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Abstract

Polymer electrolytemembrane (PEM)degradation in electrolysismode is sim-
ulated through a Fentonmodel that includes all major involved electrochem-
ical reactions. Supportive experimental investigations on the effect of hydro-
gen peroxide and iron impurities are carried out in an ex-situ set-up, where
the results are utilized to fit model parameters. The experiments reveal a high
dependence of fluoride emission on iron concentration, which catalyzes the
reaction, and identifies hydrogen peroxide as a necessary precursor for de-
structive hydroxyl radical formation. Simulations of in-situ operation reveal
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that elevated current is favorable in terms of lower fluoride emission, as the
radicals are depleted by side reactions. Temperatures above 80 ◦C significantly
accelerate membrane thinning, where the step from 80 ◦C to 90 ◦C more than
doubles thinning after 500 h.
Keywords: PEMwater electrolysis aging, Membrane degradation modelling,
Fenton reaction model, Hydrogen peroxide, Fluoride emission rate
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Nomenclature

symbol name value/ unit

Ai frequency factor of rxn i -
αH2O2 transfer coefficient of rxn 1 0.5
cs concentration of species s molm−3

δmem membrane thickness m

Eact ,i activation energy of rxn i Jmol−1

ηH2O2 equilibrium potential of rxn 1 0.695 V

EW equivalent weight PFSA 1100 gmol−1

F Faraday constant 96485 Cmol−1

fF,loss model fit factor 20.8

FER fluoride emission rate µg/m2/h

ki reaction rate constant of rxn i m3 mol−1 s−1 (rxn 3 – 13)
νF,PF S A partial specific volume PFSA m3 g−1

ωF mass fraction of fluorine in PFSA 0.69
R gas constant 8.314 Jmol−1 K−1

ri reaction rate of rxn i molm−3 s−1

ρPF S A density dry PFSA 1980 kgm−3

T temperature K

T 0 reference temperature 298.15 K

vs stoichiometric factor of species s -
Vs volumetric flow rate of species s molm−3 s−1
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1. Introduction

Membrane degradation for polymer electrolytemembrane water electrol-
ysis (PEM WE) is crucial, since it does not only have an impact on cell per-
formance, but also directly affects operation safety. Membrane thinning as
a result of degradation increases gas crossover, possibly leading to explosive
mixtures [1, 2]. The membrane is therefore considered as one of the lifetime
limiting components of a PEM WE system, together with titanium passiva-
tion [2]. Membrane degradation in PEM WE is not yet fully understood, but
the here described mechanism has been suggested in the literature [2]. Be-
sides protons (H+) and water (H2O), also oxygen (O2) is transported through
the membrane from the anode to the cathode side. In the presence of a plat-
inum catalyst, as it is the case in a state of the art PEMWE cathode (C Lc), oxy-
gen and protons react to form hydrogen peroxide (H2O2) according to equa-
tion I [3]:

O2 +2H++2e− −−−→ H2O2 (I)

In turn, the produced H2O2 forms highly reactive hydroxyl radicals (HO•).
This reaction is strongly catalyzed by ferrous iron ions (Fe2+) and under that
condition well known as the Fenton reaction as seen in equation II:

H2O2 +Fe2+ −−−→ Fe3++HO•+HO− (II)

Theexactmechanismsof theFenton reactionarenot yet fullyunderstood [4],
but assumed toplay a role in PEMWEdegradation. It is commonly agreed that
metallic impurities such as iron ions accelerate membrane attack in the pres-
ence of H2O2. These iron impurities may stem from the balance of plant [2],
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however, this claim has yet to be proven and further developed. The assump-
tion is that all componentsmade of stainless steel such as the the cell housing
and the piping system release iron ions over time [5]. The behavior of iron
within the system is not well documented, i.e. the ions may cross the mem-
brane, stay within it, or be flushed out at one of the outlets. An accumulation
of ions would increase the concentration over time, which may affect the re-
action kinetics. The radicals formed through the Fenton reaction may attack
the membrane structure, which leads to a release of fluoride in the case of
Nafion®.

Although theoperating conditions and therefore the reactionenvironment
is different in PEM WE, the underlying mechanisms may be deduced from
PEM fuel cell (FC) research, since the state of the art membrane material is
usually the same. A good PEM FC review can be found in the literature [6]
that summarizes the proposal that hydrogen peroxide (H2O2) decomposition
is highly involved in chemical degradation. This claim is challenged by an ex-
perimental investigation, which finds H2O2 to be responsible for only a small
fraction of membrane degradation [7]. With or without involvement of H2O2,
radicals may attack the ionomer binder within the catalyst layer, at the inter-
face between catalyst layer and membrane, or diffuse from the cathode elec-
trode back into the membrane, where it can also attack the ionomer. Miti-
gation strategies include, chemical stabilization of the membrane to limit the
number of points of attack, or the implementation of a recombination catalyst
layer that prevents oxygen permeation and subsequent H2O2 formation [8].
The proposed degradation mechanism may therefore be different for such
types of membranes.
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A modelling framework for chemical degradation based on radical attack
as described above was proposed in [9], who resolved the membrane and as-
sumed the above mentioned involvement of H2O2. Similarily, a comprehen-
sive simulation with a focus on radical formation through H2O2 compares
perfluoroalkyl sulfonic acid (PFSA) membranes to poly(styrenesulfonic acid)
(PSSA) membranes and includes an ex-situ Fenton reaction simulation [10].
The authors find very different attack mechanisms for both membrane types
and reveal a higher FER for the ex-situ test by 2-3 orders of magnitude. The
points of attack and the evolution of their availability in PFSAmembraneswas
simulated by [11], who found a more severe impact of iron ion concentration
compared to H2O2 on radical formation. Finally, semi-empirical degradation
data was incorporated into a model to simulate membrane thinning in [12].

As for PEM WE, a model approach similar to the ones found for PEM FC
is described in the literature [13]. The work is based on modelling and exper-
imental data to simulate membrane attack accompanied by membrane thin-
ning. However, the degradation behavior of both are not fully identical [14]
and compared to PEM FC, studies dedicated to PEM WE remain scarce. Ex-
perimentally, the effect of current density on fluoride emission rate (FER) was
investigated in [15], who found a peak between 0.2 and 0.4 Am−2. The authors
furthermore reported that a majority of membrane degradation can be ob-
served on the cathode side [15, 16], which supports the presented degradation
mechanism.

This work aims at developing the presented modelling approach further
for PEMWE applications and operation strategies. Furthermore, the simula-
tions are supported by experimental data that investigates the effect of hydro-
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gen peroxide and iron ions on fluoride release.

2. Experimental Methodology

For the ex-situ experiment, eleven polypropylene flasks were filled with
100 mL ultra-pure water for the ex-situ experiment. A specific initial concen-
tration of H2O2 and Fe2+ according to table 1 was established based on pre-
liminary simulations of a realistic cell in operation and a literature review of
previous tests [17, 10, 7]. As the exact concentrations in real applications are
unknown due to measurement restrictions, the chosen values for the ex-situ
investigation can be seen as a sensitivity analysis. The iron concentration was
set through iron (II) sulfate heptahydrate (FeSO4 ·7H2O,Merck KGaA) and the
hydrogen peroxide concentration through 33%-H2O2 solution (VWR Chemi-
cals). 25 cm2 Nafion® 115 cut into five pieces was immersed and each exper-
iment lasted for 72 h at 80 ◦C inside an oven. The fluoride content was moni-
tored frequently with an ion selective electrode (ISE, Hach Company ISE301F
combined electrode).

For the in-situ tests, the experiments were carried out on a state of the
art single cell set-up of 25 cm2. The MEA was based on a Nafion® 115 mem-
brane, 1.0 mgcm−2 carbon-supported platinum catalyst layer at the cathode,
and2.3 mgcm−2 iridium-oxideat theanode. SGLSigracet®28BCcarbon sheet
and a 1 mm titanium sinter with 30% porosity were used as porous transport
layers on the cathode and anode, respectively. Purified water was pre-heated
and fed to the anode, while the resistivity was monitored at the anode inlet
throughout the whole test to ensure a value of 18.2 MΩ ·cm. All piping con-
sisted of stainless steel and as the water was not recirculated, no further fil-
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ter resin was installed. The fluoride concentration in the effluent water at the
cathode and anode outlet was measured through ionic chromatography.

EXP # [Fe2+] /ppm [H2O2] /wt%

1 0 0
2 1 0
3 1 0.003
4 1 0.03
5 1 0.3
6 1 3
7 1 30
8 0 3
9 0.1 3
10 10 3
11 20 3

Table 1: Experimentalmatrix for the ex-situ Fenton test. All concentrations refer to their initial
value. The highlighted condition is the baseline test

3. Model Development

The degradation processes are assumed to be as described above and de-
picted in figure 1.

The model approach is carried out in Matlab/Simulink® and consists of
a 0-dimensional membrane degradationmodel, which is implemented into a
simple performance model. Membrane degradation is among the most cru-
cial mechanisms for PEM WE and can be considered a lifetime-limiting fac-
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Figure 1: Model scheme for the proposed degradation mechanism

tor [2]. Therefore, capturing the membrane degradation over time through
chemical attack is simulated as described above. The Fenton model calcu-
lates fluoride emission through concentration of species such as H2O2, and
the involved radicals. In its core, the description of the involved electrochem-
ical reaction system is based on [13]. In this work, a set of 14 electrochemical
reactions was modelled as one reaction system. An overview over the consid-
ered reactions is given in table 2.

The main assumptions are:

• all 14 reactions occur in the same space (C Lc)

• oxygen transported to the cathode is entirely and exclusively reduced to
hydrogen peroxide (reaction 1)

• reactions 2-13 follow Arrhenius behavior

• the total fluoride emission (reaction 14) as a macroscopic reaction be-
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haves like an elementary reaction (i.e. also follows Arrhenius behavior)

3.1. Reaction System and Rate Constants

In a coarse-grained approach, the rate constants at 25 ◦C and the activa-
tion energies for reactions 2 to 13 (except for reactions 7, where data for only
one temperature was found) were fitted to the Arrhenius equation as in equa-
tion III:

k = A ·exp(−Eact

R ·T
) (III)

where k is the rate constant, A the frequency factor in s−1 (also known as the
pre-exponential factor), Eact the activation energy in Jmol−1, R the gas con-
stant in Jmol−1 K−1, and T the temperature in K. The rate constant for each
reactionwas then implementedas a functionof temperature. Reaction1 is im-
plemented as described in section 3.2, while reaction 14 is further addressed
in section 3.3. An acidic environment is assumed as the reactions take place
close to the highly acidicmembrane. The concentrations of species are calcu-
lated as in equation IV:

dcs

d t
= ∑

r xn=i
(vs,i · ri )+Vs,i n −Vs,out (IV)

where vs is the stoichiometric factor of species s in reaction i, ri the reaction
rate of reaction i in molm−3 s−1, and Vs,i n and Vs,out the volumetric flow rate
of species s in and out of the modelled volume in molm−3 s−1, respectively.
The stoichiometric factor is negative for reactants and positive for products
by convention. It is furthermore assumed to be zero if the species does not
participate in the reaction.
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Reaction
number

Reaction
Eact

/kJmol−1

A

/s−1

1 O2 + 2H+ + 2e– −−−→H2O2 42.45∗ [13] -∗

2 H2O2 −−−→ 2HO• 200 1.09 ·1013

3 H2O2 + Fe2+ −−−→ Fe3+ + HO• + HO– 35.4 1.03 ·1008

4 H2O2 + Fe3+ −−−→ Fe2+ + HOO• + H+ 126 8.31 ·1018

5 HO• + Fe2+ −−−→HO– + Fe3+ 9 8.68 ·1009

6 HO• + H2O2 −−−→HOO• + H2O 14 7.66 ·1009

7 HO• + O2 −−−→HOO• + H2O -∗ -∗

8 HOO• + Fe3+ −−−→ Fe2+ + O2 + H+ 33 1.21 ·1010

9 HOO• + Fe2+ + H+ −−−→ Fe3+ + H2O2 42 2.74 ·1013

10 HOO• + H2O2 −−−→HO• + H2O + O2 30 5.41 ·1005

11 2 HOO• −−−→H2O2 + O2 20.6 3.5 ·1009

12 HO• + HO• −−−→H2O2 7.9 1.31 ·1011

13 HOO• + HO• −−−→H2O + O2 14.2 2.09 ·1012

14 HO• + Rf – CF2 – COOH −−−→products 6.5∗ 1.35 ·1007∗

Table 2: Simulated reaction system based on [13]. If not otherwise annotated, the frequency
factors were calculated from data for activation energies in [11]. ∗: For the implementation of
reactions 1, 7, and 14, see the respective sections in the text
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3.2. Hydrogen Peroxide Formation

Hydrogenperoxide is theprecursorof thehere considered reaction system,
without which no membrane attack would be observed. As described above,
the source ofH2O2 is oxygen that crossed themembrane and is reducedon the
Pt catalyst as shown in reaction 1 in table 2. This pathway has been shown to
be dominant in a PEM WE cathode environment, while water formation can
be neglected [3]. The reaction kinetics are modelled as in equation V [18]:

r1 = k1 · cO2 · c2
H+ (V)

where cO2 and cH+ are theoxygenandprotonconcentrations, respectively, and
the rate constant k1 is given as in equation VI [18]:

k1 = k0
1 ·exp(

−Eact ,1

R ·T
) ·exp(

−αH2O2 ·F ·ηH2O2

R ·T 0
) (VI)

where R, F, andThave their genericmeaning, Eact ,1 is the activation energy for
reaction 1, and αH2O2 and ηH2O2 are the transfer coefficient and equilibrium
potential, respectively. k0

1 is 706.8 ·10−14m7 ·mol−2 · s−1 [18, 13].
While the oxygen concentration is dictated by the dynamics of the reaction

system, the proton concentration is dependent on the ionomer humidifica-
tion and implemented as in equation VII [18]:

cH+ = ρPF S A(λ)

EW
(VII)

where ρPF S A(λ) and EW are the humidity-dependent density and the equiva-
lent weight of the ionomer, respectively.
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3.3. Membrane Attack Mechanism

The attack mechanism of a polymer such as Nafion® through radicals is
widely discussed in the literature [9, 19, 10, 11]. Although the vast majority of
publications are attributed to PEMFC, it is assumed that themechanism itself
canbe adopted to PEMWE. In thiswork it is proposed that the radicals formed
as described by reactions 2 to 13 attack the ionomer structure at their weak
carboxylic acid end-groups ( –COOH) [9]. Furthermore, the linkage between
backbone and side chains is suspected to be an important point of attack [20,
21].

The attack reaction 14 shown in table 2 is of second order and affected
by the concentrations of hydroxyl radicals (HO•) and reactive end-groups of
the polymer ( –COOH). While the HO• concentration is calculated within the
reaction system, the concentration of –COOH end-groups is subject of dis-
cussion. In this work, a constant value of 200 mM is chosen. This lies within
the values found in the literature, where a constant concentration of 1.17M,
representing 5% of the total -CF2- count in the polymer main chain, can be
found [10]. The authors interpret this value as an upper limit, while bring-
ing to the attention that a value of around 2 mM to 20 mM would have to be
assumed according to [21], with a potential increase over time as described
in [20]. A sensitivity analysis of the parameter is carried out below as shown in
figure 7. The reaction rate constant k14 was not found for any other tempera-
ture than room temperature in the literature. Therefore, it is attempted to fit
experimental data from the ex-situ experiments to the Arrhenius equation as
described later.
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3.4. Quantification of Membrane Degradation Through Fluoride Emission

To quantify membrane thinning through fluoride emission, a relationship
between fluoride content and membrane volume has to be established. The
partial specific volume of the ionomer per unit fluorine can be expressed as in
equation VIII [12]:

νF,PF S A = 1

ωF ·ρPF S A
(VIII)

where ωF is the mass fraction of fluorine within the ionomer, and ρPF S A is its
density. The thinning rate is then expressed as in equation IX [12]:

dδmem

d t
= νF,PF S A ·F ER · fF,l oss (IX)

where νF,PF S A is the above described partial specific ionomer volume, FER the
fluoride emission rate as introduced, and fF,loss a factor that accounts for not
captured fluoride ions and incompletely decomposed fluorine. It is imple-
mented relative to each captured fluoride ion and therefore technically has
the unit gg−1, which means it is dimensionless. The extent of total fluorine
emission is not widely reported, but FC research indicates that it might be
a considerable share [22]. Therefore, membrane thinning may be underesti-
mated in this approach. On the other hand, all fluoride emission is accounted
for membrane thinning, while the ionomer binder in the catalyst layers may
also contribute to the total fluoride emission. It is experimentally impractical
to differentiate between the origin of fluoride, which may lead to an overesti-
mation of membrane thinning.
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4. Results and Discussion

4.1. Ex-situ Fluoride Emission

The fluoride concentration for each experiment over time is shown in fig-
ure 2. Experiments with varying initial H2O2 concentration are shown in solid
lines and varying initial Fe2+ concentrations in dashed lines together with the
baseline and the pure water test in dash-dot lines.

Figure 2: Fluoride concentration over time for all experiments. The legend refers to the initial
concentrations as [Fe2+]/[H2O2], where BL = baseline test

As expected, the test with neither H2O2 nor Fe2+ initially (#1) only shows
a negligible fluoride release, which might be a consequence of hygrothermal
aging [23]. The experiment with no H2O2 and 1 ppm Fe2+ (#2) also exhibits al-
most no fluoride emission, while the presence of 3wt% H2O2 but no Fe2+ (#8)
lead to a considerable fluoride concentration especially towards the endof the
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experiment of around 1 ppm. This observation supports the above presented
assumption that H2O2 is as a obligatory precursor for the whole reaction sys-
tem, while Fe2+ acts as a catalyst.

Before analyzing the effect of the initial species concentration inmore de-
tail, two different trends can be observed for the reaction kinetics of fluoride
emission: Firstly, a steep increase in the first hours, followed by a constant
concentration after around 23 h, and secondly, a rate that starts slowly and
accelerates over time. The two experiments with high initial Fe2+ concentra-
tion (#10 and #11) follow the first trend, while all others tend to follow the sec-
ond. The second category may exhibit an exponential behavior, where exper-
iments with very low initial H2O2 concentration (#1, #2, and #3) arguably fol-
low amore linear trend in the investigated time-frame. A longer period of time
would have to be investigated in order to conclude on the kinetic trend. For all
tests except the oneswith high initial Fe2+ concentration, the fluoride concen-
tration is below or just around the detection limit of 5 ·10−7M (= 0.0095 ppm)
within the first 3 to 6 hours of test as shown in the magnification in figure 2.

The flattening of the curves with high initial Fe2+ concentration is con-
nected to H2O2 exhaustion. With Fe2+ as a strong catalyst, the initial H2O2

may be used up fast with nothing left to run the reaction over a longer time.
Therefore, H2O2 represent the limiting reactant in these experiments. Conse-
quently, the final fluoride concentration after the test was terminated may be
significantly higher if more H2O2 was available, either as an initial concentra-
tion or as a steady influx. It can in fact be observed, that the highest initial Fe2+

concentration of 20 ppm led to highest fluoride emissionmeasured after 3 h as
shown in the magnification in figure 2. Possibly due to the same limiting ef-
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fect, 10 ppm Fe2+ (#10) produced less fluoride emission than 1 ppm Fe2+ (#6)
after the initial H2O2 is completely used up. This appears to be the case af-
ter around 30 h. Therefore, a peak appears at 10 ppm after 23 h when plotting
the fluoride concentration over initial Fe2+ concentration as seen in figure 3a.
This peak shifts to 1 ppm after 49 h, whenH2O2 became limiting for the test at
10 ppm. Therefore, it is expected that a higher Fe2+ concentration leads to a
higher fluoride emission as long as sufficient H2O2 is present.

When looking at the experimentwithout any initial Fe2+ (#8), an unexpect-
edly high fluoride emission can be observed. Although Fe2+ only acts as a cat-
alyst and is theoretically not necessary to produce HO• radicals as shown in
reaction 2, simulations of experiment #8 reveal that a fluoride concentration
close to zero is expected after 72 h, as can be seen in figure 4b. This discrep-
ancy might be explained by the presence of other metal impurities such as
copper ions (Cu2+) in the solution, which catalyze the Fenton reaction but are
not implemented in the model [24, 25]. They may stem for example from the
membrane manufacturing process or the feed water that may not be purified
perfectly. Furthermore, it has been shown in the literature that Fe2+maybe re-
placedbyother Fenton-likemetal catalysts toproduceHO• radicals, including
titanium [26, 27]. In the case of a PEMWE cell, titanium is the state of the art
material for anodic components suchas thebipolar plates. Reactionsbetween
other metal impurities and H2O2 can be implemented similarly as done with
Fe2+ in this work.

The impact of initial H2O2 concentration on fluoride emission at 1 ppm

initial Fe2+ concentration can be seen in figure 3b. As for iron, the figure in-
cludesmeasurements after 23 h (blue) and 49 h (red). Besides the abovemen-
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tioned zero-emission at the absence of H2O2, a dependency is visible. While
low initialH2O2 concentration leads to lowfluorideemission, thepeak is reached
between 0.03 and 30wt%, depending on the considered time-frame. This sug-
gests the existence of an optimal concentration to prevent excessive mem-
brane degradation outside these boundaries. Simulations have confirmed the
theoretical existence of such an optimumandwill be discussed later. In short,
the reason is that reaction 6 becomes dominant over the membrane attack
reaction 14 at high H2O2 concentrations, effectively depleting HO• radicals
without fluoride emission. However, intuitively an increase in fluoride emis-
sion with H2O2 concentration would be expected. A repetition of the set of
experiments has to be carried out in order to finally conclude on the existence
of an optimumand to rule out experimental errors. An ex-situ experimentwas
carried out in the literature to find the dependence of the fluoride emission on
temperature at 0.36 mMFe2+ (≈ 20 ppm) and 9.68 MH2O2 (≈33wt%) [17]. They
found a concentration of roughly 0.38 ppm F– after 9.5 h at 80 ◦C. The condi-
tions are different from any of the here investigated ones, but come closest to
experiment #7with 30wt%H2O2 and 1 ppmFe2+, where themeasuredfluoride
concentration was 0.35 ppm after 23 h.

4.1.1. Implications on the Membrane Attack Reaction

Themodel described above is utilized in order to simulate ex-situ behavior
and adjusted by setting all in- and outflux to zero. Instead, the initial concen-
trations of Fe2+ and H2O2 are set according to the test as in table 1. Further-
more, the initial oxygen concentration was set according to Henry’s law due
to dilution from the air. The approach is shown for experiment #6 (BL) in fig-
ure 4a, while figure 4b compares the measured value to the simulation after
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72 h for all tests.
Even though the model estimates correct trends according to the initial

conditions, it can be seen that the modelling approach cannot fully capture
the kinetics of the reaction. It underestimates fluoride emission with the ex-
ception of test #7, #10, and #11. The latter two are highly influenced by H2O2

limitation and are therefore excluded from further analysis, although H2O2

limitation itself is correctly simulated as a qualitative trend. Experiment #7
with 30wt-%H2O2 unexpectedly showed a lower fluoride emission compared
to the tests with 3wt-% H2O2. As discussed before, this result has to be con-
firmed and will therefore be excluded for this analysis. Furthermore, experi-
ments #1, #2, and #8 all have simulated emission close to zero and will not be
used. Apart from these, the gathered data at 80 ◦C together with the reported
value at 25 ◦C is utilized to implement k14 as a function of temperature to im-
prove model predictions. For that it is assumed that reaction 14 follows the
Arrhenius law. Fluoride emission from a polymer membrane has in fact pre-
viously been reported to be sensitive to temperature [17].

4.2. In-situ Fluoride Emission

The model inputs for in-situ FER simulations are oxygen crossover, which
determines the equilibrium H2O2 concentration, and Fe2+ influx, which de-
termines the equilibrium Fe2+ concentration. Equilibrium concentrations are
a result of in- and outflux of species as described in equation IV and appear in
an operational cell in steady state. To simulate the impact of both, a baseline
for O2 crossover was set to 6 ·10−5molm−2 s−1, leading to around = 7.6 ·10−3M

H2O2 equilibrium concentration. This is in fair agreement with the assumed
constant background H2O2 concentration of = 5 · 10−4M in [10] when con-
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sidering that this number will change according to the operation condition.
The O2 permeation rate was found in the literature as experimentally deter-
mined at 2.0 Acm−2 and 70 ◦C [28]. The baseline Fe2+ influx is set to 3.58 ·
10−7molm−2 s−1 (= 1 ppm·s−1), leading to 2.6 ·10−5M (= 0.13 ppm) equilibrium
concentration. The Fe2+ influx was chosen as a starting point and is slightly
lower than what was found in a previous simulation work [13]. Setting an in-
and outflux rather than a constant background concentration assumes that
Fe2+ has a source term outside the MEA, which might be any stainless steel
component in the cell assembly or balance of plant. Lastly, the baseline cur-
rent was set to 2.0 Acm−2 and the temperature to 80 ◦C.

Themodel results show that oxygen is needed to produce H2O2. H2O2 for-
mation is crucial, as it serves as a precursor for all other reactions. This is sup-
ported by the ex-situ experiment, where the two tests without H2O2 (#1 and
#2) lead to a fluoride emission close to zero. The driving force for the mem-
brane attack as in reaction 14 is theHO• radical. Therefore, a lower concentra-
tion leads to a lower simulated FER as it can be seen in figure 5. The cause for
a lower HO• concentration at higher current can be found within reactions 3,
6, and 7, which are also shown in the figure. While reaction 3 is the dominant
pathway for radical production, reactions 6 and 7 are its major sinks besides
the attack reaction 14. It can be observed that the reaction rate of reaction
3 decreases with increasing current, whereas the rate for reaction 7 increases
due to higher oxygen concentration. As reactions 6 and 7 consume HO• rad-
icals without attacking the ionomer, the fluoride emission is lowered as they
become dominant over reaction 14.
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4.2.1. Impact of Reactants Influx and Concentrations

The Fe2+ influx highly affects the equilibrium concentrations and there-
fore FER. The simulated effects shown in figure 6a reveal that the equilibrium
H2O2 concentration is not considerably affected over the majority of simu-
lated range, while a non-linear relationship on equilibrium Fe2+ concentra-
tion and subsequently FER is visible. This is expected, as reaction 3 produces
more HO• radicals at higher Fe2+ concentrations. At very high Fe2+ equilib-
rium concentrations due to a high influx, the FER is decreasing mostly due to
a faster depletion of HO• radicals through reaction 5 as illustrated in figure 6b.

A sensitivity towards O2 influx can be seen in figure 6c. The simulations
reveal that an increase inO2 influx leads to higher equilibrium concentrations
for both O2 and H2O2. Furthermore, it causes a decrease in FER when higher
than around 6 ·10−6molm−2 s−1. The dependence lies within reaction 6 and 7,
whichbecomedominant over reaction 14 at highH2O2 andO2 concentrations
and result in HO• depletion as shown in figure 5. At the same time, reaction
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9 accelerates slightly, leading to a reduction of Fe2+ ions without forming HO•

radicals.

Model Sensitivity Towards Reactive End-group Concentration

Unlike the other chemical species, reactive end-groups –COOH do not
participate in the reaction system to reach an equilibrium concentration, but
are assumed to be constant in this work. As a result of a literature review, the
end-group concentration is connected to uncertainty and together with HO•,
it determines themembrane attack reaction rate. Therefore, the chosen value
may affect the accuracy of the simulations and a sensitivity analysis is carried
out. The sensitivity study assumed the baseline case. The results are shown
in figure 7 and reveal that the FER is in fact changing. A drop of –COOH con-
centration by one order of magnitude to 20 mM implies a reduction in FER to
around one tenth, where an increase by one order of magnitude to 2000 mM

roughly increases the FER by a factor of 6.5. Additionally, a higher –COOH
concentration amplifies the effect of current on FER. The simulation further
reveals that an increase in –COOH concentration shifts the Fe2+ equilibrium
concentration up by 20%, whichmay be the cause for the increased FER. End-
group concentration has been found to become very limiting on polymer at-
tack below 100 mM under fuel cell conditions, but to remain within the same
order of magnitude above [10].

4.2.2. Simulation of a Single Cell and Comparison to in-situ Measurements

In order to simulate a cell in realistic operation, the oxygen influx was im-
plemented as oxygen crossover through the membrane. For this work, the ef-
fect of currentdensity ondegradation is investigated. Oxygencrossover canbe
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modelled as diffusion and convection [29], which was experimentally found
to be insufficient to describe the behavior [28]. Instead, the oxygen flux at
the cathode outlet was found to be a linear function of current density for
PEM WE. Although this neglects any potential reactions within the cathode
catalyst layer involving oxygen, the crossover is implemented as empirically
determined in [28]. Since the experiment was only carried out at 70 ◦C, the
temperature dependence is unknown and not implemented in this approach.
The simulated oxygen crossover and FER as a function of current density and
temperature can be seen in figure 8a, while the Fe2+ influx is set to the baseline
case of 3.58·10−7molm−2 s−1. Additionally, in-situmeasurements at 2.0 Acm−2

at 60, 80, and 90 ◦C are shown.
The simulation reveals that theFERseems tobeanegativenon-linear func-

tion of current density, where higher currents are favorable in terms of mini-
mizing the FER in a real cell application. While running at 0.2 Acm−2 at 80 ◦C
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would lead to a FER of 3.30µgcm−2 h−1, operation at 2.0 Acm−2 lowers that
to 0.64µgcm−2 h−1. The reason is the decrease in HO• radical concentration
at higher currents. This is due to reactions 6 and 7, which deplete radicals
faster at higher H2O2 and O2 concentrations, respectively, without attacking
the ionomer.

Furthermore, lower temperatures are favorable since they reduce the FER.
On the contrary, higher temperatures are generally favorable in terms of per-
formance, which suggests the existence of an optimum operation point when
weighing between efficiency and lifetime. However, the simulated effect of
temperature is low, especially at increased current density.

The simulation data was compared to data from a previous work, in which
FER were measured in-situ on a 25 cm2 set-up at different operation condi-
tions [16]. This experimental data suggested a much bigger dependence of
FER on temperature compared to the simulations as it can be seen from the
filled diamonds in the respective colors at 0.3 Acm−2 in figure 8a. The differ-
ence inmagnitude for all temperaturesmay be a result of a different Fe2+ con-
centration in a real cell, which is set to the baseline case for the simulation and
shown to have a significant impact on FER in figure 6a.

The less pronounced temperature dependence in the experimental data
on the other hand can be explained by the model implementation. While
the membrane attack (reaction 14) was fitted to the ex-situ results, the oxy-
gen crossover is not implemented as a function of temperature due to the lack
of available data. Amore sophisticated oxygen generation and transportation
throughout the cell has to be implemented in order to compare different oper-
ation scenarios. Additionally, the iron influxmay be a function of temperature
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if assumingcorrosionofbalanceofplant components as a source. Both factors
may increase the FER at elevated temperatures. For the sake of completeness,
the experimental in-situ data was fitted to the Arrhenius equation, which re-
sulted in 79 kJmol−1 and 4.04 ·1018 for activation energy and frequency factor
for reaction 14, respectively. The activation energy formembrane degradation
reaction has previously been reported as around 70 kJmol−1 [10].

4.3. Membrane Thinning Through Fluoride Emission

Membrane thinning was evaluated experimentally in a previous work by
meansof scanningelectronmicroscopy (SEM)after500 h for several operation
conditions [16]. Thevalues for three temperatures togetherwith the respective
simulated thinning according to equation IX is presented in figure 8b. The
model fitting factor, fF,l oss was set to 20.8 for all simulations [13]. The factor
takes into account, that not all fluoride ions are captured in the outlet effluent
water. It furthermore accounts for fluorine losswithin polymer fragments that
cannot be detected by an ion-selective electrode as used in this experimental
approach. As a rough estimation, fluorine emission was found up to 6 times
higher compared to fluoride [22].

The simulation shows fairly good fit at 60 ◦C and 80 ◦C with an error of 6%
and 11%, but underestimates thinning at 90 ◦C by 25%. Given the uncertain-
ties throughout the several assumptionsmade, these numbers are considered
acceptable as a first evaluation of the effect of the operation mode on mem-
brane degradation. Due to the underestimation of fluoride emission at 90 ◦C,
the thinning is also underestimated. As a result, the fitting factor fF,loss could
be empirically adjusted to the measured dataset.

Occurrence of membrane thinning and its magnitude has been reported
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disputably in the literature. A single cell based on Nafion® 115 and operated
at 90 ◦Cwas found to have lost 75%of its initial thickness after 5500 h [30]. Two
other studies found less, but still perceptible thinning of Nafion® 117 of up to
40%at80 ◦C [31, 15]. At a lower temperatureof60 ◦C, no thinningwasobserved
for Nafion® 115 within a stack after around 700 h [32]. In principle, an impor-
tant distinction has to be made on whether the polymer has been chemically
stabilized or not. Stabilized membranes supposedly exhibit a lower fluoride
emission due to their superior chemical durability. However, none of the four
above mentioned publications reveal if stabilized or non-stabilized Nafion®
was utilized, as both versions exist. While it is fair to assume a non-stabilized
product for [31] due to its publication in 1998, no further conclusions can be
drawn from the other data. On the other hand, an Aquivion® based cell op-
erated at 55 ◦C lost around half of its thickness after 3500 h [33]. Although no
information on the reported membrane type E098-09 was found, Aquivion®
E98-09S only exists as a stabilized version to the authors’ best knowledge. A
chemical stabilization known as post-fluorination may reduce the amount of
available active end groups and therefore lessen membrane thinning.

Thehereobserved thinning ratesof around13%and23%at60 ◦Cand80 ◦C,
respectively, are comparable to the literature. However, theobserved ratewould
lead to an end of life due to increased gas crossover relatively fast, where a
commercial system has been reported to operate for 60000 h [34]. Although
they do not report themembrane thinning, the thinning processmay be non-
linear over time and reduce to a minimum after an initial drop.
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5. Conclusion

The influence of hydrogen peroxide and iron ions on fluoride emission
havebeen investigated in ex-situ and in-situ experiments, and through a com-
putational model. The results show that hydrogen peroxide acts as a required
precursor, while iron catalyzes the reaction considerably. However, even in
the absence of iron, a considerable amount of fluoride emission is observed
when H2O2 is present. This is linked to the ability of other metallic impurities
to replace iron as a catalyzer of the reaction. However, the origin, magnitude,
and location of metal impurities have to be identified.

A model based on a system of 14 reactions was developed to simulate ex-
situ and in-situ environments. Temperatures above 80 ◦C as well as low cur-
rent operation is highly unfavorable in terms of membrane degradation, as
the fluoride emission increases non-linearly for both. Furthermore, the sim-
ulation revealed high dependence of fluoride emission on reactive end-group
concentration, which is a parameter of high uncertainty. Considering the high
amount of uncertainties among the developedmodel, the results are satisfac-
tory for the in-situ simulations for temperatures up to 80 ◦C when compared
to experimental data, but underestimate the effect of temperature above that.
This is due to the lack of data for the temperature dependence of oxygen per-
meation.
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