing cell voltage, iron ions get dragged to the cath-
ode side and chemical membrane degradation ceases.
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Nomenclature

Roman symbols
activity of species j in phase α

A electrochemically active surface area/m⁠2 m⁠−3

cj concentration of species j/mol m⁠−3

cp isobaric heat capacity/J kg⁠−1 K⁠−1

diffusive flux density of species j in phase α/mol m⁠−2 s⁠−1

D diffusion coefficient/m⁠2 s⁠−1

E0 equilibrium voltage/V
activation energy of reaction i/J mol⁠−1

EW equivalent weight/kg mol⁠−1

i current density/A m⁠2

i0 exchange current density/A m⁠2

ki rate constant of reaction i/various
kr,α relative permeability of phase α
K intrinsic permeability/m⁠2

M number of fluid phases
Mj molar mass of species j/kg mol⁠−1

nj number of flourine atoms per species j
Nj number of unzipping steps per species j
pj partial pressure of species j/Pa

vapor pressure of species j/Pa
pα pressure of phase α/Pa
P transport parameter/various
qj source/sink term of species j/various
ri volumetric reaction rate of reaction i/A m⁠−3

Sα saturation of phase α
Sch fraction of expanded water channels in the membrane
t time/s
T temperature/K
uj mobility of species j/s mol kg⁠−1

vα velocity of phase α/m s⁠−1

mole fraction of species j in phase α
zj charge number of species j

Greek symbols
αi transfer coefficient of reaction i
δion ionomer film thickness/m
η overpotential/V
θj surface coverage of species j
λflux,j lambda-control parameter of species j
∇x x-component of gradient ∇
μα dynamic viscosity of phase α
ρ mass density of the ionomer/kg m⁠−3

ρmol,α molar density of phase α/mol m⁠−3

νi,j stoichiometry coefficient of species j in reaction i
ϕ volume fraction or porosity

11
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Φ potential/V
χ selectivity for H⁠2O⁠2 formation
ξj storage term of species j/various
ψj gas permeation coefficient of species j/mol s⁠−1 m⁠−1 Pa⁠−1

Ψj flux term of species j/various
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