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Introduction

Holistic approach to chemical degradation
of Nafion membranes in fuel cells: modelling
and predictionsy

Philipp Frihwirt,® Ambroz Kregar, (2°° Jens T. Térring,® Tomaz Katra$nik® and
Georg Gescheidt (2 *?

The state of health of polyfluorinated sulfonic-acid ionomer membranes (e.g. Nafion®) in low-
temperature proton exchange membrane fuel cells (LT-PEMFCs) is negatively influenced by degradation
phenomena occurring during their operation. As a consequence, the performance and durability of the
membrane are decreased. In this article, we focus on simulating and predicting chemical membrane
degradation phenomena using a holistic zero-dimensional kinetic framework. The knowledge of
chemical degradation mechanisms is widely spread. We have collected and evaluated an extensive set of
chemical mechanisms to achieve a holistic approach. This yields a set of 23 coupled chemical
equations, which provide the whole cause and effect chain of chemical degradation in LT-PEMFCs
(based on the Fenton reaction between Fe®* and H,O, via the attack of hydroxyl radicals on the
membrane, loss of ionomer moieties and emission of fluoride). Our kinetic framework allows the
reproduction of experimentally accessible data such as fluoride emission rates and concentrations
of ionomer moieties (from both in situ and ex situ tests). We present an approach, which allows
estimations of the membrane lifetime based on fluoride emission rates. In addition, we outline the
demetallation of Fe—N-C catalysts as a source of additional harmful iron species, which accelerate
chemical membrane degradation. To demonstrate the expandability and versatility of the kinetic frame-
work, a set of five chemical equations describing the radical scavenging properties of cerium agents is
coupled to the main framework and its influence on membrane degradation is analysed. An automated
solving routine for the system of coupled chemical equations on the basis of the chemical kinetic
simulation tool COPASI has been developed and is freely accessible online (http://ptc-pc-139.tugraz.at/
cgi-bin/Membrane_Degradation/).

vehicles, fuel cell electric vehicles and fuel cell hybrid electric
vehicles. Except for hybrid electric vehicles, they do not produce

In 2014, two-thirds of the world’s total carbon dioxide emis-
sions originated from the industry, electricity/heat and trans-
port sectors. In the US and Europe, transportation accounted
for about one-third of the total greenhouse gas emissions in
that year." Approaches to tackle the decarbonisation in this
sector are under development or even commercialised - e.g.
hybrid electric vehicles (combination of conventional internal
combustion engine and electric power engine), battery electric
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pollutants during operation. Provided that the electric power
or fuel is produced in an ecologically sound manner from
renewable sources, they can provide a CO, neutral means of
transportation. Vehicles powered by fuel cells (FCs) are superior
in comparison to those relying on batteries when it comes to
range and time required for recharging. However, the fuel
cell technology suffers from a different type of problem - the
restricted durability of the fuel cell components such as the
membrane and the catalyst, and hence a limited long-term
reliability of the fuel cells.>™

One of the most frequently used types of FCs in the auto-
motive sector are proton exchange membrane fuel cells (PEMFCs)
operated at temperatures between 60 °C and 100 °C.>> These low-
temperature PEMFCs usually comprise a polyfluorinated sulfonic-
acid (PFSA) ionomer as the membrane (e.g. Nafion®). The chemical
composition of Nafion® is depicted in Fig. 1. Due to the
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hydrophobic domain

Fig. 1 Chemical composition of Nafion® 117 (x = 6.5). The protons are
conducted in the hydrophilic domain (blue box) while the hydrophobic
backbone (grey box) ensures mechanical stability of the membrane.

amphiphilic nature of the membrane, the conduction of the
protons from the anode to the cathode side is ensured. This
function is indispensable for the overall functionality of the fuel
cell system. Thus, all degradation processes affecting the
membrane reduce the efficiency of the fuel cell and considerably
impact the reliability and durability of the system as a whole.>”

Membrane integrity is affected by chemical, thermal and
mechanical degradation.® Here, we focus on the chemical
membrane degradation in low-temperature PEMFCs. An excel-
lent discussion of various degradation phenomena can be
found in the reviews by Borup et al,® Kusoglu and Weber” as
well as Zaton et al.” Many mechanisms and the corresponding
chemical equations®™® and kinetic details’*>®* have been
reported. Based on that, several chemical degradation
models®*® have been already presented. This knowledge,
however, is spread in physically, chemically and technologically
oriented context. Here we present an extensive picture of
chemical degradation combining established data to describe
chemical conversions in a Nafion® membrane. We use a zero-
dimensional (0D) chemical reactor model comprising a set of
23 coupled chemical equations. This powerful model allows
monitoring and prediction of experimentally accessible data
like time traces of chemical species involved®® and fluoride
emission rates (FERs).>>’ Furthermore, we discuss the impli-
cations of iron containing ORR catalysts®*®**° for membrane
degradation and the use of cerium agents® ™ as radical
scavengers to protect the chemical integrity of the membrane.

Modelling approach

Our kinetic framework and the assumptions of the model are
based on fragmented knowledge spread across several chemical
and technical publications. Accordingly, we, in the first
instance, provide an overview of the state-of-the-art in terms
of chemical membrane degradation.
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Formation of radical species

Experimental evidence that radical species are formed during
the operation of the fuel cell was presented by Panchenko
et al.*® By operating a miniature fuel cell within an electron
paramagnetic resonance (EPR) spectrometer, radical species
which arose from the electrode carbon material were detected.
A similar setup was used by Danilczuk et al.* to detect reactive
oxygen species (ROS) such as hydroxyl (*OH), hydroperoxyl
(*OOH) and additionally, hydrogen (*H) and membrane-
derived radical fragments after capturing them with a spin-trap.

The mechanism behind the formation of these species is a
matter of debate. Under typical operation conditions oxygen is
reduced at the cathode in the oxygen reduction reaction (ORR).
This can happen via different reaction routes - either a direct
reduction involving 4 electrons (eqn (1)) or two consecutive two-
electron reductions (eqn (2) and (3)) forming hydrogen peroxide
(H,0,) as an intermediate:*>>"

0, +4e” +4H" 2 2H,0 E°=1.229V (1)

0, +2e” +2H" 2 H,0, E°=0.695V ()

H,0, + 2¢” +2H" 2 2H,0 E’°=1.763V 3)

By equipping the membrane with Pt microelectrodes, Liu
and Zuckerbrod®® were able to detect micromolar concentra-
tions of H,0, in the membrane during operation (60 °C, open
circuit voltage (OCV) conditions). Nevertheless, the formation
of H,0, is not confined to the cathode side. During operation of
the fuel cell, oxygen can diffuse to the anode side, where H,0,
is also formed. A dependence of [H,0,] on the thickness of the
membrane was also observed - the thinner the membrane, the
higher [H,0,]. This is most likely connected to the increased O,
crossover in thinner membranes.>® Similar results were
obtained by Chen and Fuller.”® Shah et al.*® calculated [H,0,]
in the membrane for different operating conditions (voltage,
temperature) - the highest values were found to be near or in
the anode catalyst layer (up to 3.5 mM) while the value on
the cathode side stayed below 0.5 mM for 60 °C and OCV.
Simulations by Wong and Kjeang®® indicate [H,0,] of about
1.5 mM in the membrane under OCV conditions. Inaba et al.>*
supposed that due to the elevated boiling point of H,O,
compared to that of water the concentration of H,O, could be
increased when the fuel cell is operated under low humidity
conditions.

H,0, is not a strong enough oxidant to attack the ionomer
directly and is, therefore, characterised by a relatively long
lifetime within the fuel cell. This leads to a diffusion length
of H,0, in the mm to cm range, which is large compared to the
typical membrane thickness (in the pm range).*" Under certain
conditions, though, H,0, is highly active in oxidizing organic
substrates (like the fuel cell membrane) - a fact which has
been known for more than hundred years. In 1894, Fenton
discovered that a mixture of H,0, and ferrous salts effectively
reacts with tartaric acid.>® The reaction between ferrous ions
and H,0, is known as the Fenton reaction:*®>’

Fe** + H,0, + H" = Fe** + *OH + H,0 (4)

This journal is © the Owner Societies 2020
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Furthermore, the emerging species are also involved in further
redox reactions leading to the formation of additional ROS and
redox recycling of the active ferrous ion:>%>°

Fe*' + H,0, = Fe*' + *OOH + H' (5)
Fe*' + *OH + H' 2 Fe*' + H,0 (6)
Fe?" + *OOH + H' 2 Fe*' + H,0, (7)
Fe’' + *OOH =2 Fe*' + H' + O, (8)

Pozio et al.”” demonstrated that stainless steel (type SS316L)

end plates serve as a source of iron contaminants in fuel cells.
When using aluminium (Al) end plates in operando the average
fluoride concentration measured in the cathode water was only
about 1/10 of that with stainless steel end plates. For the anode
side a reduction in fluoride emission by 60% was observed
when switching from SS316L end plates to Al end plates.
In addition, a decrease in Fe concentration in the cathode
water from about 600 ppb (for SS316L) to less than 100 ppb
(for Al) was also evident. For the anode water in the case
of SS316L end plates, a Fe concentration of 925 ppb was
determined. Papadias et al.®® found a total ion release rate of
about 0.4 pg em~> h™ " in the range of 0 to 1 V for stainless steel
(type SS316L) bipolar plates. 90% of all released ions were
Fe and Ni.

Not only the end plates used in fuel cells, but also the
membrane material might contribute to the contamination of
the fuel cell with iron. Coms et al.°" estimated the BOL (begin
of life) concentration of iron to be 5 to 10 ppm. Liu et al®>
attributed an iron concentration of 5 ppm to an as-received
NE112 ionomer. Due to the anionic nature of the sulfonic acid
head groups Nafion™ is known to immobilise iron ions,*
which could even lead to an accumulation of iron within the
membrane during operation. Andersen® observed in swelling-
dehydration experiments with Nafion®™ 212 that the ionomer
tends to have higher selectivity for high-valence cations (like
Fe®"), which then replace protons and negatively impact the
proton conductivity of the ionomer and its thermochemical
properties.”

The observation that ferrous ions accelerate the membrane
degradation is actively employed in ex situ degradation tests
(so-called Fenton tests)*>®” and also in situ tests*"*®* to assess
the durability of membrane materials. Other transition metal
ions such as Ti*",%® Co*"%%%° or Cu*”°"? are also known to
convert H,O, to ROS like *OH and *OOH.

In addition to the formation of radical species via hydrogen
peroxide as an intermediate, radicals can also be formed
directly on platinum surfaces. Density functional theory (DFT)
calculations by Atrazhev et al”® show that formation of *OH
might be possible under conditions where the oxygen reduction
is prevented by the presence of other adsorbed species. In close
vicinity to other Pt particles (e.g. in the electrode) *OH might be
destroyed effectively before reaching the polymer membrane,
as for the adsorption of hydroxyl radicals no activation barrier
at any potential is calculated.”® Despite the decreased selectivity
for *OH to attack the membrane in Pt-rich environments,

This journal is © the Owner Societies 2020
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Pt particles deposited into a PFSA membrane increased
the FER compared to the untreated membrane.”* Whether
dispersed platinum particles catalyse the formation of radicals
or act as scavengers and protect the membrane from radical
attack is a function of the metal loading in the membrane.
At higher platinum levels (30 to 50 mol%) radical scavenging
is predominant while at 10 mol% (7p/Mmembrane) this is
outweighed by the generation of radicals.”

Due to the sluggish kinetics of the ORR, high amounts of Pt
or Pt alloys need to be used at the cathode side to efficiently
catalyse the oxygen reduction. To reduce or avoid the use of the
precious noble metal, alternatives such as non-precious metal
catalysts (NPMCs) have been developed. Among these are
metal/nitrogen/carbon (M-N-C) catalysts, where the metal is
mostly iron. Although they are highly active in catalysing the
oxygen reduction reaction, there is still room for improvement
in terms of durability and stability.*® A lifetime-limiting factor
for Fe-N-C catalysts is the Fe demetallation in acidic media
(such as the PEMFC). Depending on the synthesis of the
catalyst, inactive Fe particles (in addition to the active FeC,N,,
centres) remain at the surface, which cannot be completely
removed by acid washing and lead to iron leaching in operando.®®
A recent study by Chenitz et al.*® showed that demetallation at the
catalytic Fe-N, centres of a Fe-N-C catalyst (NC_Ar + NHj3) due to
the flux of water in the micropores of the catalyst is also possible
providing an additional source of iron species.

Overview of degradation mechanisms

Regardless of the formation mechanism of radical species,
Nafion® ionomers offer in principle four different points of
attack for *OH or *H: (1) carboxylic acid (-COOH) end groups in
the main chain (unzipping mechanism), (2) the sulfonic acid
head groups (-SOzH), (3) ether groups in the side chain and
finally (4) the tertiary carbons found in both side chain and
main chain (Fig. 2).

Main chain degradation mechanism. The main chain degra-
dation mechanism according to Curtin et al.’ relies on fragile
end groups (e.g. carboxylic acid moieties)’® in the backbone
(BB) of Nafion® formed during the manufacture of the

- F /g F
CF(m) X
m
o FAF Fidn
I:4———-—CF
S
- osF (s)
F
F ch
HO,s F

Fig. 2 Chemical composition of Nafion® 117 (x = 6.5) as an example for a
commonly used PFSA. The points of attack for radical species are marked
in red and the green labels represent the tertiary carbon atoms. X stands
for a weak end group like —~COOH.
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Scheme 1 Main chain degradation mechanism as proposed by Curtin
et al® BB represents the backbone of the PFSA ionomer. Single barbed
arrows indicate the formation of new chemical bonds and homolytic
cleavage of bonds.

membrane (see Scheme 1). The mechanism is initiated by an
abstraction of the carboxylic hydrogen by *OH followed by the
fragmentation of the intermediate radical species to CO, and
BB-CF,*. After recombination with another *OH the formed
primary alcohol undergoes elimination of hydrogen fluoride
(HF). The product (acid fluoride) is prone to hydrolysis to give
another carboxylic acid moiety and the cycle restarts. For each
degradation cycle (loss of one -COOH moiety and conversion of
the adjacent CF, unit to a new -COOH group) two *OH are
needed to form two HF molecules. Hence, a linear dependence
of fluoride emission on the number of COOH groups can be
expected here, which is corroborated by the results obtained
from ex situ Fenton tests by Schwiebert et al.”” Zhou et al.”®
performed degradation experiments with small molecule
analogues for Nafion® and found that model compounds with
carboxylic acid terminals degrade one order of magnitude
faster than molecules without COOH groups.

Thermodynamic driving force for hydrogen abstraction is
the formation of a strong O-H bond (namely that of H,O) with
an experimental bond enthalpy (AH,og) of 497 k] mol™" while
cleaving the weaker O-H bond of the carboxylic acid (computed
bond enthalpy of 426 k] mol™" for CF;COOH)."°

The number of unprotected groups can be greatly reduced
by chemical stabilisation techniques (e.g. conversion of -COOH
to —~CF; by treatment with fluorine).®”® Cipollini’® found lower
FERs for treated Nafion® membranes in Fenton degradation
tests. But the same author also observed that in operando
(90 °C, 30% relative humidity, anode: H, + 5% O,, cathode:
0,), these differences in FER values between untreated and
treated ionomers vanished. These experimental observations
indicate the presence of other degradation mechanisms under
fuel cell conditions.”

Further experimental evidence for the unzipping mechanism
was presented by Danilczuk et al®® The stability of different
polyfluorinated membranes (Nafion®, stabilised Nafion®™, 3M
ionomer and Aquivion®) was investigated by spin-trapping EPR
spectroscopy. *OH was generated by photolysis of H,O, in the
presence of the ionomers and then trapped by using DMPO
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Scheme 2 Side chain degradation mechanism as proposed by
Ghassemzadeh et al.!! BB represents the backbone of the PFSA ionomer.
Single barbed arrows indicate the formation of new chemical bonds and
homolytic cleavage of bonds.

(5,5-dimethyl-1-pyrroline N-oxide). Besides the detection of
the expected DMPO-OH radical adduct, carbon-centred radical
intermediates were also established for all ionomers. For the 3M
and the Aquivion® ionomer it was concluded that the observed
radical adduct is a result of an attack of *OH on the COOH
moieties of the polymers. For Nafion® and stabilised Nafion®™
another carbon-centred radical species was detected, which was
attributed to a side-chain-derived radical.*’

Attack at the sulfonic acid moiety. Attack on the sulfonic
acid moiety located in the side chain (SC) was proposed by
Ghassemzadeh et al.™* (Scheme 2) based on the detection of
the end-chain radical SC-OCF,CF,* upon UV irradiation of
Nafion® in the presence of Fe(m) or Fe(ir) and H,0,.5>%* DFT
calculations for CF;SO;H show that a bond enthalpy of only
236 k] mol ™" can be ascribed to the C-S bond rendering it the
weakest bond among all bonds in the side chain.®

The O-H bond of the sulfonic group involved in the first
reaction in Scheme 2 features a bond enthalpy of 406 k] mol *
(computed for CF;S0;H)"® making the hydrogen abstraction by
*OH energetically favourable. The following steps finally lead to
an unstable alkoxy radical (BB-O°) which is then inevitably
converted to an acid fluoride and a BB-CF,* radical - both

This journal is © the Owner Societies 2020
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Scheme 3 Formation of sulfonyl radicals via peroxide intermediates as
proposed by Coms.1° SC represents the side chain of the ionomer.

involved in the main chain unzipping process, too. As an
intermediate in the first step a sulfonyl radical (SC-
OCF,CF,S0;*) is postulated,®! which can also be generated by
another mechanism involving H,O, as an oxidant for the
sulfonic acid (see Scheme 3).'® The intermediate sulfonyl per-
oxide can react with another sulfonic acid to form bissulfonyl
peroxide, whose O-O bond is finally cleaved to yield two
sulfonyl radicals. Again, the cleavage of the weak C-S bond
leads to SC-OCF,CF,* and SO;.*°

Ether cleavage mechanism. Not only the sulfonic acid head
group is susceptible to radical attacks, also the ether moiety in
the side chain should be considered as a point of attack by
radicals, as proposed by Ghassemzadeh et al.'*'* A Nafion®
211 membrane was subjected to a Fenton test and the concen-
trations of the fluorine-containing membrane units were
monitored by ’F MAS NMR (magic angle spinning nuclear
magnetic resonance) spectroscopy. The highest decrease in
concentration (up to 15% over 48 h) was observed for the two
CF, groups adjacent to the hydrophilic head group.'” Similar
results were obtained when using an electron beam to irradiate an
aqueous solution of H,0, in the presence of Nafion® 211.** This
mechanism is further supported by EPR investigations by Danilczuk
et al. showing that ionomers with shorter side chains (3M and
Aquivion®) are characterised by a higher stability towards the
radical attack of *OH compared to (stabilised) Nafion®.%

The mechanism depicted in Scheme 4'* starts with a radical-
initiated ether cleavage on the side chain, which can happen
from both sides of the ether oxygen leading to different side
chain fragments, which could be detected by *°F NMR. By using
attenuated total reflection Fourier transform infrared spectro-
scopy (ATR-FTIR) the presence of C—O bonds could be
established.

Attack at the tertiary carbons. So far, all discussed degrada-
tion procedures rely on the attack of ROS. Beyond that, *OH
also tends to react with other H donors such as molecular
hydrogen giving rise to hydrogen radicals:*

H, + *OH =2 °*H + H,0 (9)

This journal is © the Owner Societies 2020
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Scheme 4 Proposed mechanism of ether cleavage with subsequent
fragmentation and side-chain unzipping.!®* BB represents the backbone
of the PFSA ionomer.

As *H is produced along with ROS like *OH and *OOH under
fuel cell conditions,*® it is difficult to study the impact of *H on
membrane degradation in situ. Ghassemzadeh et al."® were able
to generate *H selectively by irradiating an aqueous H,SO,
solution with an electron beam in the presence of Nafion®
211. Their results indicate that the points of attack for *H are
the tertiary C-F bonds located on the main and side chain (see
Fig. 2). Based on that, a degradation mechanism involving just
*H was proposed. In principle, both tertiary C-F bonds are
points of attack for the highly reactive *H which finally leads to
the fragmentation of the side chain at the tertiary carbons.*?
These findings are corroborated by DFT calculations>** which
demonstrate that the bond enthalpy of C-F bonds is the lowest
for tertiary carbons. Based on the bond strengths (primary
C-F: ~ 520 k] mol™'; secondary C-F: ~ 480 k] mol '; tertiary
C-F: ~ 440 kJ mol~ ") and HF (571 k] mol ") fluorine abstractions
from any position of the Nafion® structure should be thermo-
chemically favourable, though only abstractions at secondary and
tertiary C-F bonds are estimated to be kinetically feasible.'

One should bear in mind that this mechanism is strictly
valid only in a system where just *H as radical species is
present. Under fuel cell conditions, a synergetic cooperation
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of the ROS and °H should be expected resulting in a more
complicated degradation process. *H might activate the side
chains for following attacks by ROS.

Previously published modelling approaches

On the basis of the degradation mechanisms discussed above
several modelling approaches comprising membrane degrada-
tion phenomena®*~*°® have been published. The model by Xie
and Hayden®’ does not concentrate on the formation of radical
species; yet it is possible to distinguish between two possibi-
lities for initiation of PFSA degradation - either at the weak end
groups of the main chain or at the side chains. In addition, it is
impossible to deduce FERs from the model. A kinetic frame-
work to describe the formation of H,O, and ROS was provided
in an extensive one-dimensional model of Shah et al.*® Gubler
et al.*' presented a more comprehensive kinetic framework.
With their zero-dimensional chemical reactor model compris-
ing rate constants at room temperature they were able to
estimate the quasi-steady state concentrations of *H, *OH and
*OOH. FERs for ex situ Fenton and under fuel cell operation
conditions after extrapolation to 90 °C were predicted. For the
Fenton tests the agreement of the calculated FER with literature
data was satisfying; however, the FER for in situ conditions was
2 to 3 orders of magnitude lower than the experimental results.

Both the models of Shah et al.*>° and Gubler et al.*' rely on
the main chain unzipping mechanism as the major membrane
degradation mechanism, yet improved chemical post-
treatment effectively decreased the number of weak end groups
in PFSA ionomers.”® Ghelichi et al®” used a similar kinetic
framework to that of Gubler et al.>" (rate constants at 80 °C
instead of room temperature) in their coarse-grained degrada-
tion model dividing the PFSA structure into backbone, trunk
and head group units. Radical concentrations were calculated
following a steady-state approach neglecting the effects of the
PFSA ionomer as a sink for radical species. The rate constants
for the unzipping reaction and head group dissociation were
derived from fitting analytical expressions to experimental
data. For both the unzipping and the head group dissociation
rate constant a good agreement with rate constants for model
compounds determined by Dreizler and Roduner®® was achieved.
However, the rate constant for head group dissociation is dependent
on the data used for fitting.*>

Similar to Ghelichi et al,**> the approach by Wong and
Kjeang®® is also based on the degradation of the side chain
and features the radical ether cleavage (shown in Scheme 4) as
the initiation step of ionomer destruction. Even though the
kinetic framework for radical formation only comprises the
Fenton reaction and all reaction constants are given for room
temperature, trends observed in in situ tests can be well
reproduced with their model. The kinetic framework®® was
expanded in a later publication by Wong and Kjeang.**
An analogue model was presented recently by Singh et al.,*®
being extended by regarding the temperature dependence of
the Fenton reaction and an iron redox cycle, which is estab-
lished by the reaction of ferric ions with hydrogen radicals.
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A recent publication by Futter et al.?® features an extensive
radical reaction framework similar to the ones already
presented.’**?* Furthermore, the degradation reactions
displayed in this model are based on the coarse-grained
approach,®> with an excellent agreement with experimental
data from accelerated stress tests.

Modelling framework

In the following paragraphs our modelling framework is
described (for schematic explanation see Scheme 5), which
merges and expands the hitherto published ones.**™° A combi-
nation of ionomer degradation reactions**> (see Scheme 6)
with basic radical chemistry"*™® leads to a system of 23 coupled
chemical equations (see Table 1). This set of equations is then
solved by an automatisation routine based on the freely
available kinetic simulation program COPASL® This allows
predictions of fluoride emission rates and concentration traces
of ionomer moieties and degradation products.

Our model relies on the following assumptions:

1. An isotherm zero-dimensional chemical reactor for the
ionomer membrane. This model is characterised by uniform
distribution of all involved chemical species over the whole
reaction volume, which is equal to the membrane volume.
Hence, no diffusion of species is observed. For highly reactive
species such as *OH diffusion can indeed be neglected, as
diffusion length in the nm range is estimated,>" which is 3
orders of magnitude lower than the average thickness of the
PFSA ionomer membrane. Once formed, the *OH radicals react
with other species in close vicinity, and thus the damage
induced by the radical attack can be considered as highly
localised.

2. Besides *OH, the generation of *OOH and °H is also
covered in the model, though their involvement in chemical
membrane degradation is neglected. Due to the relatively low
enthalpy of the O-H bond in H,0, (366 k] mol ') hydrogen
abstraction from PFSA ionomers by *OOH radicals is thermo-
dynamically highly unfavoured.'® Nevertheless, the possibility
of a recombination of *OOH with carbon-centred radicals
formed during the degradation cannot be ruled out. Gubler
et al.®" argued that, despite the low steady-state concentration
of *H at room temperature in the presence of ionomer (2 orders
of magnitude lower than *OH), *H might have a considerable
effect on the membrane degradation; however due to the lack of
kinetic data, its influence cannot be evaluated by the model.

3. The primary source of ROS is assumed to be the reactions
of H,0, and both the ferrous (Ry; Fenton reaction) and ferric
ions (R,) and to a small extent the homolytic cleavage of the
0-0 bond in H,0, (Rg). All other sources of ROS and hydrogen
radicals (e.g. formation at Pt particles”>””) are neglected in the
model. In addition, the potential-dependent redox recycling of
iron species®® in the membrane is not taken into account.

4. Although protons are involved in some of the chemical
reactions, their rates are basically independent of the pH.
Accordingly, pH effects®® are not considered.

5. We consider the changes in concentration due to the
swelling of the ionomer membrane® as negligible.
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MODELLING FRAMEWORK

ionomer degradation
mechanisms / reactions

basic radical chemistry
(ROS, -H)

model setup

0D chemical reactor model
(set of 23 coupled chemical equations)

solving routine
(copd + COPASI)

FERs

Scheme 5 Schematic drawing of the modelling framework presented in this article. lonomer degradation mechanisms/reactions

simulation of
experimental data
and predictions

concentration
traces

33-35 (see Scheme 6)

are combined with basic radical reactions of ROS and *H*728 to yield a zero-dimensional chemical reactor model comprising a set of coupled chemical
equations. This system of differential equations is solved by a combination of the self-developed tool copd and freely available software COPASI.8°
Fluoride emission rates and concentration traces (e.g. HF, CO,, ionomer moieties) can be simulated and predicted.

6. For the OD chemical reactor a constant concentration
(steady-state) of H,0, is assumed.

7. A constant total iron concentration [Fe**] = [Fe**] + [Fe*']
within the reactor is assumed, unless otherwise stated.

8. Chemical degradation of the membrane generally starts at
the side-chain and proceeds (up to seven CF, groups) along the
backbone (Scheme 6).

9. For Ry5, Ry and Ry 3 it is assumed that the first step (i.e.
the attack of the hydroxyl radical) is rate-determining,?®*%?3
which leads to the rate laws given in Table 1.

o ?B

F o
HOsSs F Hoss F
SC-SOH -
+3:0H | ~
-3co, Ris
F F
COOH + HOOC <M s
|
¢, L -3HF
n Rig
+2.04 | "2HF +2-0H 'égF
coz “¥Y¥2 Ry7-Rpy

K F
COOH HOOC
E
n-1 F A

Scheme 6 Left: Side chain degradation mechanism?*~*>

10. To account for the temperature-dependence of the rate
constants, the Arrhenius approach (eqn (10)) is chosen. The
necessary kinetic data are summarised in Table 1.

(10)

The rate constants for R,5 and R, were estimated by Wong and
Kjeang,*® and all other rate constants were obtained experi-
mentally.'*>® For all ionomer degradation reactions (Ry4~Ry3) the
same (average) activation energy of 70 kJ mol~" was assumed.>"-*®

7
>

—ECFz}cl;F{CFZ CFZ}?F{CFZ}
— 5 —> < —0

a | A
| CF, ICF2
1 CF—CF; F,C—CF
PERE
CF, CF,
cF. cF,
SOz;H HO,S

used in the following modelling approach. Right: Upon initiation at the side chain (orange and

blue arrows), membrane degradation proceeds in both directions along the backbone equally (indicated by green arrows).
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Tablel Summary of kinetic data used in this study. For each reaction (R;—R,3), rate constant k at 25 °C (= 298.15 K) in L mol™ s ™%, activation energy E, in

kJ mol™ and pre-exponential factor A in L mol™t s™* are given

k (T = 298.15 K)

Reaction [L mol ' s7] E,[kJmol™"] A[Lmol 's™']
R, Fe*' + H,0, + H" - Fe*" + *OH + H,0 1 = kq[Fe* | [H,0,] 66 35.4%° 1.05 x 10%*®
R, Fe*' + H,0, — Fe?" + *OOH + H' 1 = ky[Fe**|[H,0,] 8.6 x 1074 12622 8.43 x 10822
R, Fe*' + *OH + H" — Fe*' + H,0 73 = k3[Fe*|[*OH] 3.6 x 1081°¢ 9" 1.37 x 10"
R4 Fe*' + *O0OH + H" - Fe*' + H,0, 74 = kq[Fe*][*O0H] 1.2 x 10°% 4273 2.74 x 10"
Rs Fe*' + *0O0H — Fe*" + H' + O, rs = ks[Fe**[*O0H] 8.1 x 108 33718 4.9 x 10"
R H,0, — 2°OH Te = ke|H,0,] 6.5 x 10 > [s7'] 201*! 10" [s7'*
R, *OH + H,0, — *OOH + H,0 7 = k;[*OH][H,0,] 3.0 x 107264 142° 8.43 x 10°
Ry *OOH + H,0, — *OH + H,0 + O, 75 = kg[*OOH][H,0,] 3.7 33.547 2.71 x 10°
R 2°00H — H,0, + O, o = ko 'OOH]Z 9.1 x 10°%*¢ 20.6'° 3.70 x 10°
Rio 2°0H — H,0, 10 = k1o[*OHJ? 5.3 x 10°%7¢ 8% 1.33 x 10'*
Ry, *OOH + *OH — H,0 + 0, 11 = k11[*OOH][*OH] 1.1 x 100274 14.2¢ 3.39 x 10*?
Ry *OH + H, — H,0 +*H T12 = k1o[*OH][H,] 3.9 x 107%7¢ 19.2%7 9.14 x 10'°
Ry *H + O, > *OOH 713 = k13[*H][O,] 2.2 x 1010274 10.3%¢ 1.37 x 10'?
Ria SC-SO;H + *OH — SC-0° + HOCF,CF,SO;H 114 = k14[SC-SO;H][*OH] 3.7 x 10°%° 70° 6.80 x 10*®
Ris SC-0° + 3°0OH — BB-O* + 6HF + 3CO, 715 = k15[SC-O°*][*OH] 3 x10"% 70° 5.51 x 10"°
Ris BB-O* + *OH — 2-(CF,),COOH + 3HF r16 = k1¢[BB-O*][*OH] 8.5 x 107% 70° 1.56 x 10*°
R;-Ry;  —(CF,),COOH + 2°0OH — T'un = kun[~(CF,),COOH][*OH] 1.0 x 10°2%¢ 70° 1.84 x 10"
~(CF,),_1COOH + CO, + 2HF
(7<n<1)

“ Rate constants were recalculated for T = 298.15 K. ? Activation energy is estimated between 6 and 10 keal mol ™.

¢ Average activation energy

found in various degradation experiments.***® ¢ Upper limit for the attack of *OH on CF;COOH.**

Although not many experimental activation parameters have
been established, the use of DFT-calculated Arrhenius para-
meters is problematic because due to the subtle interplay of
solvent and counter-ion effects they may substantially deviate
from their experimental counterparts.®>*” The set of coupled

Table 2 System of coupled differential equations for all relevant species

chemical reactions shown in Table 1 gives rise to a system of
coupled differential equations (displayed in Table 2), which
needs to be solved in order to obtain the time traces of all
participating chemical species. An overview of parameters
(concentrations, temperature, thickness of the membrane)

Species Differential equation
[Fe*"] d[Fe?t]

—q - hitrornoratrs
Fe d[Fe* d[Fe?*
[Fe™] [det l__ [det L it re—rs
[H] d[dfl] =rp —r3
[fOoOH] d[*O0H]

T:72—1‘4—r5+"7—r8—2"9—r11 +r13
*OH d[*OH
[OH] [dt ] =r1—r3+2r6—r7+rs —2r0 —ru —ria—ra—3rs — e

— 2(1‘17 +rig +ry9 + 1+ 12 +r0+ 1”23)

HF]’ d[HF
[HF] % = 06r15 + 3r16 + 2(r17 + r1g + ri9 + 120 + ra1 + 10 +r23)
Co,J d[CO
[cO.] [dt 2] =3ri5+ 7117 +rig+rie+r0 +ra +rn 43
[SC-SO,H] disC—SO;H] _

s
[sc-0°] d[SC-0°]

s
[BB-0°] d[BB—0°] .

————=Tri5—TIl

dr

HOCF,CF,SO;H 20503

d[HOCF,CF,SO;H _,

S P—— T
[-(CF,),COOH]*" d[~(CF,),COOH] 5

— = 4l — I'17

dr
[-(CF,),_,COOH]*? d[—(CF,), ,COOH]
a =ry =T

n=7
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b For the rate constants the following relation is valid: ky,, = &y, for 17 < m < 23.
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Table 3 Overview of parameters and their typical ranges used in the
simulations of in situ conditions

Parameter Values

[H,0,] 0.1-10 mM (constant)
[Fe**]o 1-100 ppm*”

[Fe’']o 1-100 ppm®

[Fe™'] = [Fe*"], + [Fe*'], (constant)
[SC-SO3H], 1.81 M**?

[H] 10 mM (constant)*"

[0,] 7.5 mM (constant)*!

T 333.15-368.15 K

5membrane 25-50 wm

“ 1 ppm Fe corresponds to 1.79 x 10> M. ” [SC-SO;H], is calculated as
the ratio between dry membrane density pembrane and BOL equivalent
weight EW,.>*

which are used in the model and can be adjusted freely is
presented in Table 3.

Methods

The system of coupled differential equations was solved by
using a combination of the freely available kinetic simulation
software COPASI®® (http://copasi.org) and an automatisation
routine (COPASI driver, developed by us) implemented in the
programming language Perl. All inputs are provided in a plain
text file (obeying a certain syntax) and are then interpreted by
the routine which generates the inputs for the commandline
version of COPASI (version 4.24 (Build 197)). The results are
processed by copd to yield output text files and graphical
representations (time traces and rate plots; generated via
gnuplot (version 5.2 patchlevel 4)), which allow a first fast
assessment of the received data. Examples of an input file
and output files of the routine are provided in the ESI.{ Origin
Pro 8 was used to fit the calculated data shown in Fig. 13.
Simulations are generally fast (4.4 s for 100 h real-time simula-
tion of a chemical reactor on a Windows 10 64-bit PC equipped
with an Intel™ Core i5-3210M processor and 8GB RAM). The
kinetic framework can also be used with Linux. A web interface
of the routine can be freely accessed under http://ptc-pc-139.
tugraz.at/cgi-bin/Membrane_Degradation/.

103

104
‘T_' 1
S 10°4 [Fe*']
€ 3 3+
= [Fe™]
iy i 1 -[-OH]
51071 ——[-00H]
08)_ k| [H]
T107

10”1 . : : . : . : : : :

10 10° 10-4T. } h1 0? 10° 10°
ime

Fig. 3
1 mM, [Fe3*]p = 10 ppm.
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To inspect if the results generated by the COPASI driver are
of general nature, we have also implemented the equations in
Mathematica (Version 11). A comparison of the results
obtained from both the copd routine and the Mathematica
implementation is shown in the ESI.{ The used Mathematica
code is available in the ESIf and free to use.

Results and discussion

To establish a holistic chemical degradation modelling frame-
work based on the equations presented in Table 1, several
aspects - the interplay of iron species and radicals, their
influence on the ionomer degradation and the dependence of
fluoride emission on the temperature, [Fe*'] and [H,0,] -
are highlighted in this section. Furthermore, the model
allows analysing the entire cause and effect chain of chemical
degradation phenomena ranging from basic radical formation
reactions to the (measurable) manifestations of membrane
degradation (fluoride emissions, loss of ionomer moieties
and loss of ion exchange capacity).

Dynamic equilibrium between ferrous and ferric ion

Transition metals like Cu* or Co®" are also capable of convert-
ing H,0, to ROS. The modular setup of the framework allows
that reactions for additional metal contaminants can be added
to the system easily. Iron ions, however, are known as con-
taminants in fuel cell membranes.?”%*%?
as a paradigm of all “Fenton-active” metal salts, whose exact
distribution and concentrations remain unresolved. Furthermore,
the reactions of Fe*" and Fe*" with H,0, and radical species are
very well studied (see Ry-Rj).'>17719:22:23:58:398889 A] 5 reactions
can be characterised as redox reactions and constitute a recycling

We consider iron

system for the oxidation state of the iron. As a dynamic equili-
brium between the two main oxidation states of iron (+II and +III)
is established, it should not be relevant in which oxidation state
the iron ions are present at the initial state of the simulation.
This hypothesis was tested by comparing the time traces for
the iron and radical species for two test cases - in the first one

102
1
1
1064
- 1
I:I h |
o -9
g
K
I {oH]
= 4012 F
§10 1 ——[-O0H]
1
‘H
2, [H]
107"%4
1
|
1078 : ; ; ; ; ; . . ; .
108 10°® 10 102 10° 10?
Time /h

log-log plots of [Fe**] and radical concentrations as a function of time for T = 363.15 K. Left: [H,O,] = 1 mM, [Fe®*]o = 10 ppm. Right: [H,O,] =
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10 ppm Fe is present in +II state at ¢ = 0 and in the second one
the same amount of Fe is in the +1II state at ¢ = 0. The results are
presented in Fig. 3 and indicate that in the first few seconds of
the simulation a constant ratio between both iron species is
formed. From this moment on 99% of the iron species are in
the +III state and lead to matching concentration curves for all
depicted chemical species for both cases. The graphical repre-
sentation of the time traces for the chemical reactor with
[Fe**] = 10 ppm and [Fe*'] = 0 ppm (left side of Fig. 3) reveals
a remarkable correlation between the concentrations of the
ferrous ion and the radicals *OH and °*H. The time traces
representing these radicals are strongly influenced by the
transient concentration of ferrous ions. [*OH] and [*H] drop
as soon as major parts of the ferrous ion are oxidised. This
observation is reasonable, as the Fenton reaction (R,) is one of
the prominent sources of *OH. The concentration of *H follows
the time trace of *OH, as their sole source is the reaction
between H, and *OH (R;,). Parallel to the oxidation of iron,
the concentration of *OOH increases (with a short stagnation)
until reaching a steady-state concentration after a few seconds.

A similar behaviour is observable for the inverse case — all
iron ions are in +III at ¢ = 0 — shown on the right side of Fig. 3.
The reduction of ferric ions to ferrous ions is only carried out
via the reaction with H,O, (R,) and subsequently with newly
formed *OO0H (R;). Up to 10~° s, the concentrations of Fe**
and *OOH, which are both products of R,, are the same and
afterwards, the participation of the species in other chemical
reactions leads to a bifurcation of the curves. The concentration
of Fe*" is only weakly influenced, as just about 1% of the ferric
ions are reduced to ferrous ions. This finding is in good
agreement with the results from the quasi-steady-state
approach by Gubler et al,*® who found that in the steady-
state >99% of the iron ions are Fe®".

The obtained range of the radical concentrations for the
time between 10™® h and 100 h are in accordance with the
results by Gubler et al.,*' who calculated [*OOH] =~ 10 '° M,
[*OH] ~ 107 '® M and [*H] ~ 10~ '° M. Discrepancies might be
explained by the fact that the model presented here does not
rely on a steady-state approach and additionally, the tempera-
ture dependence of the chemical reactions is included.

Time evolution of membrane degradation

The time-scale at which a steady-state of the iron and radical
species (except for *OH and °H) is established is clearly
separated from that of the evolution of the membrane degrada-
tion products. As shown in Fig. 3 iron and radical species reach
their final concentrations after a few seconds (and then do not
depend on differences in the initial concentrations of Fe** and
Fe®* anymore). The evolution of the ionomer moieties and
degradation products (HF and CO,) happens on a much longer
time-scale as shown in Fig. 4. The radical ether cleavage at the
side chain (first step in the degradation mechanism) leads
to a decrease in sulfonic acid head group concentration (see
Scheme 6). Immediately after the start of degradation the
product of the radical ether cleavage SC-O° is built up and,
with a certain delay, also BB-O® and the carboxylic acid
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Fig. 4 Time traces of PFSA ionomer functional groups and degradation
products for [H,O,] = 1 mM, [Fe?*]y = 10 ppm and T = 363.15 K.
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Fig. 5 Time traces of PFSA ionomer functional groups and degradation
products for [H,0,] = 5 mM, [Fe?*]o = 10 ppm and T = 368.15 K. The bend
in the concentration trace of HF (change in the degradation mechanism) is
indicated by two intersecting lines and a dashed line.

terminated main chain fragments are generated. The occur-
rence of the intermediates also correlates with the drop of
concentration of *OH observed after a few hours (see Fig. 3), as
the degradation of these intermediates (R;5-R,3) consumes
additional *OH. Despite the favourable kinetics for the attack
of the membrane by *OH with rate constants >10° L mol s~ *
membrane degradation is greatly decelerated by the low steady-
state concentration of *OH (see Fig. 3).

When plotting the concentration traces for harsher condi-
tions ([H,0,] = 5 mM, [Fe*'], = 10 ppm and T = 368.15 K; Fig. 5),
the curve for HF levels off in the area around 200 h. Up to this
point, the fast degradation reactions of the side chain (R;5 and
R;) mainly contribute to the fluoride emission. As soon as
most of the side chain is consumed (at around 200 h), the
emitted fluoride stems exclusively from the unzipping of the
main chain (R;;_,3), which is characterized by a smaller rate
constant and becomes rate-determining in terms of fluoride
emission.
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Trends in fluoride emission rates

Among the most important parameters to assess the state of
health of an ionomer membrane is the fluoride emission rate,
which is usually determined in effluent water by using fluoride
sensitive electrodes or high performance liquid chromato-
graphy.® The FER is inversely proportional to the life-time of
the membrane as it is directly linked to its loss of mass, which
will be highlighted further below in the text.

Besides time traces for the concentrations of the chemical
species, the copd routine outputs FER data derived from the
concentration of HF. The FER values (averaged over 100 h) were
calculated for different [Fe**], and [H,0,] values and T'= 70 °C
(see Fig. 6). For low [Fe*"], and [H,0,], small FER values are
obtained, as expected. The FER shows a strong dependency on
both [Fe*"], and [H,0,] which is indicated by the orange and
black lines. Hence, a low concentration of both iron contaminants
and detrimental hydrogen peroxide is necessary to protect the
chemical integrity of the membrane.

Another factor which greatly influences the fluoride emis-
sion is the temperature within the fuel cell membrane (see
Fig. 7). By increasing the temperature by only 10 K (e.g. going
from 333.15 K to 343.15 K) while keeping [Fe®"] constant, a gain
in the fluoride emission rate of up to one order of magnitude
results. The increase in fluoride emission is less pronounced
for higher initial concentrations of Fe>".

In addition to the FER, the ion exchange capacity of the
ionomer is also an indicator of the chemical integrity of the
membrane. When the sulfonic acid moieties are eliminated
due to degradation phenomena, the ion exchange capacity
(IEC) decreases. To investigate the correlation with the fluoride
emission rate, we calculated the IEC (at BOL) as the ratio of the
amount of sulfonic acid groups in mmol (n,) and the dry mass
of the ionomer in g (Mqyy,0) in the following equation:**

SOsH
1EC, = "0(80sH) (11)
Mdry 0
107
e
N
10° 5
S
S
10" i
TR

Fig. 6 Logarithmic depiction of the fluoride emission rate (averaged over
100 h) as a function of hydrogen peroxide concentration and initial ferrous
ion concentration for T = 343.15 K and dmembrane = 50 um. The black lines
indicate constant initial ferrous ion concentration and the orange lines
indicate constant hydrogen peroxide concentration.
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Fig. 7 Fluoride emission rate (averaged over 100 h) given in molcm ™2 h~?
calculated as a function of temperature in K for [H,O,] = 1 mM and
Omembrane = 50 pm.

340

When the ionomer is subjected to chemical degradation, the
number of sulfonic acid group decreases, and the mass of the
ionomer is diminished by the loss of CF, groups (m¢ + mg) and
the fragment HOCF,CF,SO3H (Mfragment) formed in Ryy:

n(SOzH)

Mdry,0 — MC — MF — Mfragment

IEC = (12)

For the calculations of the IEC after a simulated degradation
test, a membrane area of 25 cm?, a constant membrane thickness
of 50 pm and hence a volume of 1.25 x 10~* L are assumed. The
density of Nafion is 1.98 g cm>.°° The FER values (averaged over
100 h) are plotted as a function of IEC values obtained at the end
of simulation (100 h) in Fig. 8. With increasing temperature and
iron contaminant concentration the FER is increased and
approaches a value of about 10~ ® mol cm > h™'. At the same
time, the IEC drops until reaching 0 mmol g, the point at which
all side chains are degraded (left side of Fig. 8). In the other
direction, it is evident that a value of 0.91 mmol g~ is approached,
which corresponds to the IEC, value of a pristine membrane,"

10 3
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Fig. 8 Fluoride emission rate (averaged over 100 h) is plotted as a
function of the ion exchange capacity (at t = 100 h). The arrow indicates
increasing temperature and iron concentration.
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as virtually no side chains are consumed at lower temperatures
(333.15 K) and lower iron concentrations (1 ppm). The IEC is only
affected critically, when the FER exceeds a certain threshold (about
107" mol em > h™1).

Influence of iron input and leaching on membrane degradation

For the results presented so far, the total iron concentration
[Fe™"] was kept constant over the whole course of the simulation.
The implications of changing the total iron concentration due to
input of additional iron (e.g demetallation of the Fe-N-C
catalyst;*®*° originating from stainless steel end plates®”*®) or
loss of iron are demonstrated in the following paragraphs.

For the analysis, it was assumed that all iron, which is added
or lost, is in the oxidation state +II. This assumption is justified,
as simulations presented above show that the dynamic equili-
brium between both oxidation states of iron is established
within seconds. The rate constant, which describes the input
or loss (output) of iron (ky0), was calculated so that the final
total iron concentrations are reached at the end of the simula-
tion (linear increase and decrease). This means that kyo =
+4.972 x 107*° mol L™" s™* (positive for 10 — 20 ppm and
negative for 10 — 0 ppm) is obtained. The differential equation
for [Fe*"] can be written as

d[Fe*]

T (13)

=—ri+r—r3—rs+rs+kyo

The results, which are depicted in Fig. 9, reveal that the
input or leaching of Fe*" has a great influence on the kinetics of
the degradation, as expected. The green curves show the cases
when [Fe*'] is decreased from 10 to 0 ppm. At the end of the
simulation the slope of the green curves tends to 0, as the
system becomes almost depleted of [Fe*']. For the increase of
[Fe*"] from 10 to 20 ppm (blue curves) the slope of the curves
grows until the blue curves are parallel to the black curves
(20 ppm [Fe*"]). To avoid the acceleration of chemical degradation,
it is highly important to optimize the constituents of the fuel cell
(e.g the end plates or the Fe-N-C catalysts) in a way that the input
of additional iron species is minimized.
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Comparison with experimental data

The simulation results presented so far were derived from a
model that assumes a 0D chemical reactor. In reality,
membrane degradation is a complex interplay of chemical
and physical (thermal and mechanical) processes. To demon-
strate that our model, despite its limitations, produces reason-
able results, we will compare simulation results with a