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Abstract

Although proton-exchange membrane fuel cells (PEM&@ considered as a safe and clean
energy technology, ageing phenomena of the memimi@strode assembly (MEA), and
more particularly of the membrane, still restridENPFC lifetime. In this paperex-situ
accelerated chemical degradationia Fenton’s reagents exposure — of reinforced Nafion
XL membrane is performed in order to investigate timpact of chemical degradation on
membrane structure and properties in comparisorh witreinforced Nafion NR211
membrane. Results demonstrated that both XL andl1ilR8embranes undergo chemical
decomposition after exposure to Fenton’s reagdnd#farent degradation rate. Emissions of
two main degradation products released by the Nafimembranes were monitored as a
function of exposure time, demonstrating the grestigbility of the XL membrane compared
to the NR211 membrane. However, the impact of chahaegradation on water sorption and
water transport properties seems negligible fohlmémbranes. This study aims at providing

new insight on chemical degradation of compositédda XL membrane.

Keywords



25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

Chemical degradation; Durability; Fenton’s reactibafion” XL membrane; PEM fuel cell
1. Introduction

Proton-exchange membrane fuel cell (PEMFC) is aning technology for replacing fossil
energies in stationary and transportation appboati In spite of numerous key technological
advances over the past decades, their large-scatgnercialization is still impeded by
durability and performance issues [1-3]. Perfluahosic acid (PFSA) membranes are today
the most-commonly used materials in PEMFC systdmskis to their remarkable proton
conductivity and their chemical-mechanical stajpildespite an excessively high degradation

rate during fuel cell operation [4].

In recent years, countless studies have been dawtie to provide key information on the
degradation mechanisms of PFSA membranes and tlpactmon their structure and
properties. The degradations are due to chemiahlnaechanical stresses generated during
fuel cell operation. They may go unnoticed for thads of hours of operation, as membrane
thinning does not always lead to a decrease iropaences, but they will eventually be at the

origin of critical failures when the membrane brefk 6].

Chemical degradation results from the formationhgfirogen peroxide, permitted by the
crossover of reactant gases through the membramehwhen decomposes to form highly
reactive oxygen species (ROS): the hydroxyl {H®ydroperoxyl (HOQ and hydrogen (H
radicals [7-9]. These reactive oxygen species lattae most vulnerable bonds of the PFSA
structure, located both in the fluorocarbon backband the perfluorinated side chains [8],
leading to a loss of membrane integrity and coneetiyto its thinning [10,11]. In the case of
the first generations of Nafion membranes, the carboxylic acid end groups, intredu
during the manufacturing process, were the maes sithere degradation began. Membranes

of the current generation are chemically stabilizbdnks to an additional step of post-
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fluorination [12] and have a better durability. &ddition to chemical degradation, the
durability of the membrane is also significantl{eadéd by a mechanical fatigue, mainly due to
numerous swelling/shrinkage cycles and to the nufeum distribution of the contact
pressure with the flow field plates [13]. This fate leads to the formation and growth of
creeps, cracks and pinholes [14-17]. It is now wsthblished that chemical and mechanical
stresses interact with each other leading to aela@tion of the overall degradation rate [18—

21].

To fully understand their impact on the propertidsPFSA membranes, it is advisable to
study chemical and mechanical stressors separat#lylso together. In that respect, specific
accelerated stress tests (AST) mimicking chemical/a mechanical stresses have been
developed with botlin-situ andex-situapproaches [21-23]. Among them, Fenton’s reaction
is the most widely useex-situdegradation protocol for reproducing the aggressivemical
environment and especially the formation of fredigals encountered during fuel cell
operation. Fenton’s reaction consists in the readvetween hydrogen peroxide and iron ions

to form hydroxyl and hydroperoxyl radicals accoglin the following equations (1-3):

H,0, + Fe?* — Fe3* + HO" + HO- @)
H,0, + HO* — HOO" + H,0 )
HOO® + Fe3* - Fe?*+ H* + 0, 3)

Healy et al. investigated the degradation of Nafiomembranes througim-situ (fuel cell
operation) andex-situ (Fenton’s reaction) experiments and demonstrated"*6-NMR
spectroscopy that similar fluorocarboned molecdiesving from the PFSA side-chain were
released in both cases [11]. The usual indicatbch@mical degradation are the emissions of
fluoride ions [11,12,24-28], a drop of proton cociiliity [28—31] and a decrease of the ion-
exchange capacity (IEC) [28,30,31]. Some authove lsdso monitored the evolution of the

chemical structure of PFSA by Fourier-transforrraréd (FTIR) spectroscopy and reported a
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decrease of the typical vibration bands of PFSAcsire [24,27,28,32]. Other authors,
however, did not detect any significant evolutidntlze infrared spectra [25,33]. Recently,
Luo et al. [31] studied the effect of chemical degradationveater transport properties of
PFSA membranes and revealed the existence of agstrorrelation between the water
permeability of the membrane and the exposure tmnEenton’s reagents. They observed
important physical defects and a significant insee@f water uptake resulting in larger

hydrophilic volume fraction and higher proton mdigil

Through the years, several strategies have beeslagped to overcome PFSA membranes
durability and performance issues: in particulamforced composite membranes containing
a thin microporous polytetrafluoroethylene (PTF&)dr have been developed by W. L. Gore
& Associates, Inc. (Gore-SELEEYand by Dupont de Nemours, Inc. (NafioXL) allowing

the use of thinner membranes with similar protomdemtivity than unreinforced ones.
Composite membranes indeed demonstrate an extdifieltie during fuel cell operation
[23] thanks to a better dimensional and mecharstability [34], an increased resistance to
crack initiation and propagation [17,35], as wellahigher resistance [36,37]. In addition,
XL membranes are more enduring against chemicabdagon thanks to the introduction of
cerium-based radical scavengers [38—40]. In regeats, the C&/Ce** couple has become a
promising candidate to efficiently neutralize radscand protect ionic groups thanks to its
self-regenerative property. However, despite tresgmce of mechanical reinforcements and
radical scavengers, current membranes are stiliffinently durable during fuel cell

operation [16,41].

In the past decades, most of the studies investigdte chemical degradation of the first
(N112-N115-N117) and second (NR211-NR212) generatiaf Nafion' membranes whereas
only a few were focused on the reinforced NafioXL membrane [17,35,41,42]. In this

work, the chemical degradation of NafiorXL membrane is monitored as a function of the
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exposure time to Fenton reagents using severalatats such as the fluoride emissions or the
evolution of the chemical structure observed byRF$pectroscopy. The results are compared
with those of its non-reinforced analogue, the diafi NR211 membrane. After 96 hours of
exposure, the membranes were characterized usiages of techniques (DVS Analyz&-
NMR) in order to clarify the contribution of the inéorcement against the chemical

degradation.
2. Experimental
2.1 Materials and preparation

Nafion” XL & NR211 membranes were purchased from lon Polver in the protonated
form (H"). These PFSA membranes have similar chemical csithpo since they are
obtained by the copolymerization of perfluoro(4-hyt3,6-dioxa-7-octene-1-sulfonyl
fluoride) and tetrafluoroethylene (TFE) [43]. Thalso have similar lon Exchange Capacity
(IEC) of 0.92 meq.q for XL and 0.98 meq:§for NR211 and nominal thicknesses — 27.5 um
for XL and 25.4 um for NR211. Compared to NafioNR211, Nafion' XL has an additional
reinforcement based on a microporous matrix ricPTHE and contains radical scavengers

based on cerium species [38].

The commercial membrane samples were pretreatentebainy use following a specific
procedure similar to the one established byeXal.[44]: they were first boiled one hour in a
3 wt.% hydrogen peroxide solution and rinsed thghtyi with distilled water in order to
eliminate any organic impurities. They were theaksal 30 minutes at room temperature in a
solution of nitric acid (10 mol.£) and boiled one hour in deionized water. The samplere
then boiled one hour in a sulfuric acid solutionngl.L™%), and one hour again in deionized
water to ensure a complete substitution of thenogroactive sites. Finally, they were dried 24

hours in an oven at 60°C.
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2.2 Ex-situ Fenton'’s test

The chemical degradation protocol is based on #redn’s reaction [45] and consists in the
reaction between ferrous ion (Beand hydrogen peroxide ¢§8,) to form hydroxyl (HO)
and hydroperoxyl (HOQ radicals. The concentration of Fenton's reagevds established
upon previous studies [46,47]. A stock solutiontagring 50 mg.L* of ferrous ions was first
prepared from iron (ll) sulfate heptahydrate (Fe38,0) provided by Jeulin. A few drops of
concentrated nitric acid were then added to lower gH below 3 before the addition of
hydrogen peroxide. Finally, the 50 mg.ktock solution was mixed with 30 vol.% hydrogen
peroxide (VWR Chemicals) to produce a solution aonbhg 3 vol.% of hydrogen peroxide

and 1 ppm of ferrous ion.

Pieces of membranes (6 cm x 4 cm) were fixed iampde holder to ensure proper surface
flatness and uniform exposure of the membrane éoslution. 250 crhof the Fenton
solution containing 1 ppm of Eeand 3 vol.% of KO, was poured into a dry beaker placed in
a silicon oil bath at 80°C under magnetic stirrifige membrane was fully immersed in the
Fenton’s solution for several hours and a watclsgglaas put at the top of the beaker to
minimize the evaporation (a schematic represemtatiothe setup can be seen figure 1 of
reference [47]). The experiment lasted 24, 36,608,72 and 96 hours and fresh solutions
were thus prepared and used at times 0, 24, 3&@0&nd 72 hours. Fluoride ions having a
great affinity for silica-based materials, the @#ptl Fenton solutions were stored in
polyethylene vessels for further analyses afteh @aoewalThe membranes samples were
then treated so that they can be analyzed by FpéRtsoscopy. In order to eliminate cationic
contaminant due to iron ions, the samples wereotigitly rinsed with distilled water before
being soaked in a complexing solution of ethyleagdnetetraacetic acid disodium (EDTA-
Na — 0.01 mol.[*) at room temperature overnight. They were thertetoin a nitric acid

solution (HNQ — 1 mol.LY) at 80°C during two hours for re-acidification awdshed two
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hours in distilled water at 80°C. Finally, the meware samples were dried approximately 20
hours in an oven at 60°C before FTIR analysis. rAfibat, they were put back into a fresh

Fenton solution to pursue the chemical degradgioness.
2.3 Release of fluoride ions

After each renewal of the Fenton solution, the enatr@tion of the fluoride ions released by
the membranes was evaluated with a pH/millivolt engiSevenCompact S220, Mettler
Toledo) equipped with a fluoride ion-selective @lede (DX219, Mettler Toledo). Prior to
the measurement, the electrode was calibratedtbeerange 0.057 — 19 ppm using specific
diluted solutions prepared from 1000 ppm standaidtiesn (Mettler Toledo). 25 mL of
TISAB Il solution were added to 25 mL of sampleui@n to stabilize the ionic force of the

analyzed species. The detection limit of the ebeldrprovided by the supplier is of about 0.01

ppm.

2.4 FTIR-ATR spectroscopy

Infrared spectra were obtained using a FTIR spewtter (Vertex 80v, Bruker) equipped with
a DTGS detector, a KBr beam splitter and a singfiection diamond ATR accessory. The
spectra were recorded at room temperature withnaglation of 16 scans and a wavenumber
resolution of 1 crit from 400 to 6000 cihin absorption mode. Prior to each analysis, the
membrane samples were exposed to a dry nitrogem {@9.9999 % of purity) with a 1
NL/min flow rate during 10 minutes in order to dhe membrane and perform analysis in the
same conditions for all measurements and samples.nfeasurements were performed at
various locations on the surface of the membrangkss and on both sides in order to check
the homogeneity of the chemical structure for prestmembranes and to investigate aging

heterogeneities in the case of the aged samples.

2.5 Dynamic Vapor Sorption
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The water sorption isotherms were measured usingG&Sorp (Hidden Isochema, UK)

dynamic vapor sorption (DVS) analyzer with a massolution of £1 pg. The samples were
first dried five hours under dry nitrogen at a temgiure of 60°C to reach nearly 0 % RH and
thus set the dry mass, even though it has beenrgrated that some “residual water” still
remains in the membrane even after drastic drymogppols [48,49]. The sorption isotherms
were then recorded at 30 + 0.1°C for a water agtiwarying between 0.05 and 0.95, with an
increment of 0.05. The equilibrium threshold waéi to 99 % and the equilibration time of

each step ranged between 3 and 10 hours.
2.6 NMR Spectroscopy
2.6.1Solid-stateF-NMR

Solid-state™F-NMR experiments were performed at 470.5 MHz oBraker Avance 500
wide-bore spectrometer equipped with a H/F/X magigle spinning (MAS) probe. The
samples were rolled and loaded into 2.5 mm zirctimrawalls rotors with Vespel bottom and
drive caps. All spectra were measured with a Hathog@ulse sequence at 24°C under MAS
conditions with a frequency spinning of 25 kHz. Eaxperiment was performed with the
following parameters: a 90° pulse width of 1.25 asecycle delay of 10 s, a dwell time of

2.5 us and a number of accumulations of 64 scans.
2.6.2 Liquid state'F-NMR

Prior to the NMR analysis the remaining Fenton sohs to which the XL and NR211
membranes were exposed were concentrated usintpy ®vaporator (Rotavapor R-100,
Bichi) in order to evaporate the maximum amountvater (the initial volume of solution
was decreased by a factor of ten). This step weenéal to improve the quality of the signal
and decrease the acquisition time. Samples of otrated Fenton solution were poured into

5 mm NMR tubes and mixed with deuterium oxide@pfor a final BO/H,O ratio of 20:80.
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The experiments were conducted on a Bruker AvalHc#0D spectrometer operating at the
Larmor frequency of 376.5 MHz and using a 5 mm BBp@be. Both qualitative and

quantitative NMR experiments were performed in thligdy. The qualitative experiments
were carried out at room temperature with the foihg parameters: a 90° pulse width of 13.5
us, a spectral width of 200 ppm, a recycle delay sfand an acquisition time of 0.87 s. The
F-NMR spectra were obtained thanks to conventicimglle pulse experiments with a

number of accumulations between 2048 and 30720.

Quantification by'®F-NMR was based on a protocol recently establidghe! Kaddouriet

al. [50]. The objective of the work was to propose ewnand efficient'*F-NMR
quantification protocol able to measure the comegion of fluorinated molecules in PFSA
solutions. The first step consists in estimating thrder of magnitude of the fluorine
concentration using the signal to noise ratio, Whie conventionally defined as the ratio
between a resonance peak height and the noisetad®liThe second step is to use an
external reference whose fluorine concentratios iliethe range determined in the first step.
This two-step method was essential for our studg do the low concentration of
decomposition products in the Fenton solutionsloohg this quantification protocol, the
concentration of the decomposition products wast &stimated by measuring the (S/N) ratio
using the “SINO function” integrated into the Top$R.5 software. The use of an external
reference of trifluoroethylene (TFT) solution wah appropriate concentration permitted then
to determine more accurately the fluorine concéioma The TFT solution was placed in a

coaxial insert inside the NMR tube.

The experiments were performed at 300K with a 908ewidth of 13.5 us, a spectral width
of 200 ppm, and a number of accumulations betwe2®0d and 16384. For accurate
guantitative NMR experiments, the recycle delayusthabe higher than five times the

relaxation time Tof the target molecule. The relaxation time of Nafi ionomer solutions



218 was determined by Yuaet al.[51] to be 0.92 £ 0.05 s and that of TFT was deieed by El
219 Kaddouriet al.[50] to be 1.5 £ 0.1 s. Consequently, the recygeky was fixed to 8 s for all

220 quantitative NMR experiments.
221 2.6.3Liquid state'H-NMR

222 The experiments were performed on a Bruker AvancéQ0 WB spectrometer with a
223 Larmor frequency of 600.13 MHz equipped with a 5 mifi30 probe capable of delivering a
224  gradient intensity up to 1800 G.€mThe spectra were recorded at room temperature by
225 accumulating 256 scans and using a recycle delay ®fand a dwell time of 2ps. An
226 optimization of the proton 90° pulse width P1 wamried out for each sample before
227 recording the spectra. A Pulsed-Gradient STimulapoh-Echo (PGSTE) sequence with
228 unipolar gradients was used to measure the wat#rdiffasion coefficients. The
229 measurements were performed with the following p&tars: a gradient pulse duratior-
230 0.66 — 1.50 ms, a diffusion delay= 6.78 — 10.00 ms and a gradient strength g = 2M60
231 G.cm'. The water self-diffusion coefficient was thencedéted by fitting the observed signal
232 attenuation against the magnitude of the applietlignt strength g using the Stejskal —

233 Tanner equation [].

234 Pulsed Field Gradient (PFG) NMR is a common andii@ate method for measuring the water
235 diffusion coefficient in Nafion membranes [53]. The water self-diffusion coeffitien
236 pristine and aged membrane samples were here die¢elms a function of the water uptake.
237 For this purpose, each sample (approximately Icmpwas first fully immersed in distilled
238 water at room temperature for 3 hours. Once outhefwater, the samples were quickly
239 pressed between two layers of absorbent papeder ¢ remove any residual water droplets
240 from the surface before being rolled and packed fhinm airtight NMR tubes. The samples

241 were equilibrated at least overnight before beimigived and analyzed. The hydration level
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of each sample was then adjusted by exposing thelsa to a water-saturated environment

or to the ambient atmosphere, respectively to asaer decrease the water content.
3. Results

3.1 Evolution of the chemical structure after exposiar&enton’s reagents
3.1.1FTIR-ATR spectroscopy

FTIR spectroscopy was performed with an ATR acagssostudy exclusively the surface of
the XL membranes and thus exclude its microporakgtgtrafluoroethylene (PTFE) central
layer from the analysis. Fig. 1a illustrates thizared spectra of pristine membranes in the
range 1400 — 850 cwhere the characteristic vibration modes of th&4&fre visible. The
vibration bands in this range have been assignetheénliterature [48,54-57] and five
characteristic vibration bands have been outlinedllastrated in Fig. 1la (the spectra are
normalized to the most intense band at 1144 amssociated to the asymmetric -CF
stretching mode). As described in section 2.4 hitraogeneity of the chemical structure over
the surface was verified by systematically perfoignat least three local measurements on
both sides of the samples (pristine or aged witferdint exposure time). In this regard, Fig.
1b shows the averaged intensity of the side chagtching bands as a function of exposure
time to Fenton reagents: the intensity of the C—@n@ the S—O stretching bands do not vary
significantly over the exposure time, regardlesshef type of membrane. The experimental
values are given in Table A.1 of the Appendix. Arbdially, one can notice on Fig. 3a that
the normalized intensity of sulfonate groups at(QLb#i* varies between a pristine XL
membrane and a NR211 one. It is important to nod¢ the XL is a composite membrane
constituted by a non-conductive PTFE-rich reinfareat impregnated on both sides with
PFSA ionomer. Consequently, the IEC measured $oglabal structure will differ from that

of the 100% PFSA external layers. Indeed, Moukhre@ibeal. demonstrated that the IEC of
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external PFSA layers in XL is 1.10 + 0.03 méh[§8], which is higher than that of NR211

membrane (0.98 + 0.03 med)gexclusively composed of PFSA. This differencéhiss at the

origin of the discrepancy in the normalized intéesi of SQ vibration band between the

membranes [58].
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Fig. 1.(a) IR spectra of pristine XL and NR211 membramesi$ed on PFSA absorption bands and (b)

evolution of averaged normalized intensity of tlaadis associated to the PFSA side chain over exptisue

for XL (top right corner) and NR211 (bottom rigldraer) membranes. The inset in figure la illusgate

attribution of PFSA side-chain bands [48,54-57].

The constant intensity ratio between the side chaih the -Ck (predominantly in the main

chain) vibration bands may result from two distibethaviors: either there is no significant

chemical degradation occurring or the chemical aégpion induces both side and main

chains decomposition in similar proportion: in thast case, the normalized intensity ratios

I./Ic, may not change drastically. It has been shownhe literature that chemical

degradation — in botm-situ andex-situconditions — can follow this trend, with possilaly

evolution of the chemical structure of Nafiomembranes that remains non-detectable with

FTIR or solid NMR measurements [25,33,59]. For eplm Kundu et al. reported no

apparent change in chemical structure by FTIR dbkageno change in IEC after chemical



284 degradation by Fenton’s reaction [25]. Nevertheldssy measured significant fluoride ion
285 emissions and weight losses as well as importampnodogy evolutions, with the appearance
286 of numerous cracks and bubbles at the membranacsuyrievidencing the presence of
287 significant chemical degradation. Furthermore, tomstant intensity ratio between -SO
288 (side chain fragment) and -gfmostly main chain fragment) vibration bands asggests
289 that the IEC does not evolve after exposure todfestreagents, as confirmed bBF-NMR

290 spectroscopy in the following.
291 3.1.2 Solid-state”F-NMR spectroscopy

292 Although FTIR-ATR spectroscopy only permits to amzal the ionomer surface (on a few pm
293 depth), it is believed to be quite representativethe overall PFSA structure since the
294 membrane thickness is in the range 25-30 um andadagons are expected to be
295 homogeneous. Nevertheless, to confirm observatimade by FTIR-ATR and to quantify the
296 IEC, the overall chemical structure of degradedaxid NR211 membranes has been analyzed
297 by solid-state'®F--NMR spectroscopy. Fig. 2 illustrates the speofr@ristine and degraded
298 Nafion” membranes as well as the experimental IEC detednfrom these spectra. The
299 resonance peaks of Nafiorhave already been identified and assigned initbafure [60—
300 62]. CR groups of the Nafion backbone is attributed to the resonance at -118 pp
301 analogy with the NMR signal of PTFE while the Clegp located at the junction between the
302 backbone and the side chain gives rise to a pedl3&tppm. The side chains signals appear
303 at-76 ppm for the GFand CF groups close to ether linkages, at -140 ppm aadal -113

304 ppm for the CF and GRyroups close to the sulfonic sites, respectively.
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Fig. 2.%F MAS NMR spectra and resonance peak assignméwafisn” XL and NR211 membranes before
and after chemical degradation. The resonance peietkan asterisk designate spinning sidebands.ifiget

illustrates experimental IEC deduced from spectreomparison with the literature values [58,63].
As shown in Fig. 2, the intensity of side chainorence peaks does not significantly vary
after 96 hours of Fenton’s reagents exposure fdah boembranes, which supports the

observations made by FTIR-ATR.

Furthermore, the integral of each resonance peaisseciated to a specific fluorinated
fragment of the polymer structure — is proportiottathe number of fluorine atoms in this
fragment. This makes it possible to evaluate th€ HBrough a theoretical relationship
between the IEC and the ratio of the signal integfra76 ppm I_7¢ ppm), to those at -114 and
-118 ppm (114 ana—-118 ppm)- 1he IEC is related to this ratio throughthe number of moles

of tetrafluoroethylene (TFE) per moles of comononoeit, according to the following

equation:

1000 1000 1000

EW 100n+M 100 x (% o 1—1141and—118ppm B 1) M
—-76 ppm

IEC =
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whereM designates the molecular weight of vinyl ether omar, equals to 444 g.mbl
These peaks were chosen because they are the messe and best resolved, and the
relationship has been validated by previous studieestigating the IEC evolution of

Nafion" membranes by solid-stat¥-NMR spectroscopy [41,58].

For reinforced XL membrane, the IEC determined fitbe'°F-NMR spectra is impacted by
the presence of the PTFE microporous layer. Intbspect, this value is denoted as “global
IEC” (IECy) to distinguish from the value measured in theeca$ unreinforced PFSA
membranes. AlthougifF-NMR does not permit to assess directly the IE@rdf the PFSA
part of composite membranes, the evolution of JECsufficient to evaluate the effect of
chemical degradation since the PTFE microporousrleésybelieved to have a good chemical

stability against radical attacks.

In this work, the IEC of the NR211 and the EGf XL membranes measured before
degradation are in good agreement with the supgh¢asheet and literature values [58,63].
After 96 hours of exposure, neither the @ the XL membrane nor the IEC of the NR211
membrane seemed to have changed significantly. iSheensistent with the trend observed
by FTIR-ATR spectroscopy stating that the main aie chains of Nafion membranes

decompose in equal proportion. Other indicatorstlame needed to confirm the degradation

of both membranes.
3.2 Quantification of the chemical degradation
3.2.1 Weight loss and fluoride emissions

Weight loss is often considered as one of the pymadicators of PFSA chemical
decomposition. Fig. 3a shows the weight loss ohlmémbranes as a function of time. The
loss is significant and seems more pronounced R2IN.: after 96 hours of Fenton’s reagents

exposure, the weight loss is of about 2 % of theaindry weight for XL membranes and
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around 10 % for NR211 (Fig. 3a). The presence BIT&E reinforcement layer in the XL
membrane probably helped to mitigate the weight tbanks to a better mechanical strength
[36,37]. Indeed, NR211 appeared more fragile thanddring the visual inspections carried
out before each renewal of the solutions. Finatlynust be noted that an unquantifiable
fraction of the weight loss may be due to the numsrdisassembly and reassembly of the
polycarbonate frames containing the membranes glutile post-treatment process.
Nonetheless, both membranes being subjected teathe protocol, this is not the only cause

of their different behavior.

(a) e XL membrane * NR211 membrane ¢ XL membrane * NR211 membrane

_—
O
-

% Weight loss
(]
.
Cumulative fluoride emission (mg F/gyafion)
-

0 20 40 60 80 100 0 20 40 60 80 100
Exposure time (hours) Exposure time (hours)

Fig. 3. Evolution of (a) percent weight loss and (b) curtivéafluoride emissions of NR211 and XL membranes

as a function of exposure time.
Analysis of Fenton solutions after degradationwa$i as the water produced during fuel cell
operation, is an efficient way to evaluate the memé degradation through the detection of
degradation products. Among them, fluoride ion$ateel tothe production of hydrofluoric
acid (HF) due to radical attacks of the polymer believed to be a reliable and ease-to-
measure indicator of PFSA decomposition [11,12497]. Fig. 3b shows significant and
regular fluoride emission rates of about 143.7 ygégh for NR211 and 102.4 pgigio/h
for XL (i.e. after 96 hours: 12.5 mg/Byasion for NR211 and 9.1 mg fnasion for Nafion'

XL). Experimental values of figure 3b are givenTiable A.2 in Appendix. Such a tendency
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of the emissions to remain quite constant with timas already been highlighted by several
authors [12,25,26]. These results clearly demotestilae effectiveness of the degradation
process by Fenton’s reaction, even though no clarsitcture evolution of the membranes
has been put forward. Furthermore, the degradedlliR@embrane seems more impacted
than the XL. It is also important to notice thag fhresence of other molecules in the solution

cannot be excluded, as it will be seen in the segtion.
3.2.2 Liquid-state*F-NMR spectroscopy

To pursue the identification and monitoring of ttegradation products released by the
membranes over exposure time, a deeper investigatithe Fenton solutions was carried out
using liquid-state">F-NMR spectroscopy. Fig. 4 shows the spectra offteton solutions

collected between 0 and 24 hours (solution #1)wéeh 24 and 36 hours (solution #2),
between 72 and 96 hours (solution #6). They ptesanous sharp resonance peaks
corresponding to several fluorinated species. kangle, three compounds can be identified

in the solution #1 after 24 hours of Fenton’s reagexposure (Fig. 4a):

* The peak at -75.5 ppm is identified as the trifasmetic acid (TFA) molecule [64,65],

* The peak at -161 ppm can be attributed to fluods, for which the chemical shift is
known to depend on the concentration and/or thateotion [66—68],

* A set of resonance peaks, at -80.0 ppm, -80.4 pp23 ppm, -82.9 ppm, -83.3 ppm,
-118.0 ppm and -126.3 ppm, has been assigned ifit¢hature to the perfluoro(3-

oxapentane)-1-sulfonic-4-carboxylic diacid [11,69].

For clarity, the perfluoro(3-oxapentane)-1-sulfedtcarboxylic diacid will be thereafter
denominated as “product A”. It is important to ntitat some resonance peaks, denoted in
Fig. 4 by the symbol (*), are not yet attributedsggecific fluorinated compounds. Some

unidentified degradation products are thereforsgmein solution.
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Fig. 4."F-NMR spectra of (a) XL membranes and (b) NR211 brames after 24, 36 and 96 hours of exposure
to Fenton’s reagents. The inset illustrates thenited structure of product A and the attributioritefresonance

peaks. The resonance peaks with an asterisk désignaentified molecules.

In the literature, analyses of water effluents wnlgirfuel cell operation as well as Fenton
solutions afteex-situdegradation permitted to clearly identify the prodA [11,69-71] and
the trifluoroacetic acid (TFA) [71,72] as degradatiproducts of PFSA membranes. More
particularly, product A has a chemical structurevileg from that of the PFSA side-chain.
This compound has also been identified as the oegnadation product of PFSA membranes
in both in-situ (fuel cell operation) andex-situ (Fenton’s reaction) aging experiments,
demonstrating that thex-situdegradatiorvia the Fenton’s reaction replicates at least some of
the mechanisms involved in fuel cell operation [1AQrthermore, product A is released by
both XL and NR211 membranes all along the degradgtrocess which suggests that the
degradation mechanism is similar whether the mengbia reinforced or not and that the

mechanism seems to remain unchanged throughotgstieg period.

Similarly to fluoride ions, the emissions of produc and TFA have been monitored over
time thanks to quantitative NMR measurements. Tdrecentrations of product A and TFA
were measured after each solution renewal and cmmiga that of fluoride ions in Fig. 5.
Although the quantification of fluoride emissiorssalso possible b{’F-NMR spectroscopy;,

measurementsia the ion-selective electrode is more accurate sidBMR measurements
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required the evaporation of water solvent in Fergolutions, a step during which molecules
having a boiling temperature as low as hydrofluacal (19.5°C) may easily evaporate too.
Indeed, the analysis of Fenton solutions before aftek the evaporation step have been
carried out and confirmed that fluoride ions coricions determined by quantitative NMR

are significantly lower than those measuvetthe ion-selective electrode.
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Fig. 5. Evolution of the emissions of the degradation potslas a function of exposure time for (a) XL abyg (
NR211 membranes. The fluoride emissions were eteduhanks to the ion-selective electrode while the

emissions of Product A and TFA were estimated byR\NM
Although the emissions of both fluoride and prod@otary during the whole testing period,
degradation products are released in the same ofdeagnitude for both membranes. It can
be also noted that degradation product emissioes sdightly higher for NR211 than XL

membrane.

3.2.3 Correlation between weight loss and emissions gfattation products
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Table 1 summarizes the total amounts of degradapi@uducts emitted in solution in
comparison with the weight loss. In the case ofXhemembrane, the sum of the emissions
reveals that 11.89 mg of degradation products p@mgf dry Nafion have been released
during the process. This accounts for about 56 waf.¥he global 20.6 mg{@sion Weight loss.

In the case of NR211, a total amount of 17.11 mgdegradation products per gram of dry
Nafion have been detected, which only representawtl% of the total weight loss. As
mentioned earlier, an unknown but significant fiactof the weight loss may be due to the
multiple disassembly/reassemblies involved in tagrddation protocol, more specifically in

the case of the unreinforced NR211 membrane.

Table 1 —Weight loss analysis of PFSA membranes after 98shofuchemical degradation.

Material loss Fluoride ion Product A TFA
(mg/g\lafion) (mg/g\lafion) (mg/g\lafion) (mg/g\lafion)
XL membrane 20.60 9.10 2.44 0.01
NR211 membrane 108.30 12.48 4.20 0.04

Moreover, some degradation products were not ifiedt{see section 3.2.2 and Fig. 4) and/or
may have evaporated during the degradation protlesssystem being not perfectly sealed.
One must note that fluoride ions, which are presesnhydrofluoric acid in acidic media, as
well as other small molecules like TFA (its boilitgmperature being 72°C) could evaporate
upon degradation process taking place at 80°C.llzin@on-fluorinated molecules such as
sulfateSO;~ or hydrogen sulfaté/SO, ions can also be released by the membranes in

solution during the degradation process [11,291B27].

3.3 Impact of the degradation on the functional prom=tof the membranes

3.3.1 Water sorption capacity in degraded membranes

The water sorption property of PFSA membranesrangty related to their microstructure

and ion-exchange capacity (IEC). The sigmoidal shafpthe sorption isotherm is a result of
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the specific two-phase separated morphology ohtbebrane in which hydrophilic sulfonic
sites, hydrophobic phase and water molecules co&¥ter sorption in Nafion is generally
associated to three distinct sorption mechanishes:dissociation of the sulfonic groups at
low water activitya,,, the adsorption of water molecules and the growftthydrophilic
domains for intermediate hydration levels and tggragation of water molecules with a
bulk-like behavior at high water activities. Thesfiadsorption mechanism, described by the
Langmuir adsorption model, characterizes the foionadf the solvation shell where sulfonic
groups form strong hydrogen bonds with water mdecu~or intermediate hydration levels,
the adsorbed water molecules are tightly bondedh#o initial hydration shell and the
mechanism is controlled by Henry’'s law: this stepracterizes the solubility of water within
the polymer phase. Finally, the weakly bonded watetecules aggregate when the water
activity increases, which entails a macroscopicllgvgeof the membrane in accordance with
its mechanical properties. This swelling conductshte growth of the hydrophilic domains
and their interconnection to form a percolated ogkwof water. In this respect, contribution
of Langmuir (C,) and Henry's (4 ) sorption mechanisms were obtained by fitting
experimental data for water activitiag, between 0 and 0.6 according to the following

equation:

am C,+C A*B*aw+c
_— = ——— *
m LT ™1 4+Bxa, D

Where%m designates the water uptake (wt.%8)and B are two parameters describing the

Langmuir sorption mode an@ is the Henry’s solubility constant. The Clusterpimn
contribution is then deduced by subtracting thegoamir and Henry’s contributions from the

experimental data.
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Fig. 6 —Water sorption isotherms (30°C) decomposed inteettadsorption mechanisms of (a) XL and (b)
NR211 membranes after 96 hours of Fenton’s reagapissure in comparison with pristine membranes Fi
measurements were performed on the pristine Xlrdieioto control the repeatability of the measureimiand
of the pretreatment process. In the case of theaded membranes, the initial samples were cuttwtopieces

and the results of the two measurements were aagrag

Fig. 6 shows the evolution of the sorption isotherafter chemical degradation as well as
their decomposition into the three mechanisms. fittieg parameters and the experimental
data are listed in Appendix (Tables A.3-A.4). Thatev content decreases slightly after
degradation in both cases: for XL membrane, thadwtion can be attributed to a decrease of
the Langmuir component as well as a reduced Herstgise (7.2vs. 7.8 for the pristine XL

membrane). This water-uptake is nevertheless cosapet by a better aggregation of water
molecules at high water activity. In the case & tR211 membrane, similar trends are
observed at low and intermediate water activitvet) a decrease of the Henry’s slope from

9.6 to 8.8, but no significant increase at highewattivities.
3.3.2Water self-diffusion coefficient after chemical cetation

The water diffusion coefficient in PFSA membraresommonly measured thanks to Pulsed-
Field Gradient (PFG) NMR experiments. Before detgithese results, it is worth noting that

our previous study has shown that theNMR spectra of both pristine and aged membranes
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exhibit two resonance peaks corresponding to twierdnt water populations,e. water
molecules with different chemical environments [4llese two water populations have also
been observed in the present study for both pestind degraded membranes, whether
reinforced or not. One of the two resonance peakeiy intense and well resolved while the
other has a very low intensity and can be largegriapped with the main peak in certain
hydration conditions. This makes it difficult tollfmv the evolution of the small resonance
peak. For this reason, only the water self-diffasamefficient of the most intense peak is

considered thereafter.

Fig. 7 shows the evolution of the diffusion coa#fitt as a function of the water uptake for the
pristine and degraded membranes. The experimemtlalesy are listed in Table A5 of

Appendix. Firstly, there is a noticeable dispersiorithe case of pristine membranes, which
may highlight a consequential heterogeneity in timies state. Furthermore, water self-
diffusion coefficients of pristine XL and NR211 mbranes are in agreement with those

reported in the literature for first generation iaf’ membranes [73-75].
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Fig. 7. Water self-diffusion coefficient evolution after 86urs of Fenton’s reagents exposure as a funofion
water uptake in (a) XL and (b) NR211 membranesdgsegisymbols) in comparison with pristine membranes

(circles).



499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

A 96 hours exposure to Fenton’s reagents doeseaak to significant modifications of the
diffusion coefficientvs. water activity plots: in the case of degraded Xhe water self-

diffusion coefficient is very close to the lowemii of values obtained for a pristine
membrane. However, the water self-diffusion coedfit of degraded NR211 seems slightly

lower than in pristine state, regardless of theewaptake.
4. Discussion
4.1 Nafion" XL membrane chemical degradation

Our multi-techniques investigation demonstrates tiwh reinforced XL and unreinforced
NR211 membranes experience non-negligible chemaatomposition with distinct
degradation levels. Several complementary indisatsuch as weight loss, fluoride and
product A — perfluoro(3-oxapentane)-1-sulfonic-4boxylic diacid — emissions provided
evidences of effective chemical degradation of mamés as a result of radical attacks.
However, FTIR-ATR and solid-staféF-NMR analyses indicated that neither the chemical
structure nor the IEC/IEQGraried. The PFSA membrane degradation mechanisspeged in
the literature involve either radical attacks orthbthe main and side chains or polymer
decomposition starting from the side chains, pragiag along the polymer structure, and
possibly resulting into the severing of the mairaiok [8]. In the first case, the chemical
degradation can occur without impacting the stmectf the polymer repeating unit and thus,
does not entail the evolution of the IR BF-NMR spectra, as observed in this work.
Furthermore, the PFSA degradation mechanisms résuit the attack of hydroxyl (H)
and/or hydrogen (Ml radicals on vulnerable sites while Fenton’s reactonly generates
hydroxyl radicals [8]. In this regard, among theigas degradation mechanisms implying the
HO’ radical attack, the presence of product A in odutsmns can only be explained by the

unzipping reaction on PFSA backbone propagatingouihe junction with a side chain and



523 thus leading to its entire loss [72,76]. Althoughhas been demonstrated that chemically
524 stabilized Nafion membranes present a reduced numibeeactive end groups, they are
525 nevertheless not completely free of vulnerabless[te2]. Moreover, it has been recently
526 shown that although chemically stabilized Nafiomembranes had lower fluoride emission
527 rates than conventional ones, large fluorinatedemdés were still emitted in equivalent or
528 sometimes higher proportions [69,77]: chemical iition decreases the ionomer
529 vulnerability against main chain radical attackst kdpes not inhibit its chemical
530 decompositiorvia unzipping reaction. Additionally, TFA moleculesvieaalso been identified

531 in Fenton solution and they can have two origins:

532 « via the radical attack of hydroxyl radical HOn the ether bond of PFSA side chain,
533 thus leading to the formation of TFA and HO-GFF,-SO;H molecules according to
534 Chen and Fuller [72],

535 e or through the decomposition of product A into TRAd HOOC-CESOsH via
536 unzipping mechanism, as suggested by Xie and Hajydn

537 Since we did not observe significant IEC evolutibased on the mechanisms proposed in the
538 literature, the chemical decomposition of PFSA mesbbably occurred through the
539 unzipping of the polymer backbone, leading to thire loss of the repeat unit and thus to the

540 formation of product A.

541 The evolutions of water sorption capacity and waf-diffusion coefficient showed that
542 neither the water-uptake behavior nor the waterilipln XL and NR211 membranes were
543 significantly altered after 96 hours of Fenton’sgents exposure. Although the chemical
544  degradation of XL and NR211 membranes was cleatjeaced, it remained probably quite
545 limited compared to what can occur after severausland hours of operation in fuel cells:

546 this can explain the moderate impact on membranggtibnal properties. A direct
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comparison with the literature is delicate becanfsie various operating conditions applied
— the HO, concentration being comprised between 3 and 3dlzat of the F& catalyst
between 3 and 6000 ppm —; however, the fluoridesgiom rates we measured were small but
realistic [12,25,26]. Recently, Skt al. studied the mechanical properties of NafiokL and
NR212 membranes after exposure to Fenton’s readénis Their fluoride emission rates
were larger than ours, with more variations betwaereinforced NR212 and reinforced XL
membranes. However, the authors performed theieraxpnts in more severe conditions
than ours: their Fenton’s reagents concentratianafabout 22.5 % for ¥, and 14 ppm for
ferrous ions whereas we have only 3 vol.% eOpland 1 ppm of F&. Indeed, it has been
recently demonstrated that the fluoride emisside teepends highly on Fenton’s reagents
concentration [46,47], with systematically lowerission for reinforced XL membranes than
their unreinforced counterparts. Moreover, it hasrbshown that the use of high hydrogen
peroxide concentration conducts to severe morplaabghanges which are — most probably
— not representative of fuel cell operating cowdis [46,47]. Therefore, in the present work,
the moderate concentrations of Fenton’s reagerisechare believed to better replicate the

chemical degradation occurring during fuel cell rapien.

4.2 Contribution of reinforcement layer and radical seagers against chemical

degradation

The liquid-state'*F-NMR analysis demonstrated that the chemical digien mechanisms

are similar for XL and NR211 membranes and thatetinéssions of degradation products are
slightly lower for reinforced XL than unreinforcetiR211 membrane all along the
degradation process. When plotted as a functiorthef exposure time, the cumulative
emissions of product A and fluoride ions increaséeqlinearly, showing rather constant

emission rates (Fig. 8).
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Fig. 8 —Cumulative emissions of degradation prodwstexposure time for XL and NR211 membranes.
Fluoride emissions (square symbols) were evaluduaks to the ion-selective electrode while thessioins of
Product A (circles) were estimated by quantitabldR experiments. TFA emissions were not represenésd

due to their low concentrations. Dotted lines rééethe secondary vertical axis and designate ltwpeer

boundaries of fluoride emission when PTFE-layectfom in XL membrane is considered.

However, emissions of degradation products areesged here in terms of Nafion dry weight
and the presence of a reinforcement layer in XL brame is thus not considered. PTFE
being believed to have a greater chemical resistagainst radical attacks than PFSA, it
could be argued that fluoride emissions only re$wdin the degradation of the PFSA
ionomer. PTFE is indeed a hydrophobic non-polarenmt and has consequently a poor
affinity with the aqueous Fenton solution. Moregve FE containing only -GFgroups, it
cannot release product A. Consequently, the fracbb PTFE-layer must be considered in
order to properly compare the emissions of degmadaproducts of XL and NR211
membranes. Thanks to wide-angle X-ray scatteringAX®) measurements, the PTFE
fraction in pristine XL membrane has been evaluatedind 21 % [21,34]. On the other hand,
Shi et al. [34] stated that Nafion XL membrane should contiireo of PTFE, 75 % to 90 %
of PFSA/TFE copolymer and up to 5 % of proprietadgitive compounds. Considering those

two values as maximum and minimum limits, the lowad upper boundaries of the actual
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amount of degradation products emitted per grarRFEA can be calculated and plotted in
Fig. 8. When expressed in mgfga Wwe can observe that the emission of product A is
consistently lower with XL membranes, indicating laver degradation rate than its
unreinforced counterpart. The same trend can beredd with fluorine emission, although
the difference between XL and NR211 membranesightl}l less pronounced. Considering
the evolution of the emissions of fluorine and pdA, the PFSA in reinforced XL
membrane seems more chemically stable than in NR2&hbrane. The better chemical
durability of XL membrane could be mainly assignedhe presence of cerium-based radical
scavengers into the membrane since, to the besiubfknowledge, no publication or
commercial information have mentioned the preseoteadical scavengers in NR211
membranes. The work of D’Urst al. indeed permitted to demonstrate that the intradoct
of cerium-based radical scavengers significantyriets the radicals’ concentration and thus
the chemical degradation [78]. The authors inddgsalved that the introduction of SiO
supported cerium-based radical scavengers intdoregd Aquiviorf membranes permitted
to decrease by around 40 % the fluoride emissiten camparatively to a membrane free of
radical scavenger. Additionally, Séi al. recently reported fluoride emission rates more tha
three times higher for unreinforced NR212 than cosite XL membranes and suggested that
this discrepancy could be ascribed by the additibradical scavengers [17]. On the other
hand, it cannot be excluded that the PTFE reinfosse layer could also play a role in
limiting the chemical degradation. Better mechanmaperties of composite membranes
have indeed been proven [35,37,38] and could axpktileast partially, the reinforcement
contribution in protecting or slowing down the PFSgradation by ensuring a better
membrane integrity and thus preventing further dbahdecomposition. However, it is not
possible at this point to clearly conclude aboet¢bntribution of each mitigation strategy on

the chemical stability of XL membranes.
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Finally, we recently studied the chemical degramabf reinforced PFSA membranes after
12860 hours [42] of fuel cell operation. The sigraht intensity decrease of C—O-C and S-O
stretching bands detected by FTIR-ATR spectrosdodicated a partial loss of the PFSA
side chains as well as a significant IEC reductidaditionally, a decrease of water sorption
capacity as well as a reduced water mobility hasenbobserved and it has been suggested
that this trend could be partly due to the partads of sulfonic groups by side chain
cleavages. Such results are clearly different frilvbse reported here followingxsitu
chemical stress tests, since neither chemical teneievolution nor significant change of
water uptake and water diffusion was observed. They indicate that the polymer
decomposition caused by radical attacks duringtsthanation (i.e. 96/s.> 12000 hours) —
even though the Fenton process employed here iposag to mimic an accelerated
degradation — is not fully representative of thgact of membrane degradation on water
sorption and transport properties. Degradation wowy during fuel cell operation is indeed
believed to occur due to complex and interrelateechmanical and chemical degradation
mechanisms. Future studies of the impact of cohjolmemical and mechanicax-situ
degradation modes on PFSA membrane structure aopemies will probably help to

complement our understandings of PFSA degradatechanisms and aging phenomena.
5. Conclusion

The impact oex-situchemical degradation induced by Fenton’s reactiothe structure and
the water sorption and transport properties of amsitp Nafion’ XL membrane was explored
and compared to that of unreinforced NafioNR211 membrane. To the best of our
knowledge, recent investigations have been onlyuded on the impact of chemical
degradation or the contribution of reinforcementelato the mechanical durability of XL
membrane, but none of them have studied its chénsiadoility. This paper aimed at

providing some understandings on the chemical deg@an of the XL membrane and
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clarifying the contribution of the reinforcementyést and radical scavengers on polymer

decomposition rate. Our results permitted to hgjtilthe following items:

Reinforced XL membrane is chemically degraded bwtéi®s reagents exposure,
even though it contains an additional reinforcemiyer and radical scavengers
comparatively to its non-reinforced analogue, tHe2Ml1 membrane. In addition to
important weight loss, fluoride concentration measents using ion-selective
electrode and liquid-stat€®F-NMR analysis highlighted significant emissions of
fluoride ions and perfluoro(3-oxapentane)-1-sulfeficarboxylic diacid (named
product A in the paper for clarity), a fluorinatedmpound deriving from the PFSA
side chains which has been already identified énliterature as one of the main PFSA
degradation products. Moreover, the presence afticld degradation products for
both membranes throughout the degradation pro@esmktrates that the degradation
mechanisms are identical.

In spite of significant chemical degradation, FIARR and solid-stateF-NMR
analyses of degraded membranes highlighted no claéstructure evolution as well
as no IEC/IEG variation, suggesting that degradation of the PFS#n and side
chains takes place in equal proportions. Furtheemttie release of product A by the
membranes while the IETEC of XL and NR211 do not vary could imply théet
polymer decomposition occukga an unzipping reaction and leads to the loss of the
side chains. Nevertheless, the water sorption #hdasibn in degraded XL and NR211
membranes seems not to be significantly altereith&yghemical degradation.
Comparatively to NR211 membrane, when the emissibriegradation products are
expressed in mgpgsato discriminate the presence of PTFE reinforcentegrdr in XL
membrane and thus consider solely PFSA degraddtiencomposite XL membrane

seems more enduring against radical attacks tlsana-reinforced analogue. This
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difference may be explained by the presence ofattditional PTFE layer, which
could help to maintain the membrane mechanicalgiitie and thus avoid further
chemical decomposition, and/or by the presenceedtim-based radical scavengers

into the XL membrane which can mitigate the radatédcks on the polymer chains.
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Appendix A.

See Tables A.1-A.5.

Table A.1 —Averaged normalized intensity of PFSA side chaindsaas a function of exposure time.

t=0h t=24h t=36h t=48h t=60h (tZI¥ t=96h

v{(COC) 0.451+ 0.452+ 0.460+ 0447 0449+ 0.434+ 0.444+
® 0.002 0.003 0.008  +0.003 0.02 0.009 0.003

XL oGy 0448+ 0450+ 0455+ 0447+ 0443+ 0442+ 0442+
membrane ‘-~ 0001 0002 0.008 0002 002  0.004  0.006

v(SOy) 0579+ 0581+ 0586+ 0570+ 0577+ 0560+ 0.568 =+
S 0.008 0.006 0.012 0.007 0.005 0.007 0.007

v(COGY) 0.393+ 0.380+ 0.380+ 0.389+ 0.385+ 0.370+ 0.381+
® 0.001 0.004 0.008 0.003 0.003 0.007 0.004

NR211 (COG,) 0.393+ 0.384+ 0.388+ 0.387+ 0.386+ 0.383+ 0.385%
membrane ' : 0.003 0.004 0.005 0.004 0.004 0.004 0.003

v(SO5) 0.415+ 0404+ 0405+ 0.404+ 0.408%x 0.395+ 0.407=+
° 0.005 0.004 0.006 0.004 0.004 0.007 0.005

Table A.2 —Cumulative emissions of fluoride ions and productsfa function of exposure time.

t=24h t=36h t=48h t=60h t=72h t6GI9

Cumulative fluoride 1.458+ 3.888+ 4.775+ 5863+ 7.460+ 9.103#
XL emission (Mg/gfion) 0.073 0.194 0.239 0.293 0.373 0.455

membrane cymulative product A 0.137 + 0.782+ 1.008+ 1.181+ 1498+ 2.441+
emission (Mg/gfion) 0.013 0.022 0.053 0.065 0.087 0.114

Cumulative fluoride 1.971+ 4764+ 6.733+ 8.443+ 10.128 12.483+

NR211  omission (ng/guio) ~ 0.099  0.238  0.337  0.422 +0.506 0.624
membrane

Cumulative product A 0.625+ 1302+ 1827+ 2.2383.188+ 4.199+
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emission (Mg/gason)

0.035

0.054

0.073

0.123

0.203 0.226

677 Table A.3 —Water uptakenfl (%) as a function of water activity at 30°C.
dry

678
679

Pristine XL membrane

Degraded XL

Pristine NR211

Degraded NR211

membrane (96h) membrane membrane (96h)
Water Water Water Water Water Water Water Water
activity uptake activity uptake activity uptake activity uptake
0.01 0.08 £0.11 0.01 0.02 £0.01 0.01 0.04 +£0.110.01 0.01 +£0.00
0.05 1.45+0.14 0.05 1.24 +0.09 0.05 1.90 £ 0.140.05 1.54 + 0.07
0.10 2.07£0.13 0.10 1.77 £0.08 0.10 2.65+0.130.10 2.15+0.09
0.15 2.57+£0.10 0.15 2.19 £0.09 0.15 3.25+0.100.15 2.65 £ 0.07
0.20 3.04 £0.07 0.20 2.56 £0.10 0.20 3.78 £0.070.20 3.10 £ 0.08
0.25 3.46 £ 0.06 0.25 2.91 +£0.09 0.25 4.30 +£ 0.060.25 3.54 +£0.09
0.30 3.88£0.05 0.30 3.27 +£0.08 0.30 4.87 £ 0.050.30 3.97 £0.09
0.35 4.30 £ 0.04 0.35 3.64 £ 0.09 0.35 5.36 £ 0.040.35 4.41+0.10
0.40 4.71+£0.03 0.40 4.01 £0.08 0.40 5.84 +£0.030.40 4.86 +0.11
0.45 5.12 £ 0.03 0.45 4.39 £ 0.07 0.45 6.36 £ 0.030.45 5.31+0.05
0.50 5.54 + 0.03 0.50 4.79 £ 0.06 0.50 6.84 + 0.030.50 5.80 £ 0.06
0.55 5.97 £ 0.03 0.55 5.20 £ 0.07 0.55 7.41 + 0.030.55 6.34 £ 0.02
0.60 6.44 + 0.04 0.60 5.66 + 0.06 0.60 7.94 + 0.040.60 6.90 + 0.05
0.65 6.93 £ 0.04 0.65 6.19 + 0.09 0.65 8.50 + 0.040.65 7.55+0.09
0.70 7.49 + 0.05 0.70 6.79 £ 0.01 0.70 9.27 £ 0.050.70 8.32+0.20
0.75 8.13 + 0.07 0.75 7.65+0.12 0.75 10.09 £ 0.00.75 9.13+0.19
0.80 8.89+0.10 0.80 8.45 +0.08 0.80 11.02 £ 0.1.80 10.20 £ 0.09
0.85 9.79+0.13 0.85 9.46 £ 0.03 0.85 12.34 £ 0.13.85 11.38£0.01
0.90 10.96 £ 0.20 0.90 10.83 £ 0.03 0.90 13.9?60. 0.90 12.93+0.10
0.95 12.65+0.32 0.95 12.66 £ 0.10 0.95 16.22320. 0.95 15.33+0.34

Table A.4 —Fitting parameters of water sorption isotherm fer &, < 0.60.

Pristine XL Degraded XL  Pristine NR211 Degraded NR211

membrane membrane (96h)  membrane membrane (96h)
Parameter A 1.81+0.16 1.27 £0.11 2.25+0.13 0%8.15
Parameter B 21.40 £5.03 32.49 +9.52 25.65+4.30 29.60 +8.50



Parameter C

: 7.80+0.25 7.22+£0.19 9.58+0.21 8.49 +0.28
(Henry’s slope)

680

681 Table A.5 —Water self-diffusion coefficient (10° m2.cm) as a function of water uptake at 24°C.

Pristine XL membrane Degraded XL Pristine NR211 Degraded NR211
membrane (96h) membrane membrane (96h)

Water D Water Water Water D
uptake S uptake S uptake S uptake S

2.60 % 0.47 5.59 % 0.97 2.15% 0.46 5.82 % 0.78
2.65 % 0.52 9.11 % 2.25 3.08 % 0.55 9.09 % 1.79
2.84 % 0.39 11.97 % 3.67 3.15% 0.56 11.30 % 3.06
3.13 % 0.53 14.89 % 4.73 3.94 % 0.58 15.27 % 413
3.29% 0.59 15.89 % 4.66 4.69 % 2.06 17.12 % 4.60
4.38% 1.01 18.75 % 5.36 5.09 % 0.84 19.64 % 5.33
5.84 % 1.85 5.57 % 2.21

6.02 % 1.02 6.16 % 1.75

6.38 % 2.09 7.08 % 2.10

6.38 % 2.24 7.43% 2.12

6.91 % 2.77 7.56% 2.96

7.01 % 2.90 8.79% 2.37

7.01 % 2.06 9.38% 2.92

7.29 % 3.72 9.81% 3.60

7.57 % 3.86 9.85% 3.69

7.70 % 3.42 11.27% 4.17

10.19 % 3.62 12.50% 4.27

10.49 % 4.35 12.90% 4.75

10.52 % 4.17 15.09% 5.07

11.08 % 3.24 15.25% 4.80

1144 % 4.56 17.73% 5.49

11.58 % 4.41 18.04% 6.11

11.66 % 3.95
12.57 % 4.40
14.36 % 4.63
14.48 % 5.22



682
683

684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716

14.58 % 5.26
15.08 % 4.82
15.34 % 5.15
1571 % 5.85
17.65 % 5.16

18.33 % 5.03

23.48 % 7.53

23.53 % 7.07
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Highlights:

* Ex-situ chemical degradation of Nafion™ XL and NR211 meaniess is analyzed.
» Degradation products suggest a polymer decompoditfaunzipping reaction.
» Chemical degradation has no significant impact atewsorption and diffusion.

* XL membrane is more enduring against radical attaak unreinforced NR211.
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