AKT +i Q7 /2;° / iBQM M/ :BM; QM T°'QT2'iB
K2K# > M2b 7Q° 7m2H +2HHD
JVH M2 _Q#2 i

hQ +Bi2 i?Bb p2 bBQM,

JVH M2 _Q#2 iX AKT +iQ7/2;° / iBQM M/ :BM; QM T QT2 iB2b Q7 S6a
+? MB+b Q7 K i2°'B Hb (T?vbB+bX+H bb@T?)X IMBp2'bBili/2GQ " BM2-
i2H@yjkyjk8y

> G A/, i2H@yjkyjk8y
2iiTh,ff2 HXmMBp@HQ > BM2X7 fi2H@Vyjkyjké
am#KBii2/ QM ky T  kykR

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X



AVERTISSEMENT

Ce document est le fruit d'un long travail approuvZ par le jury de
soutenance et mis ~ disposition de I'ensemble de Ila
communautZ universitaire Zlargie.

Il est soumis "~ la propriZtZ intellectuelle de l'auteur. Ceci
implique une obligation de citation et de rZfZrencement lors de
|Outilisation de ce document.

D'autre part, toute contrefason, plagiat, reproduction illicite
encourt une poursuite pZnale.

Contact : ddoc-theses-contact@univ-lorraine.fr

LIENS

Code de la PropriZtZ Intellectuelle. articles L 122. 4

Code de la PropriZtZ Intellectuelle. articles L 335.2- L 335.10
http://www.cfcopies.com/V2/leg/leg_droi.php
http://www.culture.gouv.fr/culture/infos-pratiques/droits/protection.htm




Ecole Doctorale SIMPPESciences et Ingénierie des Molécules, des Produits,
GHV 3URFpGpV HW GH OfeQHUJLH

THESE
(Q YXH GH OTREWHQWLRQ GX WLWUH GH

'28&7(85 '( /181,9(56,7e '( /255%,1(

Mention «Energie et Mécanique

Impact ofdegradation and aging on properties of PFSA
membranes for fuel cells

Impact des dégradations et du vieillissement sur les propriétés
des membranes PFSA pour pigecombustible

Présentée par

Myléene Robert

Soutenue publiqguemeld 12 Janvier 2021

Composition du jury

Rapporteurs : M. Vito Di Noto Professeur, Université de Padoue, ChemTech,
Padoue (Italie)
Mme Cristina lojoiu Directrice de recherche, CNRS, LEPMI, Grenobl
Examinateurs: Mme Corine Bas Professeuryniversité Savoie MorBlanc,
LMOPS, Le Bourget du lac
M. Bruno Amedur Directeur de recherche, CNRS, ICGM, Montpelli

Mme Assma El Kaddouri Maitre de conférences, Université de Lorraine,
(co-encadrante de thése) LEMTA, Nancy

Encadrants: M. Olivier Lottin Professeur, Université de Lorraine, LEMTA, Nan
(directeur de these)

M. JeanChristophe Perrin Maitre de conférences, Université de Lorraine,
(co-directeur de these) LEMTA, Nancy

Invité : M. Stéphane André ProfesseurUniversité de Lorraine, LEMTA, Nanc

Laboratoire Energies & Mécanique Théorique et Appliquée (LEMEAMR CNRS 7563
$YHQXH GH OD )RUrW GH +&\Nancy 9DQG°XYUH






« Succes is not the key to happiness. Happiness is
the key tesuccess. If you like what you are doing,
you will be successfub.

Albert Schweitzer






Merci a vous

OH YRLOj DUULYpH DX ERXW GH FHWWH DYHQWXUH XQLTX
beau tout rosenais ce sont justement ces épreuves et leur franchissement qui font la richesse,
OD FRPSOH[LWp HW OY{DXWKHQWLFLWp GH FH WUDYDLO GH
VRQ DERXWLVVHPHQW PDLV pJDOHPHQW | P HsiddneUgdep Y RO X}

personnel, et je me dois donc de leur exprimer toute ma gratitude avant de clore ce manuscrit.

-H WLHQV WRXW GYDERUG j UHPHUFLHU OHV PHPEUHV GX
travail. Merci aux rapporteurs, Vito Di Noto et Cristina lajopour leurs commentaires trés
intéressants sur mon manuscrit, et a Bruno Ameduri pour son analyse fine et approfondie du
PDQXVFULW DLQVL TXH SRXU VD JHVWLRQ HQ TXDOLWpP
malheureusement organisée en visioconférenages temps difficiles. Merci a vous trois mais
également a Corine Bas et Stéphane André pour les discussions enrichissantes, et ouvrant de
QRPEUHXVHYVY QRXYHOOHY SLVWHV GH UplOH[LRQ VXU FH WL

Tout ceci a été permigrace a trois personnes fantastiques, trois encadrants de haut niveau
se complétant a la perfection pour ce travail de these, qui ont su me guider et me donner envie
de donner le meilleur de moiéme. Assma, Olivier et Je&hristophe, il est difficile
WURXYHU OHV PRWV MXVWHYV SRXU YRXV H[SULPHU XQH JUD
DSSRUWp SHQGDQW FHV GHUQLqUHVY DQQpHV 9RXV PTDYH]
découvrir un domaine de recherche plus que passionnant, mais édgatierggcouvrir un
laboratoire et une équipe au top offrant un cadre professionnel convivial et chaleureux dans
lequel on ne peut que réussir. Je vous remercie tous les trois pour vos conseils, votre
disponibilité, votre dévouement et votre ténacité auailavotre aptitude a transmettre vos
connaissances et vos savfaiire avec pédagogie, sans oublier votre bonne humeur constante

et votre bonne entente. On ne peut pas réver mieux pour un encadrement dg thése

Merci Assma pour ta force indéfectiblestmultiples conseils et tout le temps que tu as
consacrépendant ces QRPEUHXVHYV GLVFXVVLRQV TXH OfBUW D SX I
comprendrenes résultats. Ton dynamisme, ta patience et ta ténacité ont été pour moi une source
GILQVSLUDWIMHY SRHW GLNYBYNHY SpULSpWLHYVY TXTIDSSRUWH

JeanChristophe, merci pour ton dynamisme, ta gentillesse et ta rigueur scientifique, pour
OHV QRPEUHX[ pFKDQJHYV TXH OTRQ D SX DYRLU %LHQ pYL




transmettanma capacité a organiser et classer les échantillons de membsasese mélanger

les pinceaux-)

OHUFL j 20LYLHU GH PYDYRLU IDLW SDUWDJHU XQ SHX GH
HQ PRL SRXU PHQHU j ELHQ FH W &pPnib2 LpBur GéHontt& g Yhes G DY
QRPEUHXVHV LQWHUURJDWLRQV HW GIDYRLU VFUXWp OD P

et dans mon manuscrit.

Merci & Pascal Boulet et tout le personnel administratif et technique qui travaillent durs pour
assurer lesrés bonnes conditions de travail qui sont celles du LEMTA. Merci aux secrétaires
pourleur travail irréprochable eOHV GLVFXVVLRQV PDWLQDOHY DXWRXU ¢
Franck pour son aide si précieuse a la gestion du labo de chimie, merci gpduaisa
ELHQYHLOODQFH HW OHV SHWLWHY GLVFXVVLRQV GH FRXO

accordé un acces si régulier aux spectros IR.

-{H[SULPH pJDOHPHQW PD UHFRQQDLVVDQFH HQYHUYV )DE!
ce momerda, poXU PIDYRLU GRQQp OD FKDQFH GYHIIHFWXHU FH)\
UHPHUFLH OYHQVHPEOH GH OfpTXLSH +6( RX SLOH SRXU
discussions a droite et a gauche dans le dédale des couloirs du LEMTA ou lors de-la pause
déjeurer: Julia et son leadership, Sophie et sa bonne humeur, Nicolas et senpgtitsujours
gentil en passant devant le bureau, Feina et ses précieuses connaissances sur les membranes et
les techniques de caractérisation, Gaél et son sourire constante Brsa maitrise inégalable
GHV EDQFV GYHVVDL 6pEDVWLHQ HW VRQ DLGH LQHVWLPD
avec les spectros RMN. Un merci tout particulier a Kévin pour son implication dans mon travail
de these, pour ses connaissances até&hodologie WX PIDV pWp GIXQH DLGH H\
réels pour la réalisation de mes expériences etatgnesuresenfin, je souhaite le meilleur
OD UHOQYH G HZaifi Fetyak Mer®&mOMlliam, Rémi, Christine.

Un grand merci au bure@16V, que ce soit avec les anciens occupants ou les nouveaux, la
bonne ambiance, lesfold LUHV HW OHV GLVFXVVLRQV j QTHQ SOXV 1L
sont toujours de rigueurmerci Said pour avoir accueilli la petite nouvelle doctoranie q
MTpWDLYVY OLODG SRXU PTDYRLU | RDaLoMtufé peF Bafah hoaud [e$Q S HW
QRPEUHXVHYVY GLVFXVVLRQV TXH OTRQ D SX DYRLU HQVHPEO
toujours plus de gateaux fait maison, gt Tu es une belle p& RQQH HW MH QDL DXI
que tu vas réussir a clore ta thése en beauté. Julian, mon d¢heeaa adoré ! Merci pour ton

aide et ton oreille attentive, tu as toujours été la, que ce soit pour me remonter le moral lors de

Vi



mes coups de stress ou powgoler et passer de bons moments au buidatci égalemené
OHULHP OD SHWLWH GHUQLgqUH DUULYpH TXL D WUQV YLWtE
WRXMRXUV WUqV SODLVDQW GH GLVFXWHU HW GTfpFKDQJHU

Merci a tous les potos de gmno du LEMTApour les nombreuses discussions sur notre
situation de doctorant, pour les déjeuner partagés ensemble au quatriéme étage, au RDC ou
dehors, pour les formations DCCE qui nous ont permis de nous décdrerrain et Mehdi
(Je me suis si souveatrété dans votre bureau pour refaire le monde / XFDV $[HO $QDV
YX ILQDOHPHQW WYHQ D SDV FDYV V)pANHD,@Mkandted SbiDinG HV SRLC

OHUFL pJDOHPHQW j WRXV OHV FROOQJXHV @&Xbodteer$ DYHF
bLqgUH RX DXWUH EUHXYDJH *LXVHSSH RX SOXW{W 3HHH:
VD JpQpURVLWp HW VD MRLH GH YLYUH ODWKLOGH DYHF TX
€galement de bons petits gateaux pour le godter, Juan Daymyrs le sourire et le petit mot
pour faire rire, Ahmad, le savoureux mélange des culture francaise et lib&mtkise, dont le
sourire éclatant et toujours plus grand ainsi que le rire bien caractéristique resteront gravé au
LEMTA, Justine, ami RMNit au caractére bien trempé qui la conduira loin dans les sciences,
sans oublier Solange, ma petite pompiére adoré dont le naturel avenant, généreux et optimiste

en fait une personne merveilleuse et une amie inestimable.

(W SXLVTXH OTRQ WHWBRHQPAHWEBRAMRIXUMIHA[SULPH PD SUR
famille, a mes amis et plus particulierement a mes parents. Je vous remercie tous les deux de
nous avoir inculquéta Pierre, Vincent et matde belles valeurs, de nous avoir élevé dans un
environnemenbu partage, entraide, générosité et famille sont les maiites Merci pour vos
sacrifices, votre soutien inépuisable, votre présence dans les moments de joie comme dans la
difficulté, qui ont largement contribué a faire de moi la personne que je XUWMR XU G TK XL 2(
QYD SDV OfKDELWXGH GH OH GLUH RX GH OH PRQWUHU GDC

'"fLQQRPEUDEOHYV PHUFLV pJDOHPHQW j PRQ FKHU HW WHC
chance de rencontrer entre deux spectros |IBaé@ Carnot au LEMTA, et dont les précieux
conseils et motgoux font de moi une femme épanouie, heureuse et un petit peu moins
DQ[LHXVH OHUFL GYfrWUH Oj SRXU PRL DX TXRWLGLHQ TXH
RX SRXU PIDLGHU WUBOHY PHVVPMXOGITDQJRLVVH UHPLVHV H
WRXMRXUYV j PH GpSDVVHU GRQQHU OH PHLOOHXU GH PRL

vii






Table of contents

SPVXPP PODMI L et rems st e Xiii
PreambIg..... ... 1
&EKDSWBWDODWH RI WKHHDPRKD @IH BRWRWD QH IXHO FHOO
VAV WHLR. oo senm s senm s 5
1. OVerview Of PEMEC...... ... i eeeene s e e e e e e e e e e e e eeeeeee s mnneeeaees 7
1.1. Operating principle of PEMFQC........cccooiiiiii e 7
1.2. Fuel Cell COMPONENLS.......ccoiiiiiiiiiirrer e eeens e e e e e e eeeeean 10
2. Generalities 0N PFSA MeMDIanes...........uuuiiiiiii e eeeeenn e 22,
2.1. Chemical structure and morphology..........cccoeeeeiiiiiiieeeii e 22,
2.2. Sorption and transport of water and protons.........cccoeeveeeeeececeriiiiiee e 25
ARG T Y/ [=Tod o F= T otz N o] f0] 01T 1 o S 32
3. Degradation mechanisms of membraectrode assemblies (MEA)....................... 35
3.1. Gas diffusSion MEIA...........coiiiiiiiiiierer e eeenr e e e e e e e e e e ean 35
3.2, CatalySt IAYEIS... et annn 35
R T o oSy AN 01012 0] o = =3 44
Conjoint chemical and mechanical degradatians.................ccccoeeevrierinnne 61
4. ODbjectives Of the theSIS WOIK ...........eeiiiiiiiiiiiieeeiiee e 63
EKDSWH[BHULPHQWDQOQ.WHEKQLIXHM. ..o @
1. Chemical and electrochemical characterizations............ccooeeeevieeeeiciiiieee e 90
1.1. Fluoride emissions measuremesig ion-selective electrode (ISE)..................... Q0
1.2. ATR-FTIR SPECIIOSCOPY....ccterururruunnunnnssimamrenetnnniiaaaaeeeeeeeessmmmsassaaeeeeeeeeeeeees 94
1.3. NMR SPECIIOSCOPY. ...t ieeeeeeeeiiieeeetteree e e e e e ettt e b e e e e e e emae 95
2 Characterization of membrane functional properties.............cccccvvvvceeviieeeeeeeennnnn, 99
2.1, LiQuid-StateTH-NMR .........ceiieieeieite et eeeee ettt ettt eaeere e e 99
2.2. Water uptake MeaSUIEMENTS ... ....uuuurruirrieeiiieeererrtreeeeeeeeeeeeeeeeeesememreeeeeaeeeeeeens 102

&KDSWHRFFHOHUDWHG FKHPLFDO GHJUDGDWLRQ RI 3

UHDFWLRQ.SURMRER. O .o, 107




Table ofcontents

1. 6WDWH RI WKH DUW FKHPLFDO GHJUDGDWLRQ R| 3)6% Pl
1= Lo £« 1 SRS 108
2.  Description of the aging and cleaning protocals.............ccccciviimmmnnininiiiiinnnee, 111
2.1. Sample pretreatMent...........ovuvieiiiii e e e e e e e e e e e 117
22. $JLQJ SURWRFRO EDVHG RQ )HQWRQMV..UHDEWILRQ DQG
2.3. Cleaning of aged Samples..........coooiviiiiiiiiiee e 113
3. (IITHFW RI )HQWRQYV UHDJHQW FRQFHQWUDWLRQFV RQ WK
MEMDIANES. ...ceiiiiie et er e bbb bbbt e e e s emenss bbb b e e e s e e e 114
3.1. Macroscopic morphology evolution ajed membranes............ccccccvvvvvviicaeen... 115
3.2. Fenton solutions analysis: quantification of the chemical degradatian......... 117
N o 1 o1 U £ (o] 1< S PP USSR 119

&KDSWHULPHHVROYHG PRQLWRULQJ RI 3)6%$ PHPEUDQ'

E\ ) HOQWRQIV..UHDEMWLR.Q. oo eseemee s 12
I 011 o o 18 o o o I PPUPR 126
2. Establishment of the timeesolved monitoring oéxsitu chemical degradation........ 126
3. &KHPLFDO VWUXFWXUH HYROXWLRQ..DIWHU.H[SENVXUH WR
3.1. ATR-FTIR SPECIIOSCOMY. ... uuuuuuiiiieeeeeeettieeeaaaa s e e e e e e eeeeeeeeseessbmmmeeeeeeeeeeeeenennnnns 127
3.2. Solid-state’®F-NMR SPECIIOSCOPY.......ccveeveereereereereemeeeereereeseeereereeseessessemmaeenees 129
4. Quantification of the chemical degradation.............cccccoviiieemiiii e 130
4.1. Weight loss and fluoride emiSSIONS..........ccoovuiiiiiiiiiccciie e 131
4.2. Liquid-state™F NMR SPECITOSCOPY......cveeverreereereereeimesseesseereeseaseesessesseennsenns 132
4.3. Correlation between weight loss and emissions of degradation producis....134
5. Impact of the degradation on PFSA membranestional properties...................... 135
5.1. Water sorption capacity in aged membranes............ccccuvvvviieemrnivvivninineeeeee. 135
5.2. Water seldiffusion after chemical degradation................cooooiiiicc e 137
G I o U 1= [ £ 138
6.1. Comparison oPFSA membrane degradation with literature......................... 138
6.2. Contribution of reinforcement layer and radical scavengers against chemical
(0 =T0 T =1 o PP 140
R O o ] (o3 01T L= PP PP PPPPPPPPPI 143

&KDSﬂVi-I-ﬂUI—DFWV RI FRQMRLQW FKHPLFDO DQG PHFKDQ
PHPEUD.QHNM ettt 149




Table of contents

A | 11 o o [F o 1o 1R 150
2. Experimental device and protoCOIS.........ceeeeiiiieeeiicceeiccce e 151
2.1. Description of the aging deVICE........uiiiiiiii e eeeeeccce e eeeeree e 151
2.2. Exsitucoupled mechanical and chemical stress tests.........ccccceeviivicccernnnnnns 153
2.3. Electrochemical tests in single Cell............uuuiiiiiiiieee e 155
3. Characterization of membrane degradation...................ouveeeeeieieeeeeeiiiiee 157
3.1, Preliminary tESIS......cooiiiiieiiiiii it e e e e anee 157
3.2. CycCliC COMPrESSION SIIESS .. .ccceiiiiiiiieeiiiiiteeme e e e e e e ee et s e e 158
3.3. Influence of the mechanical strength............cccoooiiiiiieeeiiiiiiii e, 160
3.4. Impact of aging test duration............ccooeeeeeiiiiieeeiie e 161
3.5. Impact of the presence Of GDL.........cciiiiiiiiiiieenee e 162
4.  Impact of conjoint chemical and mechanical stress on the membrane structure and

fUNCHIONEA PrOPEITIES . ... it er et eeenr b e e et e e e e e e e e eemms 164

[4.1. Chemical structure evolution of membranes after conjoint chemical and mechanical
] (ST PP 164
4.2. Evolution of water sorption and transport properties in aged memhranes...165
4.3. Cell performances after conjoint mechanical and chemical stresses........... 167
5.  Contribution of the mechanical stress on membnaroperties: comparison with pure
eX-SItUChEMICAl SIFESS TESLS.......cii ittt eree s eneer e e e e e eeeas 172
T o] o o1 [ 1S3 o] 1 SRR 176
ERQFOWWURE) SHUMSHEW.LY. HM. .o 183

D SURW

$SSHQRERB®LPLIDWLRQ RI WKH H.[.S.H..U.L.R.H..Q.W@

$SSHQ

3)6F PHPEUDQHNM. e eeeme e, 199

GLPSDFW WWDWLF FRPEOQHWKHYIKYMWIHR/QYDO SU

Xi



Xii



SPpVXPp pODUJL

&RQWH[WH GH OTpWXGH

« La transition énergétique est wwrse contre la montre du changement climatique qui

nous menace.»

Il'y a trois ans, Nicolas Hulot, alors ministre de la Transition écologique et solidaire,
promulguait ces mots pour présenter son "plan climat" visant a accélérer la transition
énergétiquet climatique de la France, maussi a assurer le respectalgectifsde la France
fixés lors de la COP21. Plus particulierement, deux des principaux objectifs de ce plan climat
sont de porter la part des énergies renouvelables dans le mix énerg&Rjde d'ici 2030 et
d'atteindre une neutralité carbone d'ici 2050. Ces deux objectifs nécessiteront le bouleversement
de notre société moderne et I'introduction de mesures drastiques pour réduire considérablement

nos émissions de gaz a effet de serre (GESigine anthropique.

Au cours des dernieres décennies, la concentration deaCadteint des valeurs sans
précédents depuis des centaines de millénaires. Selon I'Agence internationale de I'énergie
(AIE), les émissions anthropiques de GES ont été multipliées par 145 en moins de 200 ans,
entrainant une augmentation de la températaredmle moyenne d'environ 0,85 °C. Les effets
GX UpFKDXIIHPHQW FOLPDWLTXH QH SHXYHQW SOXV rWUH L.
: multiplication des catastrophes naturelles et des vagues de chaleur, fonte des calottes
glaciaires, élévation doiveau des mers, etc. Dans le contexte du réchauffement climatique
actuel qui s'accélere un peu plus chaque année, la place de I'nydrogene comme vecteur
énergétique dans le mix énergétique vert de demain ne fait plus aucun doute. Par exemple, le
stockageet la distribution de I'hydrogene produit par I'électrolyse de I'eau seraient bénéfiques
pour augmenter la part des énergies renouvelables dans le mix énergétique en compensant
I'intermittence des ressources naturelles telles que I'énergie solaire omedie France, le
gouvernement a lancéen septembre 202@son plan hydrogéne vert avec un investissement
de 7,2 milliards d'euros pour la prochaine décennie, visant a promouvoir le développement de
I'électrolyse de lI'eau et des véhicules a pile a cstiila a hydrogene (bus, poids lourds,

trains).
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Résumeé élargi

Le développement de la filiere hydrogéene et des énergies vertes repose en partie sur celui
des piles a combustible a membrane échangeuse de protons (PEMFC en anglais), source
d'énergie prometteuse et non palhte qui convertit directement une énergie chimique en une
pQHUJLH pOHFWULTXH /D UpDFWLRQ pOHFWURFKLPLTXH VI
OYR[\GDWLRQ GX GLK\GURJgQH j OTDQRGH JpQpUDQW GHV
la cathale afin de permettre la réduction du dioxyggFigyre 1. Les électrons transitent par

un circuit externe afin de générer la puissance électriqueplle kandis que les protons sont
transportées par une membrane polyélectrolyte ionomeéran copolymere thermoplastique
possédant une faible proportion de groupements ionige<€1Q % de motifs de répétition).

"fXQ SRLQW GH YXH S bhbugiihld &sHcorGtiuéed d®divejs mBtériaux, ayant
chacun un réle bien spécifique dans le bon fonctionnement de la pile, qui sont empilés en série
DILQ GYREWHQLU XQH SXLVVDQFH WRWDOH SRXYDQW DOOH

Figure 1 +5HSUpVHQWDWLRQ VFKpPDWLTXH GX IRQFWLRQQHPHQMW GIXQH S|
DYHF OD SHUPLVVLRQ GH OYDXWHXUH

Les PEMFC présentent des avantages intéressants car elles offrent une alternative attrayante et
efficace aux combustibles fossiles avec un large éventail dapplications possibles dans les
domaines stationnaire, portable et des transports. Cependant, tealgr@mbreux progrés
technologiques réalisés au cours de ces derniéres décennies, la commercialisation a grande

échelle des PEMFC est encore limitée par des colts de fabrication trop élevés ainsi que par des

1. El Kaddouri A. 2014 Mise en évidence de la dégradation du liant ionomere dans les électrodes de pile a combustible.
Grenoble. See http://www.theses.fr/2014GRENI014.
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Résumé élargi

problemes de durabilité et de performance. Daloreuses études ont été menées ces dernieres
années afin de mieux comprendre les phénomeénes de vieillissement -et oatppermis
GILGHQWLILHU OD GpJUDGDWLRQ GH OD PHPEUDQH SRO\pO
limitant la durée de vie dE3EMFCJ[2 #]. Dans ces études, il a été clairement démontré que la
membrane est exposée a des conditions difficiles lors du fonctionnement, impliquant
d'importantes contraintes chimiques et améques qui peuvent conduire a de graves
dégradations de la structure et des propriétés de la membrane et, dans le pire des cas, a l'arrét

de la pile a combustible en raison de la défaillance de la membrane.

Par ailleurs, le bon fonctionnement de la pdpose en partie sur la capacité de la membrane
i DFKHPLQHU OHV SURWRQV L@ ¢bnOuflivite Rrétehiouel déVa ddmbrabaV K R G
dépend de la mobilité de I'eau dans sa structurerdiae fortement liée a sa capacité de
sorption d'eau. La gtion de I'eau dans la membrane est donc un parametre essentiel pour
optimiser les performances des piles a combustible et améliorer leur durabilité. Pour cette
UDLVRQ LO HVW QpFHVVDLUH GYDYRLU GH IRUWHV FRQQ
meécanques et chimiques sur la capacité de sorption et le transport de I'eau dans la membrane.
De nos jours, les membranes d'acide perfluorosulfonique (PFSA en anglais) sont les matériaux
les plus couramment utilisés dans les systemes PEMFC, grace a leuusdsteacgnductivité
protonique et a leur stabilité chimicoécanique, mais souffrent encore d'un taux de
dégradation éleveé pendant le fonctionnement de 1§53il@8ien qu'il soit communément admis
gue les contraintes chimiques et mécaniguerontréedors du fonctionnement en pile
interagssent les unes avec les autres, induisaet acckation de la dégradation globale des
membranes, seules quelgues recherches ont été consacrées a I'effet des contraintes combinées
VXU OHV PHPEUDQHY 3)6% SDUPL GILQQRPEUDEOHV pWXGH'
de ces contraintes. En conséquencef inésessaire de comprendre cette interaction synergique
entre les dégradations mécaniques et chimiques ainsi que son impact sur la structure et les
propriétés des membranes PFSA. Par ailleurs, malgré les difféerentes stratégies développées
pour prolonger ladurée de vie des membranes PFSAWHOOHYV TXH OTLQWURGXFV

2. Borup Ret al.2007 Scientific aspects of polymer electrolyte fuel cell durability aggatiationChem. Rev107, 3904+
3951. (doi:10.1021/cr050182I)

3. Dubau Let al.2014 A review of PEM fuel cell durability: materials degradation, local heterogeneities of aging and
possible mitigation strategiédliley Interdiscip. Rev. Energy Enviro8, 5405660. (doi:10.1002/wene.113)

4. Zhao J, Li X. 2019 A review of polymer electrolyte membrane fuel cell durability for vehicular applications: Degradation
modes and experimental techniquesEnergy  Conversion and Management199, 112022.
(doi:10.1016/j.encnman.2019.112022)

5, =DWR 0 5R]JLgQUH - -RQHV '- &XUUHQW XQGHUVWDQGLQJ RI FKHPLFDO GH
membranes and their mitigation strategies: a rev8stainable Energy Fuels409#438. (doi:10.1039/C7SE00038C)
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mécanique ou de stabilisants chimiqukes membranes composites actuelles sont encore

insuffisamment durables pour un fonctionnement a long terme des piles a compagtjlble

Synthése desUpVXOWDWYV GH OTpWXGH

/HV REMHFWLIV GH FH WUDYDLO GH WKgVH VRQW GTDSSRL
exsitu, de nouvelles connaissances sur l'effet de la combinaison des contraintes chimiques et
meécaniques sur la dégradation de la membrane PE@Aelle soit renforcée ou nomainsi
gu'a caractériser et comprendre son impact sur les propriétés de la mentbilase e
performances en pile. Les mécanismes complexes de vieillissement associant les contraintes
chimigues et mécaniques doivent donc étre traités dans le cadre d'une approche
multidisciplinaire. A cet égard, et grace a une caractérisation-taalthiquesl'analyse de la
structure chimique et des propriétés fonctionnelles des membranes PFSA avant et apres les tests
de vieillissemenobnt permisde corréler certaines propriétés physitimiques de la membrane
a ses caractéristiques structurelles et aiesinttre en évidence plusieurs indicateurs de

dégradation chimique.

Dans un premier temps, avant d'envisager une contrainte chimique et mécanique conjointe,
LO HVW QpFHVVDLUH GTpWXGLHU O L BSusw u@ine@btarepJUD G I
PFSA renforcée par rapport a une membrane non renforcée. La réaction de Fenton est un
protocole de vieillissememtxsitu acceléré largement utilisé dans I&éliature pour étudier la
dégradation chimique des membranes PRBA permetde reproduire I'environmeent
fortement oxydant observé pendant le fonctionnement des piles a combustible. Il consiste ainsi
a faireréagir du peroxydeG 1 K\ G U R:Dg &¥ét des ions ferreux Feafin de générer les
radicaux hydroxyle HCGet hydroperoxyle HO®Cependant, un largentail de combinaisons
de concentrations en réactifs de Fenton peut étre trouvé dans la littérature et semble avoir des
effets différents sur les membranes PFSA, ce qui rend difficile la détermination de conditions
+en terme de concentration en réactifde vieillissemenexsitu adéquat. A cet égard, une
étude a été menée afin de clarifier l'influence des concentrations en réactifs de Fenton sur la

dégradation chimique des membranes Ndfidih (renforcée) et NR211 (non renforcée).

6. De Moor G, Bas C, Charvin N, Dillet J, Maranzana G, Lottin O, Caque N, Rossinot E, Flandin L. 2016 Perfluorosulfonic
acid membrane degradation in the hydrogen inlet region: A macroscopic appnbathHydrog. Energyl, 483#496.
(doi:10.1016/j.ijhydee.2015.10.066)

7. Robert M, El Kaddouri A, Perrin-@, Leclerc S, Lottin O. 2018 Towards a NMFased Method for Characterizing the
Degradation of Nafion XL Membranes for PEMRICElectrochem. Sot65 F3209#3216. (doi:10.1149/2.0231806jes)

XVi



Résumé élargi

Nos résultats ont reien évidence une forte dépendance de la dégradation des membranes
aux concentrations de réactifs de Fenton, tant du point de vue chimique que morphologique. En
effet, des concentrations élevées e@tpeuvent induirent dedvolutions dda morphologie
des membranes PFSAformation de cloques/bulles TXL QTRQW MDPDLV pWp UHQ
fonctionnement en pile. Cette étude préliminaisensi permis d'établir les conditions les plus
appropriées requises pour induire une dégradation chimique efficate isduire de
changements morphologiques séveres.

Un suivi plus approfondi de la dégradation chimigxesitu a ensuite été effectué afin
GITpWXGLHU VRQ LPSDFW VXU OD VWUXFWXUH FKLPLTXH HW
l'eau des membranesafibn® composite et conventionnelides membranesKL et NR211,

respectivement.

Nos résultats ont démontré que les membranes XL et NR211 sont toutes deux chimiqguement
dégradées de maniére significative par I'exposition a un environnement radicalaire puisque
GILPSRUWDQWHY SHUWHYVY GH SRLGV HW Gdit\étéd-ReQurdeQ WU D W
Plus particulierement, la RMN du fluor a I'état liqguide a permis de mettre en évidence des
émissions élevées de diacide perfluoroxapentane}l-sulfonique4-carboxylique tnommé
ici Produit A pour plus de simplicité un composé fluordérivé de la chaine latérale du PFSA
qui a déja été identifié dans la littérature comme I'un des principaux produits de dégradation du
PFSA[8]. Toutefois, aucune évolution de la structure chimique ni aucun changement de la
FDSDFLWp GYpFKDQJH LRQLTXH &(, Q RQW pWp REVHUYpV
chaines principales #&térales du PFSA se produit en proportions égales. Ce résultat indique
gue la décomposition du polymere se fait probablement par une réaction dilezipping»,
entrainant ainsi la perte des chaines latératela formation du produit ADe plus, la
FDUDFWpPULVDWLR Q -difbisibnStde Sokptignead desTniekbVaRes PFSA apres
96 heures d'exposition aux réactifs de Fenton a mis en évidence que la dégradation chimique
ne modifie pas ces propriétés de maniére significative. Ces compattesont tres différents
de ceux détectés dans une précédente étude apres un fonctionnement de longue durée des piles
a combustible, pour lesquelles une réduction de la capacité de sorption et de la mobilité de I'eau
ont été observély]. Néamoins, des hétérogénéités de dégradation de la membrane, et plus
JpQpPUDOHPHQW GH O feizNdtrbdes; apizd th enttioRrdant en pile ont déja

8. Healy J, Hayden C, Xie T, Olson K, Waldo R, Brundage A, Gasteiger H, Abbott J. 2005 Aspects of the chemical
degradation of PFSA ionomers used in PEM fuel cEliel Cells5, 302:808. (doi:10.1002/fuce.200400050)
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éte reportés dans la littératye9]. Plus particulierement, notre précédente étuderte sur

une région spécifique GTHQWUpH VR UW k& ¢bn@ué pour Btfe SqubdiBa/d dé ¥éveres
FRQGLWLRQV GH IRQFWLRQQHPHQW IRUWH SHUPpPpDWLRQ |
FRQVpPTXHQW SURSLFH | G &Rdi) Ve Difzwride/ oliSqridd DaBHOW LR Q V
travail de thése pourrait suggérer aquos conditions ne sont pas suffisamment représentative

GH OD GpJUDGDWLRQ VpYgUH UHQFRQWUpPH GDQV OD UpJLRC
sujettes a une dégradation moins sévere pourraient avoir des comportements plus semblables.
Par ailleurs, ken que la réaction de Fenton vise a acceélérer la dégradation chimique des
membranes PFSA, ne peut étre écarté qleedurée du processus de dégtamta(c'esta-dire

96 heures contre plus de 12000 heunes¥oitpasassez longue pour observes effets de la

dégradation sur les propriétés fonctionnelles des membranes PFSA.

Figure2 +& RPSDUDLVRQ GH OfpYROXWLRQ GH OD TXDQWLWp G SURGXLW

XL renforcée et une membrane NaffbBRlR211 conventionnelle. Les courbes en traits pointillés se réfetant a

guantité de produits de dégradation émis lordgypart du renfort de PTFEdela XQfHVW SDV SULVH HQ FF
DILQ GTpWXGLHU OD GpJUDGDWLRQ GX 3)6% VHXO

La particularité de ce travail réside dans I'étude de la stabilité chimique de la membrane
composite Nafioff XL. A ce jour, les publications récentes ne se sont concentréesiglae
contribution de la couche de renfot VXU OYLPSDFW GH OD sGrfpedduidiBi@ WLRQ F
mécaniques des membranes Nafion/ PDLV DXFXQH GTHQWUH HOOHV QF

chimique. Nos résultats ont démontré que la dégradation chimique de la membrane XL est

9. Durst Jet al.2013 Degradation heterogeneities induced by repetitive start/stop events in proton exchange membrane fuel
cell: Inlet vs. outlet and channel vs. ladghpl. Catal. BEnviron.138 416#26.(doi:10.1016/j.apcatb.2013.03.021)
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inférieure a celle de la NR211 non renforcée, ce qui peut s'expliquer par la présence d'un renfort
supplémentaire riche en PTFE, qui maintient I'intégrité mécadigleemembrane et évite ainsi
une décomposition chimique supplémentaire, et/ou par la présence de piégeurs de radicaux a

base de cérium qui peuvent atténuer les attaques radicalaires sur les chaines de polymeres

Figure 2.

Enfin, les effets de la contrainte mécanique et chimique combinée sur les membranes PFSA

ont été étudiés, toujours par une approeksitu, avec un dispositif sur mesufEigure 3.

L'objectif de ce dispositif était de reproduire des conditions de vieillissement proches de celles
rencontrées par la membrane lors du fonctionnemerd géd & combustible. De nombreux

tests de vieillissement ont été réalisés afin de mieux comprendre l'influence des contraintes
meécaniques, qu'elles soient statiques ou cycliques avec un niveau de pression négligeable ou
élevé, sur la dégradation chimigdes membranes Nafih et son impact sur leur structure

chimique et leurs propriétés fonctionnelles.

Figure 3 +tReprésentations schématiques du dispositif de vieillissement couplant contraintes mécanique et
chimique et de la cellule de vieillissement.

Les résultats ont démontré que I'application d'une contrainte mécanique ne modifie pas les
mécanismesle dégrad@n chimiquepuisque des produits de dégradation identiques a ceux
identifiés dans le cas d'une contrainte chimique seule ont été détectés. Cependant, le
comportement de la membrane XL face a la contrainte chimique semble Iégerement différent
puisque lac® ELQDLVRQ GTXQH FRQWUDLQWH PpFDQLTXH D FRQ
clogues pres de la surface de la membrane. Par ailleurs, des taux d'émission de fluorure plus

élevés ainsi que des courants de perméation d'’hydrogene plus importants onhéteaete
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la NR211 plutdt qu'avec la XL dans la plupart des cas, ce qui pourrait s'expliquer par la
meilleure résistance mécanidgieairnie par lacouche de renfort supplémentamesent dans

la membrane XL. Cependant, cet avantage semble disparaitneel¢esgveau de pression est
considérablement augmentgle 5 a 10 MPatpuisque des taux de dégradation similaires ont

été mesureés pour les membranes XL renforcée et NR211 non renforcée. De plus, bien qu'une
décomposition significative du polymere ait @bservée aprés des tests de contraintes
FRPELQpHV QL OHV SURSULpWpPV IRQFWLRQQH@ffodgibpd WHOOH
de I'eau, ni les performances de la membrane n'ont été significativement affectées. Comme dans

le cas de la dégradan chimique seule, ces résultats peuvdagdlemensuggérer que la durée

GH GpJUDGDWLRQ PLVH HQ °XYUH GDQV QRWUH pWXGH Q pV
significatifs sur les propriétés fonctionnelles des membranes. Toutefois, il estintplernhoter

gue nos résultats se réferent a la dégradation globale de la membrane alors que les contraintes
sont certainenement éprouvées différemment par la membrane sous les dents ou dans le canal.
,O VHUDLW GRQF LQWpUHYVV Doalg\teS difféveéies kdés. GH PDQLqUH S

'"IDXWUH SDUW OHV WHVWV GH YLHLOOLVVHPHQW HIIHFW)
en anglais) introduites entre la membrane et les plaques d'écoulement de la solution ont conduit
j XQH GLPLQXWLRQ GHuoryds ] svygerm) yueCGaGR @rotége la membrane
de cette dégradation conjointe. Néanmoins, il est possible que la présence de GDL entrave une
bonne distribution et un renouvellement efficace de la solution a la surface de la membrane, ce
qui aurait pur conséquence une dégradation moins importante. De plus, les nombreux dépbts
de fibre de carbone observés a la surface des membranes ainsi que la chute de la tension en
circuit ouvert et la hausse du courant de perméaiesuréetendent & montrer quEIXWLOLVDW LR
GH *'/ GDQV OHV FRQGLWLRQV GH QRWUH pWXGH D XQ LPSD!
de la compression pourrait conduire a de graves dommages irréveisbfesforations dues
aux fibres de carbone cassées) de la memUddljell est doc difficile de conclure avec
FHUWLWXGH VXU OfHIIHW SURWHFWHXU GH OD *'/ VXU OD G

Le développement de notre dispositif sur mesure et les tests de vieillissement accéléré
associés constituent les éléments de X QH PHLOOHXUH FRPSUpKHQVLRQ
dégradation chimique et mécanique des membranes PFSA et ouvrent ainsi une grande variété

de perspectives possibles.

10. Yi P, Peng L, Lai X, Ni J. 2011 A Nuerical Model for Predicting Gas Diffusion Layer Failure in Proton Exchange
Membrane Fuel Celld. Fuel Cell Sci. Techn@. (doi:10.1115/1.4002312)

XX



SUHDPEOH

« La transition énergétique est une course contre la montre du changement climatique qui

Nous menacex

Three years ago, Nicolas Hulot, minister of Ecological and Sdlderansition at that time,
SURPXOJDWHG WKHVH ZRUGY WR LQWURGXFH LWV 2FOLPDVW
FOLPDWH WUDQVLWLRQ RI )UDQFH EXW DOVR WR HQVXUH
COP21. More especially, two of the main tpoaf this climate plan are to increase the part of
renewables energies in the energy mix t&@8By 2030 and to reach a carbon neutrality by
2050. These two objectives will require the disruption of our modern society and the
introduction of drastic meases to considerably reduce our anthropogenic greenhouse gas
(GHG) emissions.

Figure 4 +Evolution of some key indicators of the climate change for the last defdaes

1. Kennedy JJ, Kendon M, Killick RE, Dunn RJH, Allan RJ, Rayner NA, McCarthy M. 2020 Global and regional
climate in 2019Weather75, 264271. (doi:10.1002/wea.3822)
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Preamble

In recent decades, the concentration o @@Qeed attained values that have never been seen
for hundreds of millennia. According to the International Energy Agency (IEA), anthropogenic
GHG emissions were multiplied by 145 in less than 200 years, causing an increase of global
average temperature about 0.85 °CThe effects of global warming cannot be ignored
anymore as they surround us on a daily basis: multiplication of natural disasters and heat waves,
melting of theicecapd) LVLQJ VHD OHYHyO¥®4. D@ & KR RRQWH[W RI WRG
warming accelerating a little more every year, the place of hydrogen as an energy vector in the

green energy mix of tomorrow is no longer in dolatr instance, the storage and distribution

of hydrogen produced bihe electrolysis of water would bealuableto increase the part of
renewable energies into the energy mix by compensating the intermittency of natural resources
such as solar or wind powerhe French government launched in September 2020 its green
hydrogen plan with an investment of 7.2 billion euros for the next decade aiming to promote
the development of water electrolysis and of hydrogen fuel cell vehicles (buses,dngavy

trucks, tains).

The development of the hydrogen industry and of green engrgidlg relies on that of
ProtonExchange Membrane Fuel Cells (PEMFC), promising -Bengssion power sources
which directly converts chemical energy intanelectrical energy. PEMFC bring interesting
benefits since they offer an attractive and efficeternative to fossil fuel with a wide range
of possible applications in stationary, portable and transportation domains. However, in spite
of numerous technological advances over these past decades, tsedegeommercialization
of PEMFC is still impded by too high manufacturing cost as well as durability and

performance issues.

In recent years, countless studies have been carried out to provide a better understanding of
aging phenomena. They identified the degradation of polyelectrolyte membrane afstbe
main factor limiting the PEMFC lifetime. In these studies, it was clearly demonstrated that the
membrane is exposed to harsh conditions entailing important chemical and mechanical stresses
that may lead to severe degradations of membranes chestniciaure and functional properties
and, in worst cases, to the fuel cell shutdown due to the membrane failure. Moreover, the proton
conductivity of the membrane depends on the water mobility into the membrane structure which
is itself strongly relatedtthe water sorption capacity. Water management within the membrane
is thus a critical parameter to optimize fuel cell performances and improve their durability. For
this reason, deep understandings of the effects of the mechanical and chemical deg@uation

the water transport and sorption properties of membranes are required. Nowadays,
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perfluorosulfonic acid (PFSA) membranes are the rnostmonly used materials in PEMFC
systems, thanks to their remarkable proton conductivity and their chemecalanich
stability, but they still suffer from high degradation rate during fuel cell operation. Although it
is commonly admitted that chemical and mechanical stresses occurring during fuel cell
operation interact with eadatherto accelerate the global membrategradation, this assertion
may not be clearly evidendso far andgin any case, a clear understanding of these interactions
and their impact on the structure and the properties of PFSA membranes is required.

In this context, this thesis work has the bleuambition to:

X Bring some key understandings aftsimultaneous + chemical and mechanical
degradation mechanisms of PFSA membranes during fuel cell operation,

x Characterize and understand the impact of these chemical and mechanical
degradations on the wateorption and transport properties of PFSA membranes as

well as on their fuel cell performances.

At the end of this thesis work, new insights will be provided on the coupling of mechanical
and chemical stresses as well as the evolution of chemical structure, functional properties and

cell performances of the PFSA membranes
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State of the art of proteexchange membrane fuel cell
(PEMFC) systems
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This first chapter aims at providing an overview of the literature on PEMFC systems and
more particularly on the electrolyte perfluorosulfonic acid (PFSA) membranes, key elements
of PEM fuel cells, in order to define the context of thissiswork. A goodknowledgeof the
place and role of PFSA membranes in the operation of PEASRGII as of the morphology
and functional properties are thus required to better underitencthembrane degradation

mechanisms occurring during fuel cell operation.
In thatpurpose, tiis literature review will be divided into three main parts:

¥4 First section is dedicated to a brief description of PEMFC operating principle and a
deeper description of PEMFC components,

% Second sectiois focused on the main functional propertigdNafionEmembranes in
relation with the morphology of the polymer,

Y,Finally, the last sectiorwill describe theprinciple degradation mechanisms of
membraneklectrode assemblies (MEA) with an emphasis on those of PFSA

membranes.
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1. Overview of PEMFC

1. Overview of PEMFC

1.1Operating principle of PEMFC

PEMFC (for Proton Exchange Membrane Fuel Cells or Polymer Electrolyte Membrane Fuel
Cells) are eleitochemical devices that allow the direct conversion of chemical energy into
electrical power. They are composed of a solid polyelectrolyte, an ionomer membrane,
sandwiched between two porous electrodes where electrochemical reactions take place. The

operding principle of PEMFC and the associated electrochemical reactions are illustrated on

Figure 1.1 A gaseous flux of hydrogen is supplied to the anddie while the cathode side is

fed with air or pure oxygen. At the anode side, the hydrogen is decomposed into protons and
electrons according to the following ha#action fiydrogen oxidation reactigiHOR):

where ' is the standard cell voltage by reference to the SHE (Standard Hydrogen Electrode).

Protons arearriedto the cathode through the membrane while the electrons are collected
by an external circuit, generating an electrical current. The electrons recombine with protons at
the cathode side to reduce the oxygen and produce water according to the following half

reaction Oxygen reduction reactiQgioRR):

1.0 EV*~ E VA \ t*s1lp 'él Ae L sdu8iy Eqg. 12

The global reaction of the fuel cell between hydrogen and oxygen generates heat and

electrical energy with juid water as the only bgroduct:

t*6:0, Els.p; \ t*61l.a E9grgB3 Eq. 13
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Chapter | £State of the art giroton-exchange membrane fuel cell (PEMFC) systems

Figure 1.1 - Schematic representation of tREMFCoperating principle (Adapted with permission from f&f)

At the equilibrium and under normal conditions of temperadunck pressure, the ideal fuel

cell voltage is given by the Nernst equation:

446 A E 446 ]
"L'"*F—ZHMN———OL"*F— H{¥¢——O

t( = t( ZA_HKZECT’

Eq. 14
=4 Hk=¢ (o3

where ' 4is the standard cell voltagédis the gas constan§the temperatar, ( the Faraday
constant equal to 96,845mol! and =jthe activity of each species. As the operating
temperature of a PEMFC is generally below 1G0the water activity is usually assumed equal
to 1 because liquid and vapor phases asgailibrium. H and Q aregenerallyconsidered as

ideal gases so that their activity can be expressed as a function of their partial p2gssure

The Nernst equation describes the difference between the electrode potential gifitke O
redox couple athe cathode and the electrode potential of thiliHredox couple at the anode

and gives an ideal fuel cell voltage of 1\28lts at room temperature.

The fuel cell theoretical efficiency, which corresponds to the ratio between the effective
electrical power and the total energy releasethbyeaction, is about 83 based on the higher
heating value (HHV) of hydrogen and about9%\ FRQVLGHULQJ WKH K\GURJHQ"
value (LHV). The difference between the higher and the lower lgeasilues corresponds to
the heat ofwater \aporization. The fuel cell efficiency is therefore different if the produced
water is in the liquid form (HHV) or in the vapor form (LHV). Nevertheless, during operation
the fuel cell efficiency is much lower bagse of several losses and the actual voltage deviates

from the ideal voltage due to various polarization phenomena:
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1. Overview of PEMFC

X Activation polarizations @ J concerning the charge transfer at the membrane
electrode interface,

x Ohmic polarizations &), resuting from the electrical resistivity of fuel cell
components and mainly that of the membrane, as well as the interface resistances
between these components.

x Concentration polarizations (% 53 3 depending on the electrolyte concentration

around the @ctrodes.

Fuel cells are primarily characterized by their polarization curgeyoltagevs current

density (in A/cm?) or current (in A) curve. TRe@ure 1.Zepresents a typical polarization curve

and shows that these polarization phenomena entail a significant decrease of the fuel cell

voltage.

Figure 1.2 - Typical fuelcell polarization curve

The activation polarization® ¢ js due to the activation energy of the electrochemical

reactions taking place at the electrodes. Indeed, an activation energy is required to initiate the

reactions and overcome the energy barfike kinetics of the HOREQ. 1.3 being slower than

that of the ORRHKg. 1.3, this voltage loss is mainlyoverned by the ORR.

In the intermediate range of current density, the ohmic [Rggs is due to the electrical
resistivity of the components and more particularly the protonic resistance of the membrane.
The voltage drop is linearly dependent on therent density and can laeterminedusing
2KPYV ODZ
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where Hs thecurrent density andtthe total ohmic resistance of the components. However, it
must be kept in mind that the total resistance of the cell can be strongly dependent on the
operating conditiondn all casegsresistive losses can be minimized by reducing the thickness

of the menbrane or by improving its transport properties (ionic conductivity).

In the region of high current densities, the fuel cell voltage rapidly decreases since the
transfer rate of reactant gases increases more slowly than the reaction rate. The reastant gas
are progressively consumed when diffusing through the electrode and a concentration gradient
is thus observed from one electrode to the other. This transport process depends on several
parameters such as pressure, temperature, reactant concentratimodelporosity, etc. The
transport losses are mainly due to convective or diffusive phenomena and conduct to the
decrease of the fuel cell voltage and reaction rate. The voltage variation induced by the
concentration gradient is called concentration fizddéion concand can be established from the
Nernst equation to describe the voltage loss, and by the Bidlerer equation to describe the
reaction rate reduction. In both cases, the general equation can be expressed as follows:

46 E
— Z4sF—

aad t( B Eq. 16

with Rthe limiting current density. Furthermore, the oxygen contribution is predominant for
voltage losses induced by concentration gradient since it diffuses more slowly than hydrogen.
Theconcentration polarization can be minimized by optimizing the reactants distribution at the
surface of the electrodes or the properties of the electrode (porosity, structure) in addition to the

optimization of the operating conditions, (T).

Consequentlythe actual voltage of the fuel cell is calculated by subtracting the contribution
of each polarization phenomenon to the theoretical value given by the Nernst quqt]on

ﬂ:

In practice, the theoretical opeircuit voltage isnot reachabledue to parasitic reactions as

"L'AF ok Roa FRyaao Eq. 17

well as the low gas permeability of the membrane, and the ampeaicircuit voltage of a
PEMFC is approximately 1.Xd. For instance, the oxidation of platinum (Pt) particles, contained
in the electrodes, occurs at a voltage above 0.@hd significantly limits the opeaircuit

voltage.

1.2Fuel cellcomponents
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1. Overview of PEMFC

The power generated by the PEMFC covers the range from ~1 watt to several megawatts,
depending on the active surface and the number of elementary cells that can be stacked together.
The actual elementary cell voltage being in the range @&\ to 0.95V, the elementary cells
are connected in series to obtain the desired voltage. Each of them consists in two bipolar plates
between which are comprised two gas diffusion layers (GDL) coated on the electrode side with
a microporous layer (MPL)the electrodes and the membrane. Thealed membrane
electrode assembly (MEA) stands in general for the membrane and the two electrodes, as well
as the two GDL with MPL. Each component has a specific role to play in the mechanical

stability of the stdk, the gas distribution or the electrical (iomied/or electronic) conduction.
Bipolar plates (BPP)

The bipolar plate¢BPP)have to fulfill various functions to ensure the optimum operation
of the fuel cell. They are engraved with channels (around Q%mm in width and height) to
provide the homogeneous distribution of the reactant gases on the whole active surface of the
electrodes and to facilitate the management of water and heat produced during the reaction as
well as the evacuation of excess gasésreover BPPensure the separation of individual cells
and a good ®chanical strength in the staé}.

Over the past decades, many différenaterials have been investigated for manufacturing
the bipolar platesThey can be divided into three groups: graphite, metallic and composite
bipolar plate$2 #]. GraphiteBPPpresent good chemical resistance and electrical conductiv
but a poor mechanical strength and a high cost while meBilRhave a great mechanical
strength and good thermal and electrical conductivities, but poor chemical stability. However,
fuel cell systems require great mechanical strength but also dwodical stability since
corrosion issues can lgeneratedy the acidic environment (pH =3 and the temperature
(80°C) of the fuel cel[5]. Carbonrpolymer composit&PPwere developed to that purpose.
However, their mechanical strength can be limited and they sufier & low electrical

conductivity[2].

Bipolar platesarealso characterized by different flefreld configurations, elaborated for

the optimeation of the fuel cell operatiof4,6]. Among theseconfigurations, the most

commonly used are parallel, interdigitated, and serpentinefi@dvdesigngFigure 1.3. More

particularly, serpentine flovield design have long been considered as giving the best
performance$/,8].
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Chapter | £State of the art giroton-exchange membrane fuel cell (PEMFC) systems

Figure 1.3 - Example of flowfield design: (afpingle serpentinehannels, (bparallelchannels and (c)
interdigitated channel8].

Gasdiffusion layers (GDL)

Gas diffusion layers (GDL) are composed of a porous carbon mesh, with a thickness of 100
to 300um at the top of which is deposited a hydrophobic agent (typically based on
polytetrafluoroethylene or PTFE)) in order to facilitate water management and thus avoid

electrode flooding during operati¢h0]. They have multiple functions and properf{ies, 12}

x Gas permeability, to supply reactant gases from the-fiel channels of bipolar
plates to the electred,

X Water permeability, to evacuate the water produced during the reaction at the
electrodes to the flovield channels,

x Electrical and thermal conductivity, to evacuate electrons and heat to thédidw

channels,

X Mechanical strength, to provide mechatisupport to the MEA.

Two kinds of porous supports based on carbon fibers have been used to manufacture GDL.:

carbon papers or carbon cloffrsgure 1.4 [13]. The porosity of such materials is high (around

80 %) and the pore size can vary froftd 30um within one GDL. This porous nature ensures
a homogeneus distribution of reactant gases to the electrodes and facilitates water

management.
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1. Overview of PEMFC

Figure 1.4 - Micrographs from Scanning Electron Microscope (SEM) of (a) carbon paper and (b) carbon cloth
[13].

Furthermore, the high tortuosity of carbon papeduces important mass transport
limitations under wet conditions but also permits to retain a more significant quantity of water,
thusimproving the membrane hydration, under dry conditifit3]. Consequently, the carbon
paper is still an interesting alternative thanks to its low cost and because the deposit of the MPL

at its surface is facilitatefd 4].

As mentioned earlier, water and reactant gases management of GDL is facilitated by the
addition ofa hydrophobic agent. More preciselgrbon fibers are impregnated with PTFE (5
to 35wt.%). It has been demonstrated that better performances were obtained at high and low
current densities for an optimal PTFE loading of about2% [15 #.7]. However, this optimal
rate prolably depends on the operating conditions. If the loading is too high, the PTFE will fill
the pores of the GDLs and thus isolate the carbon fibers from each other, leading to an alteration
of the GDL properties and, more patrticularly, to an increase ofmhmd water transport
resistancefl0,1648].

In addition to this hydrophobic treatment, a thin microporous layer, less than 50 um thick,
is deposited on the surface of the GDL at the electrode side in order to improve the cell
performance$19 21]. The MPLs are composed of carbblack and PTFE with a pore size
smaller than that of GDL (0.01 to {#n vs.10 to  um). MPLs differ from the GDLs in their
more dense and granular structu@i [14]. They improve water and gases
management by creating a porosity gratliend enhance the electrical contact leemvthe
GDL and the electroddg2 24].
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Figure 1.5 - SEM micrographs of GDL (a) with MPL and (b) without MP14].

In the case of MPL, an optimal PTFE loading of -23Bwt.% enhancesfuel cell
performances, mainly for high current densities (>Ad&n?) [14,16,25] If the PTFE loading
is too high, o if the MPL is too thick (> 9@um [14]), the gas permeability and the electron
conductivity decrease, which limits the fuel cell voltfiy 16,25]

Electrodes or catalyst layers (CL)

The electrodes or catalyst &g are thin materials (8 to i) placed between the gas
diffusion layers and the membraneew the electrochemical reactions occur: oxidation on the
anode side and reduction on the cathode side. For optimal fuel cell operation, the electrodes
must meet several criteria: be porous to ensure the gas distribution to the reacfifacititze
the evacuation afxcesgeactants gases well ady-products, have good electronic and proton

conductivitesbut alsosupport the deposited catalyst.

They are porous composite materials with a wide diversity of composition and
manufacturing proce$26]. They are made from a carbbased support with dispersed catalyst
partides to which is added a ionomer solution as a binder and an ionic conductor medium, with

the same chemicabmposition than the membrane.

Despitea large variety of electrodes, two main categories can be distinguishedi®lR&
[27,28] and thinfilm electrodes[29,30] The PTFEbound electrode consists in creating a
suspension by mixing together a Pt/C powder and a PTFE emulsion which is deposited on the
GDL. Once the electrode is dry, GDLs are impregnated withfeon Esolution by brushing or
spraying. The thiiilm electrode is made from an ink that is based on an ionomer solution (the
most commonly used is thidafion® in which Pt/C powder is added. This manufacturing
process is nowadays the most commonly used sinceald teaa more uniform distribution of

polymer in the electrode and thus increases the electrode actiJ2&i&H|.
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1. Overview of PEMFC

The most common catalyst isaghum (Pt) thanks to its low activation energy. The
electrodes are generally composed of Pt nanoparticles dispersed on a carbon support to
maximize its specific surface area. In order to increase the catalyst efficiency and thus decrease
the loading, vadus carborbased supportg32,33] and manufacturing processes (spraying,
impregnation, etc.)34 £36] were investigated. For instance, the elaboration of supfrann
carbon aerogelf36] or the impregnation of carbon nanofibers with platinaggregates by
plasma spraying were studid@7,38] On the other hand, the carbon black powder is
extensively used for commercial MEAs manufacturing and for numerous investigations since
it has the benefit of being widely available and cheap as well as having a high electronic
conductivity.Although it is the most commonly used support, some of its main drawbacks, such
as the presence of a migporosity in the carbon aggregates which can lead to Pt particles or
Nafion®capturg32,39], conduct to the research of new alternatives. Progress have been made
to develop new carbebased supports from mesoporous carlitsey demonstrate better mass
transport properties thanks to a controlled porosity and a high speciace area but they are
also more prone to the corrosipf0]. Carbon nanotubes, carbon nanofibers and graphene,
which present an enhanced durability and a higher specific surface area, habeesso
investigated but they remain expensive alternatives for an industridlljseurthermore, non
carbonaeous materials, such as metal oxide nanostructures based on titanium, indium, silica,

or tungsten as well as conducting polymers, have been widely investigated to deal with the

carbon corrosion issusee $3.2.3 [32].

Furthermore, the electrochemical reactions ddcu.Q D VSHFLILF DUHD QDPHG
ERXQGDU\" ZKHUH WKH HKeQht EaorBaRdd SuppRit), Gh¥ EardlRse(the

Pt particles) and the protonic conductoe.(the ionomer binder) are simultaneously present

Figure 1.§. The exact mechanisms occurring at the triple phase boundary are not yet fully

understood and its characterization is still difficult to implenjé®}. However, it is important
to notethat this specific area is a useful but not realistic representation of reaction mechanisms
since it would entail in practice the presence of infinite gaseous flux whésesisrfiace is

necessarily zero.
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Figure 1.6 - Schematicepresentation of the triple phase boundary at the anode side. PEM = proton exchange
membrane, CL = catalyst layer, GDL = gas diffusion layer PEMFC (Adapted with permission fr¢ip)ref.

In the case of PEMFC, the strong sensitivity of platinum to carbon monoxide contaminant
(100 ppm at 80C) is a critical issue when hydrogen is obtained by steam reforming of
hydrocarbon$43]. To overcome this issue, two methods haeen developed. In the one hand,
the CO content can be decreased below tppld after fuel reforming44,45] thanks to a
process called selective oxidation while, on the other handryballoys (Pt/Co, Pt/Ru, Pt/Ni,
Pt/Mn) or tertiary alloys (Pt/Ru/Mo, Pt/Ru/Co, Pt/Ru/Cr) can be used ingt&#i8].
Neverthelesshiese alloys still suffer from a lack of stability during fuel cell operation, causing

the disappearance of one of the elements and the formation of hollow p#8¢les

The ionomer prsent in the electrodes is a thermoplastipalymer characterized by its low
coneentration of ionic groups (< 1m0l.% of the repeating units). Its roles are to bind the
catalyst to the membrane and to facilitate the proton transport through the ee¢troah the
anode side to the membrane and from the membrane to the cathode side). The addition of an
ionomer phase increases the dispersion of the catalggprovides better mechanical strength
to the electrode. The most commonly used ionomer in th@ACEare long side chain (LSC)
perfluorosulfonic acid (PFSA), commercialized under the nidafeon®[46]. Moreover, other
ionomers based on PFSA have been developed in order to improyeedetimancesfor
example, Solvay Solexis S.A. elaborated PFSA with short side chains named ARuivion
[50,51] This kind ofionomerprovidesbetter performances than LST-SA for high current
densities (> JA.cm?) in high-humidity conditions and low temperature {80°C). This
enhancement is even better fow current densities (< 04.cm?) when the fuel cell operates
at hgh temperature (9210°C) in low-humidity conditions. Alternatives to PFS#ased
ionomers such as sulfonated polyetheretherketeREEK)[52 54, sulfonated hydrocarbons
[55] and other sulfonated polymd@2] are alsaurrentlystudied.
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1. Overview of PEMFC

In addition to the ionomer, a hydrophobic agent basdelldtE can be add45,46] It has
been demonstrated that the presence of PTFE improves the cell performances and the power
density regardless of the humidity levi6,57] Neverthelessthe presence of PTFE is not

essentiakince good performances can be obtained with Pfféd&electrodes thanks to the

presence of the MPL (3@.

Finally, a high ionomer loading can negatively affect the cell performances by decreasing

the gas permeability, the proton (effective or apparent) conductivity and the access of reactants
to the catalyst by clogging the pores of the electf68¢59] Some studies weggerformed to
determine the optimal loading and it is now established that the best cell performances are
obtained for a loading of about 25 to®&% [60 $62].

Membrane

Likewisethe ionomer bindecomprisedn the electrodes, the membrane is a thermoplastic
ionomer with hydrophilic ionic groups. It is present in the form of a thindiha itmust fulfill
several essential functions for tberrectoperation of the fuel cell:

x Proton conductor: high proton mductivity (~100mS.cm!) guarantees the proton
migration from the anode to the cathode while limiting thermal losses.

x Electrical insulator: the membrane isolates the cathode from the anode to avoid short
circuits.

x Gas impermeability: good barrier propess limit yield losses due to the diffusion of
reactant gases and prevent gas crossover, a factor that leadsnta tred chemical
degradations.

X Mechanical and chemical stability: the membrane must resist mechanical stress,
caused by theperating conditions of the fuel cell, and chemical attacks from the
formation of reactive oxygen species (ROS).

Nowadays, PFSA ionomers are the most commonly used membrane materials in PEMFC
systems. They are composed of a hydrophobic PTFE backboneréindrpeated side chains
ended by hydrophilic sulfonic group$SO: H"). The microstructure is organized in two phases:
the first is rich in polymer chains and confers to the membrane its mechanical strength and its
relatively good chemical inertness toepent chemical degradation in the oxidizing
environment of the PEMFC. The second phase is rich in ionic sites, which promotes the sorption

of water and the presence of continuous conduction path to enable the efficient transport of the
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protons though the embrane. A deeper description of the chemical nature and properties of
PFSA membranes will be developeo§

lonomer membranes are usuadliassifial by their thickness (15 to 2%0n) and their
equivalent weight (9 ). The EW corresponds to the mass of dry polymer needed to neutralize
an equivalent of base. It is directly linked to the ion exchange capatityoéxpressed in
milliequivalents per gram of dry polymer by the following relation:

srrr
+'% Eq18

'9 :CaARP: L

Over the past decades, multitudinous researches have been carried out on PFSA membranes
in order to improve their mechanical strength, increg®®r conductivity, lengthen their
lifetime while reducing their cost and thus extend their l@g@e commercialization. In that
respect, plenty of commercial PFSA membranes have been developed in the industry for the

use in PEMFC and can be hencefdaigtinguished into several categorj68], among which

- Nonreinforcedlong side chain (LSC) or shoside chain (SSCIPFSA membranes
[64,65]

- ReinforcedPFSA membranes with a microporous support based on [BREES]

- Multi-Acid Side Chain (MASC) membranes based on Perfluoro Imide Acid (PFIA) or
modified-PFIA [66 68].

- Copolymer membranes based on vinylidene fluoride (VDF) and hexafluoropropene
(HFP)[69,70]

- Chemically crosdinked membranef/1].

- Organicinorganic nanocomposite membranghich are modifiecPFSA membranes
containing nanoparticles of inorganic materials, metals or metal oxides suchzas SiO
TiO2, ZrOz, SNQ [72 #4].

However, the upper conductivity limit of current PFSA membranes being practically
reached, it is now necessary to develop newiypemated materials with innovative structural
attributes while maintaining the good properties of traditional PFSA membii@jddowever,
the upper conductivity limit of current PFSA membranes being practically reached, it is now
necessary to develop newrfheorinated materials with innovative structural attributes while
maintaining the good properties of traditional PFSA membr@rgs In that respect, PFIA
membranes seem to be promising candidates despite their chemical stabilitylm®over,
the glass trangon temperature of PFSA membranes being around 90 t6AP85,77], their
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utilization for high temperature fuel cells (> 90) are not suitable and many research works

are nowadays focused on the synthesis of newfloonnated polymers and thus the
elaboration of alternative membranes. Among these, sulfonated aromatic polymers seem to be
encouraging possibilities since they pessgreat mechanical and thermal properties as well as

a high glass transition temperature. For instance, thermostable membranes have been
synthesized from polystyrene (PS), polyphenylene (PPBP), polyetheretherketone (PEEK),
polyimide (PI) or polybenzimidaole (PBI)[78].

Despite thefact that a wide variety of perfluorosulfonated membranes exist;RIS&A
membranes and especially Nafffmembranes whether reinforced or not are still, these days,

the most commonly used materials in PEMFC.
Non-reinforced PFSA membranes

The synthesis operfluorosulfonated membranes consists in the copolymerization of
tetrafluoroethylene (TFE) with a perfluorovinylether, the perflu@onethyt3,6-dioxa7-
octenel-sulfonyl fluoride) (PFSVE)[79]. The various commercially available PFSA
membranes have similar chemical structures but differ from the length of their side chain:
Nafion® (DuPont de Nemours), FlemiBr(Asahi Glass) amh AcipleX® (Asahi Kasei) are
categorized as longide chain (LSC) PFSA membranes, Aquiio(Solvay Specialty
Polymers) is referred as a sheirde chain (SSC) PFSA membranes while the 3M company
developed intermediate side chain (MSC) PFSA membii@®sTheir respective chemical

structures are illustrated |diigure 1.7

Figure 1.7 - Chemical structure of (a) lorgjde chain, (b) shogide chain and (c) intermediate side chain PFSA
membranes.

The development of Nafidh membranes started in the 1970s with the elaboration of
Nafion©N117 membrane and numerous other generations have been elaborated over the past
decades in order to improve their chemical and/or mechanical stability and reduce their
thickness. Nafiof membranes are named according to a combination of their equivalent
weight (EW) and their thickness: the first generation N117 membrane have an EW of

11*100g.eqg* and a thickness of 7 milhches (i.e. 177.8 um). Thinner membranes were then
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developed to enhance the water permeability of the membrane and thus improwellfuel
performances: N115 (127 um) and N112 (50.8 um) membranes have emerged. First generation
of Nafion®membranes (N117, N115, N112) were manufactured by a melt extrusion process.
They are slightly anisotropic because the polymer chains are orientednratihine direction

during the manufacturing process, which impacts the swelling and the mechanical properties of
the membrane. In order to manufacture thin films with suitable mechanical resistance, DuPont
de Nemours utilized the solution casting procd4ss new process permitted to produce
isotropic membranes by controlling the thickness and the uniformity of the materials and gave
birth to a second generation of Naffmembranes: NR211 (25.4 um) and NR212 (50.8 um)
membranes. Furthermore, the NaffoNR21x membranes were also chemically stabilized to
prevent membrane degradation and thus increase their lifetime: since the PFSA degradation

process was believed to oceta radical attack of weak +dontaining endgroups (i.eOO0H)

of the fluorinated chains (seg33.2.4, an additional step consisting in the fluation of

reactive end groups was introdud@&d,82] This process indeed demonstrated its ability to
reduce the number of reactive end groj@384] Over the last decades, another improvement

has been made onttHPEUDQHTY PHFKDQLFDO VWDELOLW\ E\ WKH
support based on PTFE.

SSCPFSA membranes were developed in the 1980s by the Dow Chemical company and
presented greater properties and better fuel cell performances than®aéiarbrans[85,86]
However, due to a high production cost in comparison with its competitor, Dow Chemical never
extended the SSBFSA membranes commercialization to a lesgele. Thereafter, Solvay
Solexis developed mew and cheaper synthesis process than that initially elaborated by Dow
Chemical for SSEPFSA membranes and commercialized its products under the tradename of
Aquivion® (Figure 1.7 [64].

Reinforced PFSA membranes

Over the past decades, efforts have been made to reduce the ionic resistivity of the membrane
without compromising itsnechanical robustness and its protonic conductivity. In that respect,
the incorporation of a microporous support inside the membrane permitted to elaborate thinner

film (up to 15um) while maintaining good mechanical properties and chemical stability.

For instance, the manufacturer W.L. Gore & Associates developed a PFSA membrane
reinforced with a microporous expande@FE (ePTFE) matrix: The GOKSELECT®

membrane[87]. To ensure a continug transport network in the membrane thickness,
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perfluorinated ionomer are both dispersed on the surface and poured into the pdra@s$-&f e
reinforced layer. The addition of the reinforcement provides better dimensional and mechanical
stability of the merarane during fuel cell operatid88,89] It is nevertheless important to
notice that eTFE constitutes a nonconductive layer which lead to a decrease of membrane
conductivity[90]. Fortunately, this conductivity loss can be compensated by the use of thinner

membranes.

Another example is the NafidhXL membrane manufactured by DuPont de Nem&urs

Figure 1.8. This reinforced membrane is composed of an additional microporous layer of

PTFE impregnated on both sides with PFSA ionomer. Similarly to-tA€R&E matrix of the
GoreSELECTEmembrane, this reinforced layer providesmproved mechanical stability to
the membrane and enhances its durability in comparison with their unreinforced af@ldgue
On another note, NafidAXL membranes also contain radical scavengbls to mitigate PFSA
chemical decompositiof92 B5]. More details on radical scavenging properties will be
provided in §3.3.2.5

Figure 1.8 - (a) photograph and (b) cressction SEM micrographs with different magnification of the dlafi
XL morphology[91].

In 2016, Shiet al. [96] studied the structure and properties of Nafiofl. membrane and
more particularly the impact a&inforcement on its properties. They demonstrated that the
presence of an additional reinforcement significantly reduced tipdane swelling of the
membrane, which corresponds to the reinforcement direction, while it enhances the swelling in
the thickress direction. In this way, the total water uptake remains similar to that of-a non
reinforced membrane. Moreover, the analysis of the transport properties showed that the ionic

conductivity was still very high in spite of the addition of a+wonductivePTFE layer.

Alternatives to PFSA membranes
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Since the beginning of the development of Naffomembranes in the 1960s, many
improvements have been made in terms of manufacturing process, as well as chemical and
mechanical stability for an extended lifetimelowever, they still suffer from a few
disadvantages, especially their high cost and their limited operating temperature (between 0 and

90°C) The development of alternative membranes has therefore become essential.

To this end, new ionomer membranes with a proton conductivity simitaataf Nafiorft
have been developed to overcome the problems of production cost and thermal stability. As
mentioned earlier, the sulfonated aromatic polymers are cheaper and some of them possess also
better mechanical and/or chemical stability which ftatiis the fuel cell operation at higher
temperature with a suitable proton conductivity even at low hydration levels. Moreover,
Kraystberg and EHEli published a complete review about these alternative membranes and

their benefits in comparison with Nafi§ membrane$§78].

2. Generalities oiPFSA membranes

To ensure optimal fuel cell operation, membranes have to strike a balance between several
crucial properties: proton conductivity, chemical stability, and mechanical endurance. These
properties are strongly related to the microstructuretla@anorphology of the membrane. A
good knowledge of the membrane morphology and microstructure is thus necessary to
understand their degradation mechanisms. Recently, Kusoglu and Weber published an
outstanding review summarizing all the current knowledgeP&SA membrane structure,
morphology, physiceahemical and mechanical properties, and other key td@ics The

description provided here is partly inspired by this review.
2.1 Chemical structure and morphology

Many analytical methods have been usechtaracterize the structural properties of Naffon
membranes. Among them, the use of Nuclear Magnetic Resonance (NMR) spectroscopy
permitted to characterize the molecular structure of N&fimembranes since the beginning of
their developmen©7 100]. NMR spectroscopy is a powerful technique allowing to determine
the structure of moleces (from simple molecules to complex macromolecules) thanks to the
chemical environment of each constituting atom. In the case of Neafibe molecular formula
and structure was assumed based on those of the initial monomers (PSFVE and TFE) used for
synthesis.
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As described in [8.2.4 the NafiofEmembrane microstructure is composed of two phases:

a hydrophilic phase constitutég the sulfonic groupsnal a hydrophobic phase constituted by
the PTFE backbone. The typhase structure of Nafidfhas been widely investigated over the
past decades thanks to numerous sophisticated techniques, such amamalideangle
scattering with Xray or neutrons (SAR, WAXS and SANS), as well as transmission electronic
(TEM) or atomic force microscopies (AFM). Several models have also been proposed to
describe the mukscale structure of Nafidhmembrane. Among them, three were widely used:
the clustemetwork modelthe rodlike elongated polymeric aggregates model and the lacally

flat interconnected domains modér].

The first investigation was carried out by Giegkteal.[101,102]in the 80s with the use of
SAXS ard WAXS. The authors proposed the clusietwork mode|Figure 1.9 which is based
on the aggregation of ionic groups in the form of spherical clussgrerded in a hydrophobic

PTFE matrix. The spherical clusters might be linked to an inverted micellar structure.
According to this model, water is adsorbed and accumulated within the ionic clusters which
conducts to their growth when the hydration levalréases. At high hydration, the ionic

clusters are interconnected by nanochannels to ensure the proton conductivity of the membrane.

Figure 19- *& O X-\DMMZ RUN " P R G HeDall (A&aptetLirbiny msff101]).

Another structural model based on the formation of elongated polymer aggregates
surrounded by hydrophildomains was suggested by Gedtedl.[103]. The authors monitored
the morphological changes of the polymer from dry to fully hydrated state by SAXS and
revealed an inversion of the polymer structure for a water volume fraction around 0.5: the
reorganization of the hydrophobic matrix leads to a change from water withinrgluste

surrounded by polymer to polymer surrounded by wgkegufe 1.1?. Their investigation
highlighted that the structure of dry membranes consists terconnected ionic clusters

embedded in a polymer matrix which expand with the hydration level, as described by Gierke
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et al. On the other hand, the structure of fully hydrated membranes corresponds to a network

of elongated polymeric aggregates in aroytical shape surrounded by water domains.

Figure 1.10- Schematic representation of the Naffestructural evolution: (a) dry membrane , (b) swollen
membrane, (c) percolation, (d) structure inversion, (e) connected networlywfgaods, (f) colloidal
dispersion of rodike particles (Adapted from ref103]).

Thereafter, Rubatd104 A06] performed a deeper investigation of Naffostructure from
nanoscale to microscale and revised the model already proposed by Gebel. These studies
permitted to demonstrate that the elongated polymeric aggregates were more likely present in
the form of ribbon than cylinder but also that these agtgegaere present in Nafidh
membrane even for weak water volume fraction. According to the model proposed by Rubatat
et al, the fluorocarbon chains aggregates at the nanoscale in the form of ribbon, ionic groups

being located at the surface of the aggngigure 1.1} At the micron scale, the elongated

polymeric aggregates collapse to form relatively ordered bundles which are themselves
randomly distibuted and separated by amorphous domains. Furthermore, the membrane
swelling does not include a structure inversion but corresponds to a continuous process of

polymeric dilution when the water content increases.

Figure 1.11- Model of cylindrical polymeric aggregates proposed by Ruledtak [105,106]

In 2007, SchmidRohr and Chelil07] proposed a new model by reinterpretthg SAXS
measurements from the literature and described a network of parallel water channels surrounded
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by partially hydrophilic side chain&igure 1.12p Contrary to the model proposed by Rubatat

in which water circulates between the polymeric aggregates, water circulates inside the parallel
water channels organized in the form of invemeidelle cylinders, with a diameter comprised
between 1.8 an®.5nm at high water content (2@1.%). However, the authors do not
contradict the ribbotlike structure but believed that the water volume fraction significantly

influenced their presence.

Figure 1.12- (a) Parallel watechamel model proposed by Schmigbhr & Chen[107] and (b) locallyflat
interconnected domains model proposed by Kreuer &akd108].

This latter model was recently criticized by Kreuer and PorfthD8] because of the
misinterpretation of SAXS spectra evolution which can originate from a significant
underestimation of the experimental water volume fractiorg40r Kreuer and Portales.

20 % initially determined by SchmigRohr and Chen). Consequently, they proposed a lecally

flat morphology with a serlamellar organization of the PTFE backbghrég(re 1.12p In

this model, the authors suggested the formation of thin water films having a stabilizing effect

on the polymer morphology and facilitating the balance of the electrostatic interactions.
2.2 Sorption and transport of water and protons

The proton conductivity of the membrane is directly related to its hydration level and is
strongly dependent on external conditions such as temperature and relative humidity (RH)
[109,110] During fuel cell operatin, a low humidity rate exposes the membrane to mechanical
degradations while an excessive humidity rate leads to cell flooding and, possibly, to chemical
degradationfl11]. Water management within the membrane is thus a crucial parameter to keep

the fuel cell performances and inase its durability.

Water sorption
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The water sorption capacity of the membrane is ensured by the presence of the hydrophilic
sulfonic groups. Thes€SO:H functions are easily ionized and dissociate into protohanid
sulfonate groupsSQOs in the presence of polar molecules such as water. Moreover, the high
acidity level of the sulfonic groups, with a pKa comprised betw&emd-5.1[112], allows
the membrane to adsorb water molecules even for very low water activityplidnsmenon

explains the difficulty to totally dehydrate the membrane and thus to access its dry weight.

When the membrane is exposed to a humid gas flow, the membrane adsorbs a certain amount
of water, depending on the relative humidity of the gas. Iltemaintent is defined by the
parameterg which corresponds to the number of water molecules per mole of sulfonic groups,
expressed in moly and is related to the watarass uptake for a giver® by the following
relation:

J:*6l; ‘9 ¢l

aL .
J5%; " lsocoala Eq. 19

where / ¢ ¢ ¢ 4§ the molar mass of water (18 g.Mpl | 4is the dry mass of the polymer and

¢l is the mass variation between the hydrated and the drg statee membrane.

The measurement of water sorption of a polymer is generally performed thaaks to
gravimetricanalysis. The method consists in monitoring the weight variations of a membrane
exposed to a controlled water activity at a given temperature. The plot of thiereop mass,

or of the parameted as a function of the water actividy, at constant temperature generates a

sorption isothernKigure 1.13. The slape of the sorption isotherm is generally associated to

three distinct sorption mechanisms:

X At very low water activity €& O r & \ the water uptake increases steeply due to the
dissociation of the highly hydrophilic sulfonic groups

x For intermediate water activity (& wO = Or &1, the water uptake increases
linearly with the water activity

x At high activity (= P r &, the water uptake rapidly increases again due to the

aggregation of water molecules.

Furthermore, water sorption causesnacroscopic swelling of the membrane which can
reach 1%% in thickness and 5% in volume[113,114. Such high swelling can be explained
by the growth of water domains between the hydrophobic domains, separating the polymeric

chains away from each other.
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2. Generalities on PFSA membranes

Figure 1.13- Sorption isotherm of NafiocANR212 membrane at 40°C Wwithe contribution of the different
sorption mechanisms (Adapted from R&fL5]).

Several models have been proposed to describe the sigmoidal shape and the different
mechanisms of the sorption isotherm. According to the equation established lpy/1B§rthe
sorption isotherm can be divided into three contribut@agraphically illustrated |Figure
1.13

x The Langmuir contribution characterizes the formation of the first hydration shell in
which sulfonic groups drm strong hydrogen bonds with water molecules. This
sorption mechanism occurs only at low water activity because it corresponds to a
solvation proces$ £*> E*q1\ 5% E *,1”[117].

x For a water activity comprised between 0.15 et 0.70, the adsorption of tightly bond
water on the initial hydration shell is governed ByHQU\fV ODZ 7KH ZDWHL
increases linearly with the water activity and the slope of the line characterizes the
solubility of the water in the polymer.

x At high water activities, the weakly bond water molecules aggregate and adopted a

bulk water behawr. This contribution can be described by the Fldoggins theory.

Although a sigmoidal shape of the sorption isotherm is always found in the literature,
values can vary according to the experiments and the observed differences can be explained in
two ways: first, the water uptake depends on several parameters such as the EW, the thickness
or the temperature as well as the pretreatrfiel®2,118,119] On the other hand, the initial
drying of the samples and thus the reference dry state differ according to the authors. As
explained earlier, the aaplete dehydration of the polymer is quite difficult and numerous FTIR

studieq120 A24] have shown that a residual amount of water subsists in the membrane even
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Chapter | £State of the art giroton-exchange membrane fuel cell (PEMFC) systems

for intense drying processes. For instance, Korzenieets&l. [123] estimated atéd L uthe

amount of residual water per sulfonic group afterh@drs of drying at 110C whereas
according to Ludvigssomet al. [124], &is still equal to 1.5 after vacuudrying at room
temperatire. Moreover, Maldonadet al. [125] utilized the NMR spectroscopy to determine

the amount of residual water in N115 membrane samples. The authors estimated this latter to
aL saGrawhen the membrane samples are heated in an oven during 24h at a moderate

temperature Xr%0 6,5; Osrr24. These various studies have thus proved that the

establishment of water sorption isotherm is based on an initial val@@gtily dependent upo

the drying conditions andrequently different from zero.More recently several authors
proposed alternative protocols to carefully dry conventional laylofid nanocomposite
Nafion®membraneso eliminate all the water molecules and thus study the naemabiin their
dry statg74,126,127]

Furthermore, it has been demonstrated that the number of water molecules in a membrane
exposed to a saturated environment (L 9 is different depending on the way the
equilibrium takes place: several authors reported a higher water uptake in Rexjoosed to
liquid water than in the membrane exposed to saturated water va@Qef ¢t vs. & 55l SV,
even though both states are thedynamically stable and the activity of water is equal to one
in both case$118,119,128,129] 7KLV GLIIHUHQFH KDV EHHQ FDOOHG 36
reference to the work of Schroed&80]. Although the origin and the cause of this phenomenon
has been extensively investigated, it has not been yet satisfactorily explained and is still open
to debate. The phenomenon has been attributed for instance to thefeffexreatments on
the polymer morphology, differences in the experimental protocols between authors or to
kinetics effects. New studies are now rather focusing on the membrane interface or the thermal

history experienced by the membrane.
Water diffusion

The transport of water through the membrane and its management represent key phenomena
for the correct operation of the fuel cell. The membrane has to be adequately hydrated to
facilitate proton migration from anode to cathode but the fuel cell shoultbntain an excess

of liquid water which would have a detrimental effect on its performances. Indeed, the presence

of water at the membrareatalyst layer interface, as in the pores of the GDL (8e§ §estricts

the access to the active sites and leads to a performance loss and an increase of the MEA

degradation rate.
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2. Generalities on PFSA membranes

Under operation, several water transport mechanisms of different nature coetkist

membrane:

X electreosmosis: the water molecules are dragged by the protons during their migration
from the anode to the cathode.

x backdiffusion: this process corresponds to the transport of water moledales
concentration gradient through the n@rame (from cathode to anode).

x thermoeosmosis: this process occurs under the effect of a temperature gradient and
causes the migration of water molecules from the hottest side to the coldest one.

x hydraulic permeation: this process corresponds to the mofiomater molecules
caused by pressure gradient in the membrane.

All these mechanisms are interrelated and described by parameters linked to the water

content.

The water diffusion can be assessed by several techniques such asstEaggrmeation
measirements, dynamic gravimetric water uptake, tnesolved FTIR or Pulsed Field Gradient
NMR (PFGNMR). These techniques can be divided into two groups according to the
information of interest: PFBIMR provides information about the water mobility at the
micrometric scale by measuring the water -géfiusion coefficient Ds) while the other
techniques only provide global information about the average diffusion though the membrane

at larger scale.

Water seldiffusion coefficient &.describes the motion of water molecules under the
influence of Brownian motion in the absence of a concentration gradient. If a lot of water
molecules are observed over a long time, the mean square displac®@mmis different

from zero and is given by the Einste&heimoluchowskiequationas:

ON PL x&P Eq. 110
Figure 1.111disp|ays the typical evolution of the water sdififusion coefficient, measured

by PFGNMR, as a function ofiin a Nafion®membrane.

Page R9



Chapter | £State of the art giroton-exchange membrane fuel cell (PEMFC) systems

Figure 1.14- Evolution of tre water sekdiffusion coefficient in NafioffFN112 membrane at 25°C (Adapted
from ref.[131]).

It can be noticed here thBt increases rapidly with the water content at low hydration level
(& O whut slowly at higher hydration leve&(P . Futhermore, the maximum value obtained
for the fully hydrated membrane (&1 s )l approximates that of free water measured at a
them. This result demonstratiggt the polymer matrix is relatively unobtrusive for the water

diffusion and that the tortuosity of the porous environment is weak at a fully hydrated state.

Monitoring the evolution of the water saliffusion coefficient in the membrane when it is
submited to various stresses (mechanical and/or chemical) is an efficient method to correlate
structural changes and water diffusion evolution as well as to provide some understanding about

the proton conductivity of NaficRmembranes.
Proton transport

Overallproton transport mechanisms are strongly related to the water transport and involve

first the dissociation of the sulfonic groups. As mentioneqlir2& Nafion©membranes have

a significant acid strength which facilitates #$#H dissociation and solvation into protons

and sulfonate iong=(gure 1.1%. It has been shown by Paddison and PE82] that this process

requires the presence of at least two ceetwater molecules per sulfonic group. The solvation

of sulfonic groups gradually conducts to the formation of hydronium i@@s &t low hydration

and then bigger complex ions (Zundehs HO;" or Eigenions HO4,|Figure 1.1% at high

hydration, which enhances the mobility of protons in the water domains when the water content
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2. Generalities on PFSA membranes

increases. Indeed, with the addition of supplementary water moleculesdtbgltiic domains
grow and interconnect with each other, leading to the formation of a percolated network and to

the increase of the proton conductivity.

Figure 1.15- Representation of the proton transport in hydrated N&fimembranes as illustrated by Kusoglu
et al.[77]: (a) Nafion®chemical structure andQ;H dissociation mechanism leading to the proton transport, (b)
role of Zundel and Eigerions in the proton transfer via-bbnds and (c) illustration of vehicular ahdpping
transport mechanisms.

The proton conductivity in the Nafihmembranes has been widely assessed, discussed and
modeled in the literaturfl09,133,134] It is generally admitted that the proton transport is

governed by two mechanisms: the Grotthuss hopping mechanism (structural diffusion) and the

vehicular mechanism (mass diffusion), Hsstrated inFigure 1.1% The Grotthuss hopping

mechanism was first described by Agn{@B5] as the transfer of a proton through &éhd
network between water moleculdisoccurs mainly at high hydration level because it implies
the fast breaking and forming oflbbnds as well as the reorientation of water molecules. At
low hydration level, the hydrophilic domains are small and the ions resulting fror8Ghid
dissociaton are poorly solvated, which limits the migration of the protons and the ionic
rearrangementd 36]. At this stage, the structural diffusion is slower and becomes vehicular,
i.e. the proton is transferredia the ioncharge carrier D" and thus depends on water

diffusion: the result isn a very low proton conductivityl 37].

This description of proton transport in the membrane has ben complemented g &hoi
[137] with the introduction of a third transport mechanism: the surface diffusion taking place
near the pore surface ihe solvation shell of sulfonic groups. Several authors have studied the
transport of water and protons in the membrane gd@3136:438] and demonstrated that
two kinds of water can be distinguished: water with a {ilslk behavior in the center of the
hydrophilic domains, in which the proton isport is ensuredia the Grotthuss hopping
mechanism, and a surface water strongly bonded to the sulfonate ions. For this surface water,
the proton migration is restricted by electrostatic interactions betv#®&nhand HO" and the

protons diffuses along the pores surface of the membrane by hopping from one sulfonate group
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Chapter | £State of the art giroton-exchange membrane fuel cell (PEMFC) systems

to the adjacent one. At low hydration level, most of water is bound and the major contribution
to proton conduction is the surface diffusion which permhésinterpretation of conductivity

drop by the slow motion of protons at the interface of sulfonate ions. The conductivity drop can

be osbserved |Rigure 1.16llustrating the evolution of the proton conductivity as a function

of water activity in Nafio®*membrane at a fuel cell operating temperature 638{125].

Figure 1.16- Proton conductivitws.water activity at 80°C for N115 and NR212 Naffemembranes (Adapted
from ref.[125]).

Indeed, two regions can be distinguishedm@ndurve ifFigure 1.16for a low water activity

(rd O=; Ora),the proton conductivity increases at first rapidly with the hydration, and then
much more gradually. The proton conductivity is commonly measured over the relative
humidity/water activity of the membran@&the electrochemical impedance spectroscop$) E

and its typical value for a fully hydrated Nafi&membrane is about 0.Fcm? at 80°C.

Since proton conductivity involves multiple phenomena as a function of the hydration level
and since some morphological orientation can result from the mamirigcprocess of the
ionomer film, a perfect isotropy of the conductivity cannot be guaranteed. For instance, it has
been shown that the conductivity in the plane of the membrane is higher than that through the
plane (cell assembly direction) in compositembranes such as Nafi&nXL since a
preferential orientation can be induced at various length 4&&p<n the other hand, several
studies demonstrated that the membrane pretreatment modifies theiptater capacity and
thus the proton conductivitypoth parameters decrease in the case of predrying and increase in
the case of preboilind.25,139,140]

2.3Mechanical properties
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2. Generalities on PFSA membranes

As mentioned in §..2.4 the PTFE backbone governs the mechanical properties of the

membrane and thus confers to the membrane its mechanical endurance . During freghsien
cell operation, the succession of swelling/shrinkage events caused by changes in water uptake
and temperature creates high stresses and can lead to the membrane failure by formation of

cracks or pinholes, as well as to the delamination of the memsblactrode interface.

A lot of studies were carried out to characterize the mechanical stability of PFSA membranes
by analyzing various parameters such as the dynamic mechanical response and thermal
transitions, the stresstrain behavior and plastic @efmation, the timalependent behavior and
the visceelastic/plastic response as well as the fracture ben@3dr41444]. In general, the
uniaxial tensile test is the most commonly used technique since the analysis e$tetinss
curves can provide multiple key parameters such as the Young modulus (E), the gmaporti
limit stress (PLS) or the yield strength (YS) and the break s@lllustrates typical

stressstrain curves measured on a Naffomembane exposed to various humidity and

temperature conditions.

Figure 1.17 - Stressstrain response of a Nafiffmembrane under various environmental conditions. The inset
illustrates the mechanical behavior of the membrane asctidorof the nature of the sorbed wafér].

The stresstrain curve can be divided into two parts: an elastic behavior of the membrane

ZKLFK IROORZV WKH +RRNYV ODZ DQG -E2cé&veranievhamges. AEK DY LR L

seen or{Figure 1.17 this behavior is strongly dependent on the temperature and humidity

conditions because of the typhase separated morphology of the polymer. At low hydration

level, the mechanical response of PFSA memsais similar to that of serorystalline

polymeric material whereas a rubbery behavior can be observed at high hydration levels (as

shown by the inset of thieigure 1.17.
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Several other studies have also demonstrated the dependence of the mechanical properties
to the pretreatment conditions (RH and T) and manufacturing processes since they can induce
structural changes and thus different deformatiopaeseqd114,141,145449]. For example,
Kusoglu and his cavorkers[114,145,146highlighted that extruded membranes exhibit greater
mechanical properties in the machine direction in comparison with the transversal direction
while the mechanical properties of cast membranes present less ayisotitog plane. Liet
al. [147] studied the influence of relative humidity (RH) and tempgea(T) on the irplane
swelling and the mechanical properties of a NafidiR211 . The authors
demonstrated that the change from ambeenditions (25C, 30% RH) to fuel cell operating
conditions (8C°C, 100% RH) induced a 1%6 increase of the membrane length and a drastic
decrease of its mechanical strength. For example, the Young modulus and the proportional limit
stress are respectily reduced from 350 to 3@Pa and from 14 to BIPa, showing a dramatic

loss of material stiffness.

Figure 1.18- Evolutionof (@Q)inSODQH VZHOOLQJ E <RXQJYV PRGXOXV ®F SURSRU
NR211 membrane as a function of relative humidity for various tempefantirg

More recatly, Kusoglu et al. [145] also studied the effect of compression dRSR
membrane mechanical properties. Indeed, most of the studies have been focused on the
mechanical response of PFSA membranes submitted to tensile force whereas membranes
operating in fuel cell systems are most probably exposed to compressive strgiehal way
and only locally exposed to tensile stress. Thanks to SAXS analysis, they demonstrated that the
application of a compressive stress on the membrane leads to an anisotropy of its nanostructure
related to swelling. The authors showed that thehsl@pnductivity reduction induced by
compression in high humidity conditions is consistent with the wagitake and morphology

changes.

Furthermore, composite PFSA membranes with a Pd&dedreinforcement reveals
enhanced mechanical properti@8,150452]. For example, Tanet al.[88] demonstrated that

reinforced GoreselecfEmembrane, containing arRT FE matrix, exhibited higher mechanical
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2. Generalities on PFSA membranes

strength than the unreinforced Naff6Ni112 menbrane with a Young modulus more than two
times greater at ambient conditions (25 30% RH).

3. Degradatiormechanisraof membraneslectrode assenbks(MEA)

Over the past decades, a lot of studies considered aging and reliability of the MEA and
provided some understandings on their degradation mechanisms, with the overall objectives to
improve their durability and reduce their cf&9,153455].

This section summarizes the main degradation mechanisms of MEA components, with an
emphasis on the membrane Although interest of this thesis work is focused on PFSA
membrane, the two following sections aim at providing an overview of the gas diffusion media
and catalyst layers degradation, which are components as muatiant@s membrane in the
efficient operation of PEMFC. Nevertheless, these sections are not indispensable for the
understanding of subsequent chapters of the manuscript. On another note, it is important to keep
in mind that the other cell components (ibgpolar plates and gaskets) are also likely to
deteriorate during fuel cell operation, although their degradation mechanism will not be fully
described in this memaoire. In short, gaskets made from silicon are prone to degrade and pollute
the membrane anthe electrode§156] while metallic bipolar plates can release cationic
impurities into the MEA157].

3.1Gas diffusion media

Gas diffusion layer (GDL) and microporous layer (MPL) aim at facilitating reactant gases
transport as well as to evacuate the water produced by the elenircgheeaction. Some
studies have demonstrated that these materials degrade during fuel cell operation, leading to a
hydrophobicity loss and a mass reductid®8160]. Moreover, MPL are found to be
vulnerable to chemical oxidation by water, entailing the formation oaser€arbon oxides
(CO and CQ [161,162] This carbon loss by chemical oxidation diminishes MPL
hydrophobicity with, as a result, the accumulation of more water in the pores, thus inducing a
restricted access of gases to the actives sites. Several investiff&@®#A€ 7] have highlighted
the relation between microstructure changes and mass transport propkavesgsthat a
decrease of GDL and MPL hydrophobicity and a modification of pore size can significantly

impact the mass transport.

3.2Catalyst layers
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The catalyst layers are composed of three elements: chdsaa support, Pt or-Blioy
catalyst andonomer binder. Each of them can be the subject of various degradation processes
during fuel cell operation leading to a loss of electrochemical active surface area (ECSA) and

thus to the decrease of fuel cell performances.
Degradation mechanisms of theatgst

Mechanisms of Pt catalyst degradation during fuel cell operation have been intensively
investigated during the past decades. It is well established that the decrease of ECSA is far more
severe at the cathode side than at the anode side due to lbicdlepotentials in regular

operation as well as during transiefit68,169]

First of all, Pt particles are sensitive to their environmert may be contaminated by
impurities coming from the gases (hydrogen or air), the fuel cell or its auxiliaries (metallic
components or other chemicdl$y0]. The presence of contaminants in the fuel cell system can
generate reversible or irreversible performance lo§sé%,172] Indeed, Pt particles are
sensitive to ionic impurities, such as,& or HSQr [154,170] Schmidtet al.[173] especially
highlighted a reduction oORR activity due to the presence of @IOHSOr and Cl.
Contamination of the fuel cell by carbon oxide (CO), hydrogen sulfig®)(6t ammonia (Ng)
species have also been extensively examined in the litefait0d 74,175] Indeed, they can
be absorbed at the Pt surface blocking the access of the catalytic sitesr t0;HThe ECSA
losses can originate from multiple catalyst degradation mechafil&#hd 76:478]. They are

generally divided into four categories:

x Particles dissolution and redeposition,
x Electrochemical Ostwald ripening,
x Particles migration and coalescence/agglomeration,

X Particles detachment.

A

A summary of these degglation mechanisms is illustrated in|figure 1.1
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3. Degradation mechanisms of membraatectrodes assemblies (MEA)

Figure 1.19 - Schematic representation of degradation mechanisms fartktles and carbebased support in
PEMFC catalyst layers proposed by Meeal.[179].

The dissolutionredeposition processcorresponds to the dissolution of Particles into
Pt"™ ions which will then migrate through the ionomer, both in the catalyst layers and the
membrane, over long distances. As the Pt catalyst is unstable in acidic environment and at high

voltage, the dissolution into 'Ptions on the cathode side can occur:

2P\ 265 E tA ‘4L sEtErauZ wpb? Eq. 111
The dissolved Pt species will migrate and may then precipitate in the membrane by reacting

with the hydrogen coming from the anode side (by hydrogen crossover):

2B E *g\ 2PE t*> Eq. 112
The predominant mechanism or pathway for the dissolngdeposition of Pt particles is
still under discussion: it is difficult to determine whether fuel cell operating conditions lead to

a dissolution by dect oxidation of Ptor via the formation of intermediate Pt oxidd$0,181]

2PE *g1\ 2PEt*” E tA "YLrqfzFrax’ Eq. 113
2PEt*>\ 2P E *41 Eq. 114
2PE *s1\ 2PJEt*> E tA "4 L sawF rax Eq. 115

2RGEVFCEtA \ 2P Et*gl '*LravFrat FrauZ %P ? Eq 116

At high operating voltage (> 0.85sMg), the passivation of Pt particles has bebserved
and generates the formation of PtO and/or.RiOthe surface of particles, which in turn
decreases the availability of catalytic active sffigsb]. The presence of such oxides has been
detected both at the anode and the cathode sidesry photoelectron spectroscof¥PS)
[168].
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The electrochemical Ostwald ripeningalsoimplies the dissolution of Pt particles into the
ionomerphase. Contrary to the dissoluticedeposition process detailed earlier, the migration
occurs only over short distances, leading to the redepositiori“obR$ in catalyst layer on
preexisting particles and consequently to the formation of larger ftlgsr This mechanism
is believed to be more severe for smaller Pt particles since their surface energy is greater, so
that they dissolve at lower potentials.

The migration and coalescence proces®nsists in the migration of Pt particles on carbon
suppot surface which will collide to give rise to a larger particle. This phenomenon permits to
reach a lower surface/volume ratio and thus diminishing the surface energy of Pt particles.

The Pt particle detachmentfrom the carbofbased support directly resuft®m carbon

corrosion (see|8.2.3 and causes a loss of ECSA. Once separated from the support, Pt particles

can either remain isolated or agglomeraith other Pt particles.

This agglomeration phenomenon has been highlighted by Nildtual. [182] thanks to
identicatlocation transmission electron spectroscopy (ILTEM) measents. This technique

permitted to carry out particles aging tests on a TEM grid and thus obtain micrographs of an

identical area before and after aging (as illustrat¢Eiguare 1.2T.

Figure 1.20- Micrographs of a specific area obtained by the ILTEM technique highlighting different catalyst
degradation mechanisnE32].

Pt particles have a diameter size in the range obmater (23 mm) to attain a higher
specific area. Patrticles dissolution is partially dependent on the electrode potentials as well as
on potential variations (steady state or transient FC oper§tio)183,184]Indeed, potential
cycling between the oxidation and reduction regions of the catalyst accelerates the Pt particles
dissoluton process while holding the potential at a high lawelin the oxide formation region,

decreases the Pt particle dissolution thanks to the formation of protective oxide film at the
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particle surface[184]. Furthermore, humidity is also an important facfor catalyst
degradation: Xieet al. [185] have demonstrated for instance that catalyst particles
agglomeration and growth worsened significantly when the gas inlet relative humidity was

increased from 206 to 70%.

Numerous studies demonstrated the formation of afd mto the membrane, as a result of
the dissolutiorredeposition of Pt particles, after fuel cell operatjips3,177,178,1861.89].
More particularly, Péroet al.[189] demonstrated that Pt band can already be seen after only
50 hours of OperCircuit Voltage (OCV) holdKigure 1.2]

g

Figure 1.21 - crosssection SEM images (magnification x1,000) of (a) pristine MEA and (b) aged MEA after
136 startup and shutdown cyc[é90].

The location of the Pt band depends on gases cross@&vam the respective fluxes of
oxygen and hydrogen through the membrirgd,192] Kim et al. [193] studied he location

of the Pt band in a reinforced membrane submitted to various fuel cell operating conditions and

reported different distribution patterns of Pt particles deposjiayufe 1.22. They observed

the formation of a Pt band at1D um of the cathodenembrane interface when the cell is fed

with air, that moves towards the anode when the pure oxygen is employed due to an increase
of crossover oxygemnd a decrease of crossover hydrogen. On the other hand, they also
reported a higher Pt deposition rate under OCV than under constant current operation.

Figure 122 - Distribution patterns of Pt band in the membrane under various operating conditions (Adapted from
ref. [193)).
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The presence of Pt species in the membrane, whether it is under the fofmiaisPor Pt
band, can impact its chemical degradation mechanisms. However, their influence is not yet
completely understood since both an acceleration of the membrane chemical degradation and

an improvement of the membrane stability have been demonsit@®d95] The influence

of Pt band and Ptions on the membrane degradation will be discusse[Bif.8.2

Degradation mechanisms of the carii@sed support

The degradation of the carbtwased support is another important issue which limits the
catalyst layers durability161,196:498]. The carborbased support is thermodynamically
unstable irthe operating conditions of the PEMFC and is particularly prone to oxidation during
FC startup and shutdown, or other fuel starvation e\&885200] The reaction of carbon with
water entails the formation ofCand CG:

WE*sl \ %BIEt*” EtA 'YL rdry 84, Eq. 117
WEt*sl \ %gEV*> EVA "YLravs By, Eq. 118

CO, formation reaction prevails on CO formation, followingnetstep process involving

surface oxides and their oxidation byaDstraction from water:

WEt*sl \ %g.Et*> EtA Eq. 119
%A&E*sl \ %IEV*> EVA Eq. 120

And one can easily understand from these equations that a high relative humidity of gases
as well as water accumulation within the cell will increase the carbon corrosi¢h9@201]

In addition, high temperatures also increase the kinetic of carbon corrosion.

In addition to theemperature and the humidity level, other factors greatly affect the earbon
based support degradation during the fuel cell operation such as the potential and consequently
the operating conditions of the PEMFC (OCV or repeated startup and shutdownoo: ot
example), the nature of the catalyst as well as the chemical state of carbon. In the list below is

detailed the impact of these various factors on the carbon corrosion rate.
Potential

The kinetic of carbon oxidation being slow in regular FC apegaonditions, it is generally
accepted that carbon corrosion becomes significant only abévisldasset al.[196] observed
an important increase of the carbon corrosion rate beyond this threshbld,dwiubling of the

corrosion rate between 1.0 and ¥Y.2Moreover, during startups and shutdowns, or when the
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cell is let in OperCircuit, high cathode potential accelerates carbon corrgs#f], which can
lead to a gradual thinning of the catalyst layers and modify their porousisgruct

Nature of the catalyst

The nature of anode and cathode catalyst is also a factor that can accelerate the carbon
corrosion. For instance, Roeet al. [201] demonstrated that GOemission rate were

significantly higher with Pt/C or PtRu/C catalyst layers than with-éagalyst layers.
Chemical state of carbon

Castanheirat al.[202] observed by XPS and Raman spestapies the formation of oxygen
species for potential lower tharVl Indeed, commercial MEA are based on graphitized carbon
and present some amorphous areas with crystal defects which are prone to be oxidize even at
low potentials. The hydrophobic proges of the carbon are thus altered causing a loss of gas
transport efficiency and a mismanagement of the water. Among the mitigation strategies
developed in the last few years, the used of more graphitized eaalsed support comprising
less crystal defécprone to the oxidation seems promising to limit the carbon corrosion.
Although carbon corrosion is more likely to happen at high voltage, this phenomenon has also
been reported for a voltage below ¥.2nd was attributed to chemical oxidation by hydroge
peroxide[196].

To conclude, carbon corrosion entails several consequences: it leads to an electrode thinning
[169,203,204]as well as it weakens the interaction between #ibon and the Pt particles,
promoting the Pt detachment and agglomeration (by coalescence and/or Ostwald ripening),

causes an ECSA reduction and thus a loss of performf@gs
Degradation rachanisms of the ionomer binder

Despite numerous publications focusing on membrane degradation mechanisms, only a few
were conducted on the degradation of the ionomer binder in the electrodes. Indeed, its low
amount in catalyst layers as well as the difitig to extract properly the ionomer from the other
components (Pt particles and cardmased support) impede the observation of structural

changes with traditional characterization techniques (SEM, TEM, Raman, IR).

Danérol et al. [203] have shown by Xay diffraction (XRD) that the structure of the

electrode was modifiedfter 1397 hours of fuel cell operation at 60°C. The)X analysis was

carried out on pristine and aged MEA. On theax diffractogram presented|kigure 1.23

two new elements appeared at 14° and 18° which are assigned to structural modification of the
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ionomer binder. Indeed, these two peaks are characteristic of ionomer chain reorganization and
more precisely to an increase of crystallinity. This structural change can be explained by a
possible decrease of side chains as a result of chemical degramtabigrthe formation of
shorter ionomer chains due to unzipping reaction of main chains. El Kaditlpsiuidied this

further thanks to Xray diffractometer by analyzing directly electrodes that were mechanically
extracted from aged MEA, thus permitting to study separately anode and cathode sides. They
also conclude that the chain organization of ionomer binder changes afteelfuoperation.

On the cathode side, they observed an increased ionomer binder crystallinity while on the anode
side it tends to slightly decrease. The ionomer binder degrades diffeséenitly anode and
cathode, which could be understand by the taat bperating conditions are very different in

both electrodes.

Figure 1.23- X-ray diffractogram of pristine MEA and 1397h aged MEA before and after removing electrodes
[203].

Accelerated stress tests in single cells highlighted structural modification and material loss
after aging[206 208]. Parryet al.[207] analyzed electrodes after voltage cycling under pure
hydrogen and under hydrogen with 5 ppnCaf at the anode: XPS analyses revealed a decrease
of Ck tand CE tbonds corresponding to a ionomer loss around %3a2ter 55 of voltage
cycling with pure hydrogen and around 1@c6after 63Ch of voltage cycling with pure
hydrogen polluted with pm of CO.Zhanget al. [206] confirmed a ionomer loss with a

decrease of fluorine content from %®to 39% after 30th of voltage cycling.

Aoki et al.[209] performedexsitu experiments to study the ionomer binder decositpn
caused with the gas crossover by measuring the fluoride ion emissions characteristic of PFSA

chemical degradation. In the absence of ionomer membrane, Gas Diffusion Electrode (GDE)
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were submitted to a mixed gas ofdhd air with various relativeumidity: hydrogen containing
10% of air (H-rich conditions) at the anode side and air containifig& hydrogen (@rich
conditions) at the cathode side has been employed to simulate gas crossover during fuel cell

operation. The authors highlighted grsficant degradation of ionomer binder dependent on

the nature and relative humidity of gaseg(re 1.24.

Figure 1.24- Dependencies of FER on the relative humidity et mixed gas at 80°C in the absence of
membrane between GDEA09].

Morawietzet al.[210] have measured the thickness of ionomer film in anodecatibde
catalyst layers from pristine and aged MEAs thanks to the atomic force microscopy (AFM).
Aged commercial and experimental MEAs were characterized afteh 285steady state
operation in a single cell. For the aged commercial MEA, the authorgeeépmn important
thinning (33%) of the ionomer film in the anode catalyst layer whereas no significant thickness
variation was observed on the cathode side. On the contrary, the ionomer layer thickness of the
aged experimental MEA significantly decreaseboth sides (4% at the anode side and 33
at the cathode side).

More recently, El Kaddousgt al.[204] investigated the degradation of PF®Aomer binder
in catalyst layers extracted from MEAs after several thousand hours of operation. They
identified, thanks to liquid®F Nuclear Magnetic Resonance (NMR) spectroscopy and after
water Soxhlet extraction, a dominant degradation product: 1;teR@dtluore2-(1,2,2,2
tetrafluoroethoxy)ethanesulfonic acid-CF(CFRs)-O-CF.-CF.-SQH). The chemical structure
of this degradation product is clearly related to the PFSA-diden and is specific to the
degradation of ionomer binder in catalyst layercsiit has been detected only after Soxhlet
extraction performed on electrodes and not on membrane with the same batch of aged MEA.
Moreover, this degradation product has been observed both at the anode and cathode sides

Furthermore, ElI Kaddout al. [1] also highlighted two others degradation products from

Page 43



Chapter | £State of the art giroton-exchange membrane fuel cell (PEMFC) systems

dimethylacetamide extracts of aged electrodes. Indeed, they detefttedoacetic acid +
known as decomposition fyroduct of PFSA unzipping degradatid85,211,212]+and triflic

acid which have similar chemical structure as the end of side ¢haiddition, Takasalet al.

[213] also investigated the degradation of PFSA ionomer binder in satiyers after
accelerated stress (O@\Id and load cycling) tests by analyzing PFSA polymer residues of
catalyst layers thanks t{8F NMR spectroscopy. In that purpose, the authors carefully peeled
off the catalyst layers from the MEAs and elaborategecific extraction protocol to isolate

the eventual degradation products. They revealed the presence of six degradation products

Figure 1.2%, including that identify by El Kaddouet al, which seems to originate from

radical attacks of PFSA sidiains. Moreover, they observed similar degradation rates between
anode and cathodsides either for the OCYold test or the load cycling test and also a
significant variation between these two tests, the amount of degradation products being four
times higher for the OC¥old test than for the loadycling test|Eigure 1.2%.

Figure 1.25- (a) chemical structure and (b) abundance of-sltin fragments identified in extracts from
catalyst layers after accedted aging protocol213].

In conclusion, likewise the carbdrased support and the Pt particles, the ionomer binder in
the catalyst layers is also subject to degradation. Nevertheless, the ionomer binder degradation
has been less studied than that of Pt particles or cashsad support because of its {mvel
presence in the catalyst layers and the difficulty to dissociate the ionomer membrane

degradation from that of the ionomer binder after fuel cell operation.
3.3PFSA membranes

The degradation of PFSA membranes remains one of the main factor limiting PEM fuel cells
lifetime as membranes are exposed to harsh conditions during fuel cell operation, among which
aggressive chemical environment and mechanical fatigue preMaiough the years,
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innumerable studies have been carried out to provide key understandings on degradation
mechanisms as well as their impact on the structure and properties of PFSA membranes
[77,154,155,214,215]

Multitude of stressors affects the membrane stabilityndufuel cell operation and leads to

the polymer chemical decomposition, the membrane thinning, the loss of mechanical integrity

as well as the formation and growth of creeps, cracks, pinfiéigste 1.26illustrates the

relations between the operating conditions, the main degradation mechanisms and the

measurable effects as initially proposed by Bretjm@l.[155].

Figure 1.26 - Degradation effects, conditions, and mechanisms for PFSA membranes (Adapted ffa&btef.

Although the membrane degradation is believed to occur due to complex and interrelated
chemical and mechanical mechanid2is6 219], these stressors are most often studied alone
and more rarely considered together. In that respect, each degradation mode (mechanical or
chemical) will be first detailed separately in order to introducedifferent degradation
mechanisms proposes in literature and then the conjoint effect of these two will be considered

to describe the overall membrane degradation.
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Mechanical degradation

Mechanical fatigue is typically considered as the main source lgfldarfailure for thin
membranes (< 5@m) and manifests itself through the appearance and growth of cracks,

pinholes, creeps and tears into the membrane or by delamination at the membrane/electrode

interface |Figure 1.27). However, it is important to note that delamination between the

membrane and the electrodes is not necessarily a consequence of the mechanical fatigue
occurring during fuel cell opetian but can also originates from polymer decomposition at the
membrane/electrodes interface or from the degradation of the eaalsed support in the
electrodes, for example. These defects can be originally introduced by the MEA manufacturing
process, del to the presence of foreign particles which can perforate the membrane or due to a
mismanagement of mechanical stresses at the reactant inlets and close to the edge of MEA
frame. It is also important to note that, despite the presence of gas diffugidayboth sides

of the membranelectrodes assembly (MEA), the distribution of constraints remains non
uniform due to the complex shape of the flow field pl§229)].

Figure 1.27 +Consequence of the membrane mechanical degradatimk formation Ieft) [221] +pinhole
formation (niddlé [218] +delamination at thenembrane/electrodes interfaciglit) [222].

During fuel cell operation, PFSA membranes are exposed to humidity cycling which
generates large variations of the membrane waitake. When repeated many times, these
swelling/shrinkage cycles weaken the mechanical integrity of the membrane, atreicttze
by causing irreversible plastic deformations and may subsequently lead to the formation and
growth of cracks and pinholeR221,223225]. More patrticularly, the channel/land transition
areatwhere the membrane is constrained under the land and free to move under the £hannel
has been shown as @h-constraint area in which residual tensile stress in the plane of the
membrane can reach up to Mi®a and can accelerate the membrane degradation as a
consequence of membrane swelling/shrinkage cyf2@6 228]. In additon, inadequate
humidification of reactant gases, and thus of the membrane, accelerates the membrane

degradation since it becomes more brittle and prone to plastic deformation under low humidity
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conditions[229,230] Water management during fuel cell operation and membrane hydration
are thus crucial parameters affecting its mechanical and thermal properties.

Mechanical endurance of PFSA membranesislly investigated with uniaxial tensile tests
in order to assess the Young modulus (E), proportional limit stress (PLS) or yield strength (YS),
and break strain. However, these do not completely represent all mechanical stress that
membrane undergoesitihg fuel cell operation since some failure are due to crack initiation
and propagation. This is why othexsitu investigations as essential work of fracture (EWF)
tests were proposed as a complement to tensile tests in order to represent initiation and
propagation of cracks. Indeed, Moukheiletral. demonstrated that crack propagation was
favored in the direction of polymer chains, indicating that the membrane durability can be
extend by positioning the membrane in order to orientate polymer chapendewular to gas
channels. Furthermore, they also highlighted that reinforced N&fidnmembrane show a
better resistance to crack initiation and propagation than unreinforced meml22hje©n
another note, Jiat al. demonstrated that the presence of cationic contaminantshato t
membrane has a detrimental effect on its fracture resistance and especially at the

membrane/electrodes interfag282).

The principle mitigation strategy developed in order to increase the membrane resistance to
crack initiation and propagation is the introduction of reinforced structure into the membrane.
The reinfecement layer permits to reduce the swelling in the plane of the membrane, and thus
stresses generating plastic deformatj@f3,234] as well as to reduce thetifue crack
initiation and propagatiof225,231,235] In addition, it is possible to optimize the operating
conditions, such as the speeds of startup and shutdown, humidification level of reactant gases
or the cell tempetare, in order to ensure a good water management in the membrane to reduce

the swelling/shrinking cycles.

More details can be found in the comprehensive review oétguwhich aims at describing
the various mechanisms of membrane mechanical failurgy impact on fuel cell
performances and the mitigation strategies developed for improved membrane mechanical
durability [236].

Chemical degradation

Through the years, chemical decomposition of PFSA membranes have been clearly
identified during fuel cell operatiof214,215,237] It results from the formation of hydrogen

peroxide and its decomposition into reactive oxygen species (ROS): the hydroxy (HO
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hydroperoxyl (HOQ and hydrogen (Bl radicals (see [8.3.2.9 [237 239]. These reactive
oxygen species attack theost vulnerable bonds of the PFSA structure, located both in the

fluorocarbon backbone and the perfluorinated side chains, leading to the polymer
decomposition. A lot of studies have been carried out to provide understandings on chemical
degradation mechams following different approaches: fuel cell aging in real operating
conditions as well ai-situ andexsitu aging protocols.

In the case of fuel cell systems that have operated in the field in real conditions, the different
operating conditions (RH, neperature, cell voltage, stoichiometry, start/stop cycles, etc.) are
not controlled and the overall degradation could thus result from multiple degradation
mechanisms. Hence different accelerated stress tests (AST) have been developed imith both
situ and exsitu approaches in order to accelerate failure modes of-digttated fuel cell
systems and study membrane degradation after hundreds hours of operation instead of several
thousands.

In-situ aging tests consist in performing tests with instrumentaisametimes segmented,
singlecells or stacks during which one or several specific operating conditions are controlled.
The use of instrumented and segmented sioglls permits to analyze the effect of one or more
controlled parameters locally and psady on MEA degradation. The most commaouobedin-
situ AST mimicking the chemical membrane degradation is the fuel cell operation at open
circuit voltage (OCV). On the other hand;®tu aging tests are based on the reproduction of
one specific fuel celtondition/environment to investigate its impact on the membrane decay.
With the aim of replicating the aggressive radical environment of the fuel cell, membrane

exposure to hydrogen peroxidex(b) solution is the most widely employe# situ aging tests.
3.3.2.1Formation of hydrogen peroxide and reactive oxygen species (ROS)

The formation of hydrogen peroxide during fuel cell operation have been observed into the
membrang240,241]as well as in exhaust water from anode and cathode[2#l2243] More
especially, Liuet al. [240] estimated HO. concentration between 0.1 and ffnol.L?,
depending on the membrane thickness and operating conditions. Two distinct mechanisms of
H2O- formation have been proposed in the literature: the first bas buggested by Pozb
al. [157] and consists in the incomplete reduction of oxygen on the platinum surface at the

cathode side:

1IEt*” EtA L *41g é At LTr&y8ay Eq. 121
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This parasitic 2lectron reduction reactioﬁq. 1.2} is encouraged when cell voltage is

below to 0.6/ at the expense of the ORR(. 1.3. Furthermore, PFSA membrane not being

perfectly impermeable to gases, oxygen crossover can diffuse towards the anode side and
promote the formation of ¥, since anode cell voltage is lower than cathode[288,243]

LaConti et al. [238] proposed amther mechanism based on the gas crossover through the
membrane and their combination on the platinum surface to fai@ Eccording to the

following threestep process:

*6 \ t* (via Pt catalyst) Eq. 122
* Elg:..." e TR *11 Eg. 123
*11 E * \ *glg(which can diffuse into the membrane) Eq. 124

The gas crossover and the presence of platinum catalyst are prerequisite conditions to entalil
H2O- formation during fuel déoperation, which confirm that #D. can be observed both to
the anode and the cathode sides or even within the membrane. Howgertself is not
harmful for the polymer structure but its decomposition into free radicals expose the membrane
to chemichdegradatiorj244].

Formation of ROS occurs through the homolysis a®ond in HO. which is catalyzed
by metal cations like F& Cuw?* or Ti** [185,238,239]

*6lg E /12 \ [P E*1 E *1°7 Eq. 125
*6lg E*1 \ *11 E *¢1 Eqg. 126
Metal ions in MEA can originated from the corrosion of stack and/or cell components as

well as impurities in air steams, coolants or humidifj@&y/]. Pozioet al. [157] studied the
influence of end plate composition on the membrane degradation and highlighted a correlation
between fluoridealease and metal ion contaminati@n another note, sulfonic acid groups
have a higher affinity for metal ionsthan protons, except fomitiich leads to detrimental loss
of conductivity, less watemptake and thus reduced cell performarj2é4,245] Moreover, it
has also been suggested that contaminant ions accelerate the membrane degradation by

catalyzing HO-. decomposition and consequently ROS formafz38].

Another mechanism that does not involve neithgbiformation nor metal contaminant
has been proposed for radical formation and relies on the crossover of reacta24§a243|
Indeed, ROS can be directly generavedthe chemical reaction of oxygen and hydrogen on

the platinum surface according to the following equations:
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*« E1lg \ t*1 (viaPt catalyst) Eq. 127
*1 E*g\ *glE?* Eq. 128
16E* \ *11 Eqg. 129

The formation of hydroxyl (H®, hydroperoxyl (HOQ and hydrogen (B radicals during
fuel cell operation have been detected by spin trapping electron paramagnetic resonance (EPR)
spectroscopy248,249]

3.3.2.2Chemical changes observed aftesitu experiments

Analysis of PEMFC collecting water during fuel cell operation permitted to highlight the
membrane chemical decomposition thanks to the detection of various degradation products.
The bestknown degradation product is fluoride ion, resulting from the proolucof
hydrofluoric (HF) during PFSA decompositidi85,209,212,229,243,247]n addition to
fluoride ions, sulfate ions have been revealed thanks to ion chromatography 4h&b,2i%2]
while the use ofF NMR spetroscopypermits to identify several perfluorinated carboxylic

acids[213,229] The main degradation products identified in the literature are summarized in

Table 1.1

Fluoride ion emission rate (FER) measured in fuel cell water exhaust or solution extracts of
aged MEA provides an accurate indication of chemical degradation level of the PFSA
membrane during or after fuel cell operation. It has been highlighted that FER depends upon
chemical nature and relative humidity of reactant g§@8,243,250] the current density of
the cell[250], temperatur§251] as well as the membrane thickngs$7,252] Indeed, Zhaet
al. [252] recently demonstratedehimportance of membrane thickness on fluoride emissions
and thus polymer chemical decomposition which are directly correlated to hydrogen permeation

Figure 1.2?. On another note, the counien nature of sulfonic groups also plays a crucial

role on membrane degradation. It has been shown that FER was higher in the case of membranes
in proton form in comparison to membranes which are polluted with alkalinkadinal earth

metal iong247,253] However, Kinunoto et al.[253] also demonstrated that the presence of

Fe?* or Citions strongly increasdle polymer decomposition.
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Figure 1.28 +(a) Cumulative fluoride release rate of cathode water exhaust and (b) hydrogen permeation during
OCV testqg252].

Analysis of degraded PFSA membranes by FTIR and Raman spectroscopies are useful to
detect the formation of carboxylic acid groups or PFSA chemiaadtste evolution after fuel
cell operation. For instance, Holbetral. [254] reported significant intensity dexase of €S,
S-O and GO-C vibration bands with respect to that of backbonedt&ups on Raman spectra,
indicating the entire side chain loss due to radical attacks on ether linkages. This assumption is
supported by the study of Basal.[255] who demonstrated byF NMR spectroscopy that the
integral ratio betwae side chainCF groups and backbon€F, groups decreased after fuel
cell operation. However, the authors also detected no IEC variation, indicating that degradation
could not occuwia side chain scission bwia radical attack oArCF groups. Change ifeC
value after aging tests is not clearly established since some authors underlined an IEC decrease
after fuel cell operatiof212,256]while others observed any IB@riation in spite of significant
membrane thinninf255]. To go even further, Endat al.[257] carried out FTIR and electron
probe microanalyses to measure the concentration of carboxylic groups in theectass of
MEA degraded under OCV conditions at @D during 20Ch. Their results highlighted an

inhomogeneous distributiori &OOH groups in the membrane thickness and more particularly

a higher-COOH concentration at the anode sjB&(re 1.2?.

Page p1



Chapter | £State of the art giroton-exchange membrane fuel cell (PEMFC) systems

Figure 1.29 +COOH concentration profile in the cressction of membrane degraded under OCV conditions
thanks to electron probe microanalyzer (EPMA) and FTIR ana]g25&$.

This behavior has been confirmed by Danilcetkl.[258] who highlightedhe appearance
of C-H and C=0 groups near to the membrane/anode interface thanks to micro FTIR analysis
of degraded MEA (OCV conditions, 9C, 30% RH, 180h) crosssection. Additionally, the
authors suggested that the degradation location was presulinably to the location of Pt
band formation into the membrane (s«ﬂ.

Several authors observed an increased membrane degradation as a ccasgigeeband
formation into the membrane. For example, Oletnal. [259] reported a significant membrane
degradation in the area sounding the Pt band and demonstrated that the amount of fluoride
emissions in fuel cell water exhaust is consistent with the Pt band location. LikewisestZhao
al. [260] evaluated membrane durability with batksitu andexsitu experiments and revealed
that the presence of Pt into the membrane accelerates its degradation through the increase of
H2>02 and ROS formation. On the contrary, other authors demonstrated that Pt particles into the
membrane enhance its stability by scavengin@Jtor free radical§195,209] For instance,
Macauleyet al. [195] demonstrated that fieldperated MEA containing a Pt band into the
membrandiave longer lifetime than pristine MEA since OCV decay and fluoride emission rate
were significantly lower after 13 AST cycle@. Similarly, Endoh et al. [257]

showed that fluoride emission rate were considerably diminished when membranes contain

dispersed Pt particles and concluded that Pt particles deposited in the membrane do not

participate in membrane degradation (B&pire1.29. These discrepancies with regard to the

effect of Pt species on membrane degradation can be attributed to particle size/shape/loading
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[261,262]or can esult from the coexistence of the different specie% F# and Pt") in the
membrand263]. Hence the protective or destructive effect of Pt particles into the membrane

on its decomposition is still controversial.

Figure 1.30 tInfluence of the presence of Pt band in the membrane on (a) fuel cell performances and (b)
fluoride emission duringn-situ AST [195].

Whether degradation is studied at singhdl or stack scale and in accelerated or standard
conditions, the various observations mentioned above underlines the multiplicity of degradation
mechanisms and therefore the difficulty tearlly conclude on PFSA membrane degradaiton

behavior and mechanismduring fuel cell operation.
3.3.2.3PFSA membrane degradation throwgsitu aging protocols

Membrane exposure to hydrogen peroxideQ) solution are commonlysed agxsitu
aging tests irorder to investigate the impact of chemical stress without considering the other
stresses that could affect the membrane durability dunfgitu aging tests. This approach
enables to mimic the aggressive chemical environment, and especially the forofdtim
radicals encountered during fuel cell operation, while accelerating the overall membrane
degradation. As previously described(d decomposition into free radicals can be catalyzed
by metal ions (eq. 1.25) and more particularly the reaction leetie, and ferrous ions F&
NQRZQ DV J)HQWRQYV UHDFWLR Qseé RoCelekatedt/sK/ading t#etK H PRV V
However, ROS generation does not necessarily require the presence of metal ions. Few authors
have indeed initiated the formation lwfyhly reactive radicals thanks to UV irradiati[264],
gammaray irradiation[265] or electrorbeam irradiatiorf266], but these approaches remain
very minority at this time. Alternatively, aging method based orppase HO. exposure have
been developed in der to better replicate fuel cell operating conditifk6,254,257,26%
269]. Hommureet al.[267] indeed suggested that this accelerated aging method is more suitable
for membrane degradation stuwly since no contamination is endured by the membrane during

the testlt has been nevertheless suggested thaphase HO. exposure induces more severe
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GHIJUDGDWLRQ WKDQ )H Q28 tufalsoutithDdgtapiation ridchanign Wete
distinct from that occurring in aqueous conditi¢2&9].

Investigatons on membrane exposuretgdd RU )HQWRQYTV UHDJHQWY UHJDL
method used, highlighted the release of several degradation products such as fluoride ions,

sulfate or hydrogen sulfate ions as well as various fluorinated carboxylic [dedi (1.].
FTIR and/or NMR analysesofB> RU JHQWRQTV VROXWLRQ DIWHU WKH FK

permitted to detect several decomposed fragmeaising from PFSA side chains. The

appearance ofC=0, -S=0 and-CF stretching bands on IR specffZ0,271]as well as the

detection ofCF (x = 08) and-C=0 resonance peaks B{L-NMR spectroscopj270] reveals

the presence 65805, -COOH andCF groups in solution. More particularly, Heayal.[229]

investigated the degradation of Naffemembranes througin-situ (fuel cell operation) and

exsittu JHQWRQYTV UHDFWLRQ H[SHUERANNRaNI/MBSQpeGrbsedRi€sV W U D \
that a similar fluorocarboned molecule directly deriving from the PFSA-chidan were

released in both cases: the perfluoroi(dthyl3-oxa)penane 1-sulfonic-5-carboxylic diacid,
HOOCXF(CR) © £ £FR $SG:H.

Table 11 £Main degradation products of PFSA membranes identified dimisgu andexsitu aging test$1].

Moiety or molecule compounds In-situ aging protocol Ex-situaging protocol
(7 [185,209,212,229,243,247 [83,84,253,267,27@76]
5 £? [185,212] [253,275,277]

*5 18 Undetected [268]

%4 %11 [213] [213,268]
*11%%{ 5% [213] [268]
*11%%§ % %11 Undetected [268]
*11%% (%4 1 %¢ %Ug 5% [213,229] [213,229,268,276]

On the other hand, monitoring of PFSA structurelation after chemical degradation by
Fouriertransform infrared (FTIR) spectroscopy highlighted a decrease of the typical vibration
bands of PFSA structuf@70273]. It is important to notice that this trend is not systematically
observed; indeed others studies did not detect significant IR spectra evolution even though other
marker show membrane degradatiftb3,274,278] Some authors also highlighted the
appearance of new vibration bands around 2966, 1690cm?, 1440cm* and 870cm™ on
IR spectra, which can be attributed@H [272], -C=0[269,275] -S=0[253,275,277hnd Fe
O-Fe or OO bonds[275], respectively. The presence <8=0 bond in the membrane can

suggest SO-S crosdinking between difonic groups or the formation ofSOF bonds
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[253,277]while the presence e€=0 bond is characteristic &€OOH groups introduction into
the degraded membranes.

Recently, Luoet al. [279] studied the effect of chemical degradation on water transport
properties of PFSA membranes and reported higher proton mobility and larger hydrophilic
YROXPH IUDFWLRQ DIWHU )HQWRd@sTatrihitédthese aaviges[ts R&/ X U H
appearance of important physical defects into the membrane which induce a significant increase
of the water uptake. The appearance of defects into the membrane and especially the evolution
of microbubbles into pinhotehave already been obsery2d0,271,273,274,278,280,28 Hor
instance, Met al.[273] compared the impact of28, and HO./Fe** (i.e. )HQWRQYTV UHDJHC
exposure on membrane degradatod demonstrated that the presence of ferrous ions strongly
affected membrane morphology. The authors indeed observed the appearance of many micro
FUDFNV DQG PLFUREXEEOHV ZKHQ PHPEUD@H H[SRVI
while H-O, exposure only induced small bumps appearance. Such morphological changes have

never been observed in the case of fuel cell systems operating in real conditicos/ldmndise
GRXEWY DERXW WKH UHOHYDQFH RI FKHPLFDO GHJUDGDWLI
should be considered that the appearance of such defectsxaditerchemical degradation is

not systematic and these morphological changes sekenrtdated to the operating conditions

DQG HVSHFLDOO\ WKH FRQFHQWUDWLRQ RI )HQWRQYV UHDJ

in the first chapter of this thesis work.

Figure 131 +SEM images of Nafiofmembrane surfagé\-D) and crosssection (E, F) after various time of
H[SRVXUH WR )H@WRQTV UHDJHQWYV
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More recently, Shi and his coworkers investigated the impact of chemical degradation
LQGXFHG E\ )HQWRQTV U H Dprapdrte®ofRNafiofii KR21P ménmbEages F D O
[281] 7TKH DXWKRUV REVHUYHG D GHFUHDVH RI WKH <RXQJTV
DV ZHOO DV WKH EUHDN VWUDLQ ZLWK LQFUHDVLQJ JHQWRC
membrane fracture toughne<3n the other hand, they observed an increase of the-strain
hardening modulus, indicating the change from ductile to brittle fracture behavior of the
membrane. Furthermore, by comparing the fatigue crack propagation behavior of composite
Nafion® XL membrane with unreinforced NR212 one after chemical degradation, they
demonstrated that fatigue crack propagation rate is larger for NR212 than XL which can be
ascribed to the reinforcement lay@@5]. Fatigue crack propagation is accelerated according
to two distinct mechanisms in the case of unreinforced NR212 membranes: bubbles coalescence
at the membrane suria@nd interconnection of pores in the membrane @eston. In the
case of reinforced XL membrane, the two fatigue crack propagation mechanisms are
delamination at the interface between reinforcement layer and outer ionomer layer as well as
crack growthin outer ionomer layers and only the latter mechanism is accelerated by the

chemical degradation.

The numerous results, and more particularly the identification of various degradation
products in botlexsitu andin-situ experiments, thus permits to bettmderstand the chemical

degradation of PFSA membranes and propose several chemical degradation mechanisms.
3.3.2.4Chemical degradation mechanisms

Numerous degradation mechanisms have been proposed in the literature over the past
decades. One of the most commonDFFHSWHG GHJUDGDWLRQ PHFKDQLVI
reaction and consists in the H@dical attack on kontaining end groud83,211] These H
containing end groups, such #300H or-CRH, are believed to be introduced during the
manufacturingorocesg238] and are the most vulnerable sites sinceH®onds have lower
stability than CGF bonds[282]. As described iIEq. 1.30 £1.32 degradation begins with the
hydrogen abstraction by H@adical, generating C£and HF, and the perfluorocarbon radical

can then further react to reform a carboxylic end gf8ap

by %E%LI1E *1 \ 4y %4 EWFE*4l Eq. 130
4y %4 E*1 \ 4y %41*\ 4y %1E*( Eq. 131
by %LE*¢L\ 4y %L11E*( Eq. 132
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Once initiated, unzipping reaction propagates along the polymer backbone and can lead to
the entire side chain loss and the formatioperfluoro(4methyl3-oxa)pentand.-sulfonic-5-
carboxylic diaal, HOOCL£F(CR) © £F £F $S03H, by reaching a junction with a side

chain[211,212] This specie can then diffuse out of the membrane or further decowipose

unzipping reaction, a¥2OOH end group is still presefiigure 1.32.

Figure 1.32 +Product A degradatiovia unzipping reactiof211].

As mentioned in g..2.4 it has been shown that introducing an additional step of post

fluorination in Nafio®f membrane synthesis permitted to considerably reduce By 8t

number of carboxylic end groupsé to decrease by 36 the fluoride ion emission in
comparison with untreated ofi@3]. Although posffluorination of carboxylic end groups in

PFSA membranes enhances their stability against claéohégradation, chemically stabilized
membranes are nevertheless not completely rid of vulnerable sites. Indeed, several authors
reported that observed fluoride release is not directly proportional to the concentration of
COOH end groups in PFSA membrarand suggest that other degradation mechanisms occur
[276,283]

In addition to theunzipping degradation mechanisms, several auff2#§,247,283,284]
suggested that & bonds of PFSA side chain also represent vulnesitele to radical attacks.

Ghassemzadett al.[246] proposed a side chain degradation mecharliFsigu(e 1.33 based

on HO'adical attack on @S bond and fuher unzipping of side chain fragments up to reach

the junction with the main chain.

Figure 1.33 1Side chain degradation mechanism by unzipping the side ciaaiadical attack to the & bond
proposed by Ghassemzadshal.[246].

This mechanism is supported by the presence of side chain fragments in exhay2#@hter

afterin-situ degradation experiments as well as the detectiotDafCF £F S0 and © +
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Chapter | £State of the art giroton-exchange membrane fuel cell (PEMFC) systems

CFR. £F fradicds by EPR spectroscopy afeksitudegradation experimenia85]. Moreover,
these observations agree with initial assumptions oekat. and Hommuraet al. stating that
side chain cleavage occurs and can then cause main chain cleavage by unzipping reaction,

leading to the introduiin of new £O0OH end groups in the main chain struc{@¥l,267]

A third degradation mechanism based on the attack dfadi@al on the GO £ bond close
to the sulfonic group has been suggested in the literf288266,286,287]This mechanism

Figure 1.34 is supported by the detection &fCFR radicals by spin trapping EPR analysis

[239] and confirms the greater stability of PFSA SSC ionomers compared to &adioomer

since his latter contains a supplementary ether linka2§8]. Ghassemzadedt al. shown that

C O £ bond close to the sulfonic group is primarily attacked rather than that near to the
junction between main and side chains. However, they were unable to conclude @h€ther

C bond or GO £ bond is cleaved during radical attd@66,287]

Figure 1.34 +Mechanism of HGOradical attack on ether limkje proposed by Ghassemzadehl.[266].

As mentioned earlier, hydrogen jHadical is also formed during fuel cell operation and its
presence has been recently confirmed by EPR spectrof24@ly Based on the presence of
this radical, Ghassemzadeh al. [266] as well as Danilczulet al. [258] proposed another
menbrane degradation mechanism consisting fradical attack on tertiary & bonds of both
main chain and side chain. Radical attack on CF bond in the side chain results in side chain

cleavage and further decomposition up to the junction with main chale rallical attack on

CF bond in the main chain directly conducts to the entire side chaif-igssg 1.3%.
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3. Degradation mechanisms of membraatectrodes assemblies (MEA)

Figure 1.35 +Mechanism of Hradical attack on Nafiofimain chain and side chain suggested by Daniletuk
al. [258].

Although HOO radical has been observed during fuel cell operation, no degradation
mechanism by HO®adical attack on polymer structure has been described in the literature
whereas plenty of degradation pathways based on the attack'ofdi€al, and more recently
on H *radical, have been proposed. This can be explained by the ranking of oxidative strength
of oxygen species: H& H*> HOO*> H,0, [289].

In conclusion, thanks to the innumerable studies investigating chemical structure evolution
of degraded PFSA membranes, it is possible to summarize the various vulnerable sites of both
main andside chains attacked by H&nd H'radical as illustrated t’ﬁigure 1.36

Figure 1.36 +Summary of chemical degradation meakers by radical attacks on PFSA polymer structure.

To this day, it cannot be properly concluded on the dominance of one of these mechanisms
since the different mechanisms probably all play a specific role in the PFSA membrane

degradation during fuel celperation.
3.3.2.5Mitigation strategies

Although PFSA membranes have been chemically stabilized to extend their lifetime (see §

1.2.4, theseimprovements did not fully overcome polymer decomposition issues. In that

respect, different strategies have been proposed to minimize the effect of chemical degradation

on PFSA membranes and more particularly to prevent the formatiofOafard free radials.
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An efficient strategy to mitigate chemical decomposition of the membrane is the introduction
of radical scavengers that can deactivate harmful free radicals before they react with polymer
chains. In that respect, several inorganic compounds havepbeeosed: metal oxides like

TiO2, ZrOz, SnQ, MnO; or CeQ as well as metal particles such as Ce, Mn, Pd, Pt, Ag or Au
[237]. Among them, cerium (Ce) and manganese (Mn) derivatives species (ionic forms
[290,291] metal oxideq94,292295], metal nanoparticle®3] or immobilized onto silica
support[296]) are the most commonly used in PEMFC membraneretbztassemblieS he

scavenging ability of C& and Mrf* ions is ensured by three main characteristics:

x their seltgenerative property, the two oxidation states of Ce or Mn permitting to easily
decompose ROS and®k thanks to their complementary roles,

x their stability, C& and Mrf* reacting with HO via oneelectron redox reaction to
produce water and the corresponding cation,

x their chemical kinetics, the reaction rate constant being two orders of magnitude faster

with HO*than with polymer chains.

Numerous studies have demonstrated the high efficacy of Ce and Mn species to reduce
fluoride emission rate and thus extend PEMFC lifeig8¥]. Moreover, only small quantities
are required to efficiently diminish chemical degradation and do not affect the membrane
conductivity. However, it has been showattsmall amounts of Ce or Mn ions are released by
the membrane during fuel cell operation and can be leached in water §2Bhastan migrate
into catalyst layers, thanks to their high mobility, and thus alter fuel cell performances
[92,94,95,298]

On the other hand, investigations have been carried out on the introduction of metal oxides
instead of me&l cations to mitigate radical attack membrane degradg®892294] These
various studies shown that the incorporation of Jebticles into the membranes is also highly
effective to enhance membrane durability. Nevéesse Prabhakaragt al. observed a decay
of scavenging efficiency with timg3]. In order to improve the regenerative activity of
CeQ/MnO: radical scavengers, several authorgehattempted to dope them with other metal
cations or to immobilize them onto inert supports such as silica hanopg2@ete299:301].

For instance, Trogadas al. investigated the effect of platinum particles on the scavenging
efficiency of ceria and demonstrated that Nafitit/CeQ membranes are slight more resistant
against radical attacks than NafffceQ membrane$302]. This result can be explained by

the ability of Pt to catalyze 2@, decomposition whereas €e&an only deactivate HO
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3. Degradation mechanisms of membraatectrodes assemblies (MEA)

)X UW K H U P R 6thl. investigatdr the durability of reiorced Aquivior® membranes
including ceriumbased radical scavenger supported on sulfonated silica particles in
comparison with C¥-exchanged reinforced Aquivinmembranes[296]. Their work

demonstrated that silica support provides lower MEA resistance and thus longer fuel cell

lifetime thanks to its better dispersion and stabilization eb&sed radical scavengeFdgure

1.37). It is important to note that silica is a commaonked inorganic filler in PEMFC that

improves membrane properties such as its protonumivdy, its water retention capacity and

its mechanical strength.

Figure 1.37 +Comparison of the cell resistance for MEA containing reinforced AqUMRIFSA membrane +
Ce(lll) ions or Ce scavenger supported on sulfonatechsili various operating tini296].

Conjoint chemical and mechanical degradations

Until now, degradation mechanisms have been principally considered tegpara
distinguishing between chemical degradation on the one hand and mechanical degradation on
the other hand. Nevertheless, it has been highlighted that membrane decomposition results from
the synergistic interaction between mechanical stress and clherdegradation
[216,217,303,304]

As summarized by Kusoglu and Weber in their review of the literafB®®], the
combination of bemical and mechanical stressors, that interact synergistically during fuel cell
operation, leads to an acceleration of the overall membrane degradation. As seen earlier, PFSA
chemical degradation by radical attacks alters the structure and the mechéegecay of the
membrane, leading to its thinning and the appearance of defects. These structure changes
conduct to the growth of defects into cracks and/or pinholes and to increased gas crossover of
hydrogen and oxygen to their respective opposite eldes[154,215,221] Crossover gases
can then react on the catalyst surface, either to the anodersidethe cathode side, thus

polarizing the cell and leading to a voltage drop. Moreover, the combustion reaction between
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O- and H being highly exothermic, local hot spots are created and engender the softening or
the melting of the membrane, allowingetfurther membrane degradation. In addition, changes

in membrane watenptake imposed by the humidity cycling during fuel cell operation induce
additional swelling stress, the membrane being constrained by the fuel cell geometry, which
can generate the guh of pinholes and therefore the increase of gas crossover. Furthermore,
it has been shown that defect size and distribution are strongly related to the chemical
degradation levgB06]. Consequently, a destructive cy@takes place, increasing

gas crossover as well esdical generation and thus accelerating the overall PFSA membrane

degradation up to the final breakdown.

Figure 1.38 +Schematic representation of membrane degradation mechdBi3bhs

Specific accelerated stress tests (AST) were recently developed to study the impact of
coupled mechanical and chemical stressors on PFSA membranes during fuel cell operation
[218,219,303,307] For instance, Limet al. evaluated thein-situ degradation of PFSA
membranes during conjoint mechanical and chemical membrane accelerated strii8tests
They demonstrated that the comdtion of steadigtate Open Circuit Voltage (OCV) phases
and periodic wet/dry cycles led to a consistent and fast degradation with significant fluorine
losses and uniform membrane thinning. Additionally, the authors observed a drop of the
fracture strain @d an increase of the elastic modulus during fuel cell operation, indicating
increased stiffness and brittleness of the membrane structure and thus larger vulnerability to
pinhole formation. Moreover, they highlighted the acceleration of the overall d¢igradince
membrane failure occurred after only 160 hours of operation. Usiegsitu approach, few

authors highlighted the acceleration of PFSA chemical decomposition under tensil@ $6kss
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3. Degradation mechanisms of membraatectrodes assemblies (MEA)

and under compressive strg247]. Indeed, Kusoglet al. recently developed a specific
compression apparatus in order to study the effect of a normal stress on™Nuaéarbranes
exposed to radical attack&17]. The authors showed that coupling mechanical static stressor
to chemical stressor exhibit higher fluoride release compared to membrderaing just

chemical stressqF(gure 1.3?. They showed that applying a static compression to a membrane

exchanged with ferrous ions and immersed in hydrogen peroxide solution affects its
microstructure and accelerates the chemiocabohgosition of the polymer chaifBigure 1.3?.

Figure 1.39 +Schematic of the compression apparatus developed by Kustadlleft) and fluoride emission
measured as a function of time for various compressive stigisg (217].

More recently, Ehlingeret al. [304] developed a comprehensive model to study the
synergistic nature of chemical and mechanical stressors and its impact on PEMFC performance
and durability. Their modencludes three main characteristics: 1) transport properties and
performance of the fuel cell, 2) mechanical stress induced by the membrane swelling and the
formation and growth of pinholes, 3) membrane chemical degradation through the formation
and traisport of hydrogen peroxide and fluoride ions. Their falbupled models demonstrated
the importance of considering both mechanical and chemical degradations as well as their
conjoint effect on transport properties to understand the membrane decompmsitionng

during fuel cell operation.

4. Objectives of the thesis work

As highlighted through this bibliographical study, the MEA and more particularly the PFSA
membranes are key elements of fuel cell systems but they still suffer from severe damages
during fuel cell operation. Membrane degradation, as a consequence of the synergistic

interaction between chemical and mechanical stresses, remains one of the main detrimental
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factor limiting PEMFC lifetime. However, despite innumerable studies focusing indeplgnden

on chemical or mechanical degradations these past decades, only a few have been focused on
the effect of combined stresses on PFSA membr&mssequently, there is still a need to
understand this synergistic interaction between mechanical and chdegcatations and its

impact on the structure and the properties of PFSA membranes. Furthermore, in spite the
various mitigation strategies developed to extend their lifetomeent composite membranes

are still insufficiently durable for longme fuelcell operation.

To this end, this thesis work aims at providing, througBigxaging protocols, new insights
on the effect of conjoint chemical and mechanical stress on the degradation of PFSA membrane,
whether it is reinforced or not, as well as cheeazing and understanding its impact on
membrane properties and fuel cell performances. The complex aging mechanisms associating
the chemical and mechanical stresses have to be therefore dealt with a multidisciplinary
approach. In that respect, and thattka multitechniques characterization, the analysis of the
chemical structure and functional properties of PFSA membranes before and after aging tests

permitted to correlate physiahemical properties of the membrane to its structural

characteristics ahto highlight several indicators of chemical degradat©hapter Il |is

dedicated to the description of the various experimental techniques used in teigvtT&si

As a first step, before considering conjoint chemical and mechanical stress, it has been
necessary to understand the impact of gositu chemical degradation on PFSA membrane.
More particularlylChapter Il [ ZDV IRFXVHG RQ WKH VWXG\ RI WKH HIIH

concentrations on the membrane degradation.

A deeper timaesolved monitoring of exitu chemical degradation has been then performed in

Chapter IV |to study its impact on the chemical structure and the water transport and sorption

SURSHUWLHV RI FRPSRVLWH DQG FRQYHQWLRQDO 1DILRQ&E
provide some clarifications on the contribution of the reinforcement layer andhdicalr

scavengers against PFSA membrane chemical degradation.

Finally, the effects of combined mechanical and chemical stress on PFSA membranes have

been studied, always throughexsitu approach, with a customade devicgChapter V|was

dedicated to the development of this specific device and the diffesesitu conjoint
mechanical and chemical stress tests allowing to investigate the impact of coupkas sires
the chemical structure, functional properties and fuel cell performances of PFSA membranes
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This chapter aims at describing the experimental techniques employed in this work to
characterize the impact of the degradation on the structure and the functional properties of
NafionEmembranesThe commercial Nafioffmembranes studied in this work and their main

features as well as the pretreatment and cleaning protocols are fully described in chapter IlI.
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Chapter Il tExperimental techniques

1. Chemical and electrochemical characterizations

1.1Fluoride emissions measuremerd ion-selective electrode (ISE)

The fluoride ions concentration of the solutions was estimated by using a fluoride ion
selective halcell electrode (DX219, Mettler Toledo) associated to a reference electrode (InLab
Referere, Mettler Toledo) and a pH/millivolt meter (SevenCompact S220, Mettler Toledo).
The measurement consists in studying the potential variation of tselective electrode as a
function of the ionic activity of the measured species. In addition to egswarigood
repeatability, the main benefit of the potentiometric method is the possibility to analyze
complex solutions that are unclear, cloudy, colored or fluorescent and/or contain various
chemical elements. In the case of fluorine ions, thes&actie electrode is a crystalline
membrane electrode made of a single lanthanum trifluoride 3)Lafystal doped with
europium. The potential of the Laérystalline membrane electrodas given by the following

relation[1]:
1 1 4 A 4 6" ‘
L""F tau—( Z " gp=; Eq. 21

With ' 4the standard potential (V}the ideal gas constant equal to 8.31¢1.mol?, 6the
temperature (K),( the Faraday constant equal to 485 C.mol* and =, the fluoride ion

activity.

After the experiments, the remaining Fenton solutions constitute a complex solution
containing residual hydrogen peroxide, ferrous and ferric ions that have not reactesif and
degradation occurst dissolved hydrofluoric acid (HF) or fluoride ions as wa$ other
degradation products coming from PFSA decomposilioraddition, fuoride ions having a
great affinity for silicabased materials, all the solutions collected afterethstu aging tests
were preferentially stored in polyethylene vesselseratian glass vesselior to the analysis
of the solutionsvia the ionselective electrode, the residual hydrogen peroxide has to be
deactivated in order to avoid detrimental material damages. For that purpose, a small piece of
platihnum was added to theolution which was then stored until completeOH
disproportionation. Moreover, it is important to note that the solutions containing a solid
fraction of precipitate were filtered using syringe filters composed of a polypropylene

membrane with a pore €20f 0.2 um before being analyzed.
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1. Chemical and electrochemical characterizations

In the case of complex solutions such as Fenton solutions, it is necessary to stabilize the
ionic force of the analyzed species to obtain a linear response of the electrode in the whole
range of concentration. It also reges to stabilize the pH of the solution within the measuring
range of the electrode and to suppress the interferences caused by other ionic species. In our
case, the only ionic specie which could interfere is the hydroxide ion and the pH range of our
fluoride selective electrode extends from 4 to 10. Therefore, in order to control at the same time
the ionic force, the pH and interfering ions, a Total lonic Strength Adjustment Buffer (TISAB)
was added to the solution to analyze. The commercial TISAB utisalis a buffer solution
containing sodium acetate, sodium chloride, acetic acid, cyclohexanediaminetetraacetic acid
(CDTA) able to stabilize the pH between 5 and 6, to enhance the ionic force of the fluoride ions
and to complex cations such as’F® avoid interferences. In our case, @& of TISAB I
were systematically added to 88 of the Fenton solutions to sufficiently stabilize the solution

without diluting it too much.

The electrode has to be calibrated prior to each measurement campaigncBldoagon,
the selective electrode was conditioned through immersion in agf®00SE fluoride standard
solution for at least one hour and was then thoroughly rinsed with distilled water. For the
electrode calibration, several solutions of known cotrieéion were prepared by successive
dilutions of the 100@pm ISE standard solution to cover a broad range of fluoride
concentrations (from 0.05%m to 19pm). A TISAB Il solution was added to each calibration
solutions with a volume ratio of 1:1 to regate the same conditions as those used for the
analyzed solutionlt is important to note here thaten thougthe dilution was carried out
usingglasscontainerthe resulting solutions were rapidly transferred into polyethylene vessels
to avoid an evemal migration of fluoride ions in the glasswaM/e considezd that the
preparation duration was short enough to ensureqigrfeliablefluoride concentrationd'he
calibration curve was established beginning with the most diluted solutiamsitbsaturation
of the electrode and its slope had to be clos8.tb7V/10 ppm with a tolerance of %.

According to the supplier, the detection limit of the fluoride-setective electrode is about
0.01ppm. However, in the case of membrane elecirdueelectrode response deviates from
the calibration curve when the concentration of the calibration solutions is very low and two
areas can be distinguished: a linear area corresponding to a Nernstian response-éinda non

area corresponding to thenNernstian response for very low concentrations (typically below

to 0.1ppm), as can be seen|iigure 2.1 In the norlinear area, the response tiroethe

Page pP1



Chapter Il tExperimental techniques

electrode ranged between thirty minutes and one hour before the potential value could be
considered stable.

Figure 2.1 £Typical calibration curve of fluoride iegelective electrodp]

The fluoride concentration was determined using the standard addition method, which
allows to consider complex matrices and more particularly the presence of possible other ions
interfering withthe electrode. To perform the measurement, we first determined the initial
potential Eof the solution and then the final potentlgjof the solution after the addition of a
calibration solution (3nL) with the closest upper potential tq; For each solution; gand '

were measured allowing sufficient equilibration time for complete stabilization of the potential.

Thanks tgequation 2.[lthe initial potential' ymeasured before the addition of the calibration

solution is given by:

' v 4 '46"‘0 1 4 7 4 Q ?9 1 4 7 1 0 %QQH%
oL FtaJ—(ZB/Qp:&L FOHZ %e(’ 7L FOst/QPI‘%TBGSGEq.zz

Where % 2%s thefluoride concentration in the probed solution (m3d).L &its volume,

8sthe volume of added TISAB Il an@the slope of the calibration curve established before
each measurement campaign. Param@geexpected to be equal tcmiI N rawy srLLI
<

at room temperature (2&) according to the supplier data.
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1. Chemical and electrochemical characterizations

In the same manner, the final potentigimeasured after thaddition of the calibration
solutionis given by:

EAHEE %HE

'sL "*FOHZ '%X??L "*FOHZ"'Y

Eq. 23

Where %js the fluoride concentration in the added calibration solution (mMphihd &;ts

volume.

Therefore, the fluoride concentration in the probed solu¥gtfwas obtained by combining

equationf2.2land2.3

%

] ?:Y?Ye -Q .
%AFHsr e H '&.g 8E°589E .8”’ F sG
el 5

g 2L L 9%H3 Eqg. 24

To systematize the measurement and avoid calculation errors, the parametarh takes
into account all the fixed solution volumes involved in the system and therefore only depends

on the potential differencé F ' gand the slope of the calibratiaiurve, is introduced in

equation 2.4Furthermore, it is important to note thaitonsiders the fluorine concentration in

the whole probed solution vahe, i.e. the dilutionof the solution to analyze generated by

adding TISAB Il solution is not taken into account.

Thus, the concentration of fluoride ions in the solution to anaBg&ls expressed as a
function of the concentratiofgof the added calibration solution, the dilution fac@®qual

to 2 in this study) and, as followed:

%2°L %iYBL %H3HB Eq. 25

As mentioned earlier, paratee 3 only allows to calculate the concentration in the whole
volume of probed solution (50L) and does not consider the addition of TISAB Il into the
solution to be analyzed (2BL). In that respect, it was necessary to introduce the dilution factor
Bin the final equation to determine the concentration of fluoride ions present in solution of

interest.

The error on fluoride ion concentration was estimated to be on the ordés,cfh® main

source of error being the preparation and dilution of calidmagblutions. The total amount of
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fluoride released during the degradation experiments was determined from the measured
fluoride concentration and the volume of solution collected after the degradation experiments.

1.2 ATR-FTIR spectroscopy

FourierTransform InfraRed spectroscopy (FTIR) is a commonly used technique to
characterize the chemical structure of organic materials. The FTIR spectroscopy is a vibrational
spectroscopy based on the absorption of an infrared radiation. In each mdlexalegemical
bonds vibrate with a specific frequency depending on the nature of the atoms involved in the
bond and chemical environment of the bonding. These vibrations can be of different kind:
asymmetric/symmetric stretching, bending, rocking, twistorgwagging. The frequency at
which the chemical bonds vibrate as well as the shape of vibration bands of a spectrum are
characteristic of the functional groups. Therefore, each compound will have its own IR

absorption spectral signature.

In the context othis work, FTIR spectroscopy was used to characterize the evolution of the
ionomer chemical structure as a function of the chemical degradation induced to thé®Nafion
membranes. As both reinforced and #iemforced Nafiof membranes were studied, all
measurements were performed with an attenuated total reflectance (ATR) accessory in order to
analyze exclusively the membrane surface and thus exclude the microporous
polytetrafluoroethylene (PTFE) layer of reinforced XL membrareared spectra were
obtaned using a FTIR spectrometer (Vertex 80v, Bruker) equipped with a DTGS detector, a
KBr beam splitter and a single reflection diamond ATR accessory. The spectra were recorded
at room temperature with accumulation of 16 scans and a wavenumber resoltitiom of

from 400 to 600@m in absorption mode.

Commercial Nafiof membranes were systematicadlsied at 60°C for 24 h prior to any
degradation protocol. INnerous works have highlighted that IR spectra of a N&fion
membrane are greatly influenced by its water coritefit0]. Consequently, a drying protocol
were elaborated to dry the membrane samples and perform analygisanth conditions for
all measurements and samples. In that respect, the membrane samples were first dried at least
overnight in an oven at 60°C before being placed on ATR accessory and then exposed to a dry
nitrogen flow (99.99996 of purity) with a INL/min flow rate for 10minutes just before the
measurement. More details on the establishment of the membrane drying protocol for ATR
FTIR measurements can be found iEI@f Appendix A |Figure 2.2illustrates ATRFTIR
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1. Chemical and electrochemical characterizations

spectra of a Nafioff XL membrane exposed to the ambient air and exposed to the nitrogen
flow under the conditions described above.

Figure 22 +ATR-FTIR spectra of Nafioff XL membrane before and after the drying protocol. The inset
illustrates thdR spectra focused on PFSA absorption bands.

The measurements were performed at various locations on the surface of the membrane
samples and on both sides to check the homogeneity of the chemical structure for pristine

membranes and to investigate agintehmgeneities for aged samples.

In ATR mode, the penetration depth of infrared radiati@, into the sample primarily

depends on three parameters according to the following equation:

~

a
@L Eqg. 26

6
téJs8e<eaF ?;A

where ais the laser wavelength]gthe refractive index of ATR crystal andlthe refractive

index of the sample. In our case, ATR crystal is a diamond with a refractive index of 2.41 and
an angle of incidenca@of about 45°. The refractive index of Nafi&membranes is 1.35 in the

dry statg11]. Therefore, the penetration depth ranges from 0.17 tgq@5@r ourwavelength

range.

1.3NMR spectroscopy
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Nuclear Magnetic Resonance (NMR) spectroscopy is a characterization technique based on
the nuclear magnetic momeuoit atomic nuclei When exposed to an external magnetic field,
the nuclear magnetic moments of the analyzatiple align with the external magnetic field
(i.e. that of the NMR spectrometerptomic nuclei are then excited by applying a radio
frequency pulse perpendicular to the external magnetic field at a specific frequency, the Larmor
frequency, in order toddlect information about the chemical environment of each atomic
nucleus contained in the sample. The resulting NMR spectrum presents various resonance peaks
at different frequencies characteristaf the chemical environment surrounding each atomic
nucleus. Consequently, the difference from the resonance frequency defines the chemical shift.
For instance, the frequency of an atomic nucleus depends on the nature and the number of
neighboring atoms as well as on the chemical bond involved between the Anglehange
in the chemical shift, width or intensity of the resonance peaks in the spectra is representative
of chemical modification in the sample. Consequently, NMR spectroscopy is a powerful

technique to characterize chemical structures.

In this work,two atomic nuclei were studied: fluorine and profSA-NMR spectroscopy in
solid phase allowed us to investigate the evolution of PFSA chemical structure in Wafion
membranes while the liquistate!®F-NMR spectroscopy was used to identify and quantify
degradation products in the solutions collected after degradation tests. On the other hand,
analyzes performed by liqustate'H-NMR spectroscopy aimed at studying the diffusion of
water molecules absorbed in the polymer structure of N&fiorembranes. Tk latter

technique and the associated experimental protocol will be descri§n
Solid-state'F-NMR

In liquids, anisotropic interactions between molecules are averageaeraligible since
Brownian motions generate extremely fast molecukssrientations. In solids, however,
anisotropic interactions exist and the molecular motions are not fully averaged. These
anisotropic interactions can be intense and thus have to be minimized. In that respect, solid
state NMR spectra are acquired by riogthe sample around a tilted axis of 54.7° with respect
to the magnetic field in order to isotropically average the interactions. This angle is called
SPDJLF DQJOH" DQG WKH DVVRFLDWHG PHWKRG LV FRPPRQC

In this work,solid-state®F-NMR experiments were performed thanks to a collaboration with
the Membrane Biophysics and NMR team in the Chemical Institute of Strasbourg. A Bruker

Avance 500 widébore spectrometer operating at the Larmor frequency of ME25 and
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1. Chemical and electrochemical characterizations

equipped with a H/F/X magkangle spinning (MAS) probe was used. The samples were rolled
and loaded into 2.Bam zirconia thin walls rotors with Vespel bottom and drive caps. All spectra
were measured with a Hal@tho pulse sequence at 24 under MAS conditionsvith a
spinningfrequency of 2%Hz. Each experiment was performed with the following parameters:
a 90° pulse width of 1.2fs, a recycle delay of 1) a dwell time of 2.5is and a number of

accumulations of 64 scanBigure 2.3illustrates the characteristi®F-NMR spectra of a

Nafion®ENR211 membrane as well as the resonance peaks attribution and peak areas prediction

according to Chen and Schmidbhr[12].

Figure 2.3 #solid-state’®~-NMR spectra attribution for NaficANR211 membrane and the corresponding peak
areas predicted by Chen and Schadhr[12]. Theresonance peak with an asterisk designates a spinning
sideband.

It is important to notice that in the case of NaffokL membrane, which contains a PTFE
rich reinforcement layer, the resonance pealt B8ppm corresponds at the same time te CF
groups ofPFSA backbone and ¢groups of PTFE layer.

Liquid-state'®F-NMR

The analysis of the solutions collected after degradation testFNMR spectroscopy is
based on a threstep procesfl3]: 1) the detection/identification of degradation produgbs,
the estimation of the orders of magnitude of the degradation products conoriBj)atccurate

guantification of the degradation products concentration.
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In order to decrease the acquisition time per experiment as well as to enhance the NMR
signal quality, the resulting solutions in which Naftemembranes have been exposed were
conceantrated prior to NMR analysis by evaporating the maximum amount of water thanks to a
rotary evaporator (Rotavapor®0, Bichi). Concentrated Fenton solution samples were then
put into 5 mm NMR tubes and mixed with deuterium oxidgdDfor a final RO/H.0O ratio of
20:80 to provide a lock solvent and to prevent an eventual drift of the magnetic field.

Liquid-state®-NMR experiments were conductedl the NMR plaform of Jean Barriol
Institute (1JB) in Nancyon a Bruker Avance Ill 400 spectrometer operatmghe Larmor
frequency of 376.5%Hz and using a 5nm BBFO probe. Both qualitative and quantitative
NMR experiments were performed in this study. Qualitative experiments were carried out at
room temperature with the following parameters: a 90° pulse wfdtB.5pus, a spectral width
of 200ppm, a recycle delay ofdand an acquisition time of 0.87The'*F-NMR spectra were
obtained thanks to conventional single pulse experiments with a number of accumulations

between 2048 and 30720 for qualitative measents.

Quantification by*®F-NMR was based on a protocol recently established by El Kadeburi
al. [13]. Their work consisted in investigating PFSA aqueous solutions to prapose and
efficient two-step 1°F-NMR quantification protocol to measure the fluorinated molecules
concentration of unknown solutions. The first step consists in estimating the order of magnitude
of fluorine concentration using the signal to noise ratiackwis conventionally defined as the
ratio between a resonance peak height and the noise amplitude. The second step consists in
using an external reference wighconcentration the order of magnitude determined in the
first step to evaluate more precisehe fluorine concentration. This twatep method was
essential for our study due to the low concentration of decomposition products in the Fenton
solutions in order to avoid tirreonsuming measurements. Following the same quantification
protocol as desitred by ElI Kaddouret al.[13], the concentration of decomposition products
iQ )HQWRQ VROXWLRQV ZDV ILUVW HVWLPDWHG E\ PHDVXUL
integrated into the TopSpin 3.5 software. The use of an external reference of toflueme
(TFT) solution with an appropriate concentration permitted theet@rghine more accurately
the fluorine concentration. The TFT solution was placed in a coaxial insert inside the 5 mm
NMR tube.The choice of TFT as the external reference was motivated by its liquid state at
room temperature, facilitating the practicalildf the experiments, and its chemical shift not
overlapping that of assumed degradation products present in the solution. Fsispgweethod

was systematically carried out in the same conditions for each Fenton solution SEmaple.
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1. Chemical and electrochemical characterizations

experiments were penfmed at room temperature with a 90° pulse width of 18,% spectral

width of 200ppm, and between 12000 and 16384 accumulations. For accurate quantitative
NMR experiments, the recycle delay should be at least five times higher than the relaxation
time T1 of the target molecule. The relaxation time of Naffoibnomer solutions was
determined byYuan et al. [14] to be 0.92 + 0.0S and that of TFT was determined By
Kaddouriet al.[13] to be 1.5 = 0.5. Consequently, the recycle delay \iiasd to 8s for all

guantitative NMR experiments.

2. Characterization of membrane functional properties
2.1Liquid-state'H-NMR

The liquid-state’H-NMR experiments were performed on a Bruker Avance Il 600 WB
spectrometer with a Larmor frequency of 600MR3z and equipped with a Bim Diff30 probe
capable of delivering a gradient intensity up to 1830m. The spectra were recorded at room
temperature by accumulating 286ans with the following parameters: a recycle delay ©f 3
and a dwell time of 25V  $ Qinfz&Mh of the proton 90° pulse width was carried out for
each sample before recording th&-NMR spectra to have suitable sginho during the

measuremenEigure 2.}2Ilustrates the typicdiH-NMR spectrum of water molecules contained

in a pristine NafiofXL membrane at high hydration level (~23v&%). Two resonance peaks
are visible in the spectrurnorresponding to two different water populationg, water

molecules with different chemical environments.

Figure 24 +'H NMR spectrum of the water populations present in a pristine N&Kin membrane
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Chapter Il tExperimental techniques

The existence of two water populations has been already put forward thanks to NMR

experiments performed on reinforced NaffoXL and Gore800s membrangd5,16] It has

been suggested that a first water population can be attributed to water molecules strongly
bonded to sulfonic groups close to the ionopwres. The second water population, for its part,
could be assigned either to a small amount of water molecules which are tightly bonded at the
interface between the ionomer phase and the RidREreinforcement layer or to water

molecules present in wispaces of the PTFE matrix that have m®tompletely filled with

ionomer phase during the manufacturing process. However, these two water populations are

present in both reinforced (Nafi§iXL, Gore-800S) and nomeinforced (NR211) membranes

which raise questions about the assumptions made to [d&}le More recently, Haret al.

observed the appearance of a triptesimilar to that shown ifFigure 2.4 +on H-NMR

spectrum and proposed that it could be related to hydronium ie@¥)(F7]. In the case of

thisthesiswork, the second water population was observed both for XL and NR211 membranes,

whether membranes are degraded or not. Additionally, as it can be sEgurm 2.4 the

UHVRQDQFH SHDN DVVRFLDWHG WR WKH
RWKHU B3:SRSXODWLRQ °~ KDV D YHU\ ORZ LQWrHm@akLUW\ DQG
Is important to note that these second resonance peak can be largely overlapped with the main
peak in certain hydration conditions, making it difficult to follow the evolution of the small

resonance peak. For this reason, only the evolutitreahain peak will be considered all along

thismanuscript

In addition to the acquisition dH-NMR spectra, a Pulse@radient Stimulated spiEcho

(PGSTE) sequence with unipolar gradients was used to measure tii€fgsilbn coefficients

of water poplations. Pulsed Field Gradient (PFG) and its derivate (PGSTE) NMR techniques
are indeed common and accurate methods to directly measure the diffusion coefficients of water

in Nafion®membrane§l8]. A PGSTE sequence is composed of a magnetic field gradient pulse

sequence within a stimulated spin echo sequ

sequence in porous media because additional relaxation mechanisms to those present in liquid

Hrigere 25

. It is necessary to work with this

phase occur during the measurement. As a consequence, tirersamnglaxation times; and

the longitudinal relaxation timé&; are strongly shortened, the relaxation tigdeing always

shorter or equal to the relaxation tinégfor any system.
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2. Characterizationof membrane functional properse

Figure 25 +Schematic representationtbe PGSTE sequence.

The stimulated spin echo is based on the application of a 90° pulse to flip the magnetic
moments in the transverse plane and a 90° pulse to flip the magnetic moments in the
longitudinal direction to avoid the effects 6§ They will then evolve during an evolution time

i before being refocused with a last 90° plfl's'gure 25). The gradient pulse sequence consists

in applying a second spatially and temporally variable magnetic field superimposed to the static
magnetic field. The gradient pulse sequence aims at voluntarily creating an inhomogeneity of
the magnetic field allowinghe "encoding" of the nuclear magnetic moments of the water
molecules and consequently of their position in space. If the molecules diffuse during the
diffusion delay A refocusing of the spins does not fully take place and the consequence is an
attenuabn of the signal intensity as a function of the gradient strei@rhis attenuation of

the signal intensity thus gives us access to the diffusion coefficient. However, if the molecules
have a coherent movement or have no motion, the signal intensitlyidecreased due to the

transversal relaxation phenomenon.

In this study, the measurements were performed with the following parameters: a gradient
pulse durationU= 0.66 +1.50ms, a diffusion delay?= 6.78 +10.0ms and a gradient strength
C=40 £1 000G/cm. The water seliffusion coefficient &was then calculated by fitting the
observed signal attenuation against the magnitudieeadpplied gradient strength g with the
Stejskal £Tanner equatiofil9]:

. o U
+L+4U¢§’d:1LACl;FIAF—up&aeh Eq. 27
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Chapter Il tExperimental techniques

with 4the signal intensity of the sample in the presence of gradient puike,signal intensity

of the sample in the absence of gradient pulse lgnthe gyromagnetic ratio of the proton

(equals to 26752.219 ract.31).[Figure 26|illustrates experimental data of area peak fitted by

StejskaiTanner equation (equation 2.7) in the case of a pristine XL membrane att%3.5

Figure 26 tExperimental NMR signal decay and theoretical fit of the main peak in a pristine XL membrane as
a function of the gradient strength.

Water selfdiffusion coefficient of pristine and aged membrane samples were here measured
as a function of the water uptakefew samples were fully immersed in distilled water at room
temperature for severaburs while some others were directly analyzedhe dry state,
depending on the measurements campaign. In the case of immersed membranes, once out of
the water, the hydrated samples were quickly pressed between two layers of absorbent paper to
remove residual water droplets from the surface befenegbrolled and packed intorbm
airtight NMR tubes. On the other hand, the dry samples were directly rolled and packed into
5 mm airtight NMR tubes. In both cases, the samples were equilibrated at least overnight before
being weighed and analyzed. The péersize was approximately 1 xcE? for both pristine
and aged membranes. The hydration level of each sample was then adjusted by exposing the
membrane samples to a wasaturated environment or to the ambient atmosphere in order to
increase or decreatfiee membrane water content, respectively. It is important to note that no
discrepancy has been observed in waterdifflision coefficient evolution as a function of the
membrane water content between the two operating moeashether membrane sampka®
first hydrated and then dehydrated or the other way).

2.2Water uptake measurements
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2. Characterizationof membrane functional properse

Water sorption in Nafioff membranes is commonly measured using gravimetric methods.
They consist in measuring the mass change of a sample kept in an environmenbtiiatiisc
in humidity at a constant temperature. More particularly, dynamic vapor sorption (DVS)
analysis is a highly sensitive technique allowing to measure the water content of a membrane
as a function of water vapor concentration in the climatic chaod®#aining the sample. The
result is expressed under the form of a water sorption isotherm by plotting the membrane mass

change as a function of the water activity or relative humidity.

In this work, the water sorption isotherms were measured using aBdi@AHidden
Isochema, UK) DVS analyzer with a mass resolution of abou ftd).The samples were first
dried five hours under dry nitrogen at a temperature ¢f56 attain nearly @ RH and thus
set the reference dry mass. However, some residualmatecules strongly bonded to sulfonic
groups still remains in the membrane even aftiensedrying protocolg3,4], which prevents
easy access to the dry mass of membrakiddonadoet al. [20] evaluated by NMR
spectroscopy the quantity of residual wate@to 1.5 + 0.5, which corresponded to 2v86%
of water molecules, for N115 membrane dried at moderate temperature (%<100°C).

The water isotherms were then recorded at 30 £@.fbr a water activity varying between
0.05 and 0.95, with an increment of 0.05. The relative humidity was obtained by mixing
appropriate quantity of wet and dry gas streams automatically determinectlectanic gas

flow controller. It is worth noting that water activities higher than 0.95 are not reachable due to
possible water condensation inside the climatic chamber. At each water activity, the equilibrium
threshold was fixed to 9% and the equilitation time ranged between 3 and Hdurs.
Furthermore, five measurements of pristine XL membrane samples were first performed in
order to check the reproducibility of the pretreatment process as well as the repeatability of the
measurement. The water stbop isotherms which will be presented all along this manuscript
are nevertheless not corrected ltlge residual water quantityreviously determined by
Maldonadoet al. [20] since allmeasurements were carried out with the same experimental

protocol.

The sigmoidal shape of the sorption isothgFfigyre 27) is a result of the specifivo-

phase separated morphology of the membrane in which hydrophilic sulfonic sites, hydrophobic
phase and water molecules coexist. Water sorption isotherm of a &afiembrane can be
decomposed into three components, each describing a specific mecbbwiatar molecules

adsorption into PFSA polymer matrix. More details on the water sorption isotherm

decomposition will be provided ins1jof chaptenV.
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Chapter Il tExperimental techniques

Figure 2.7 #*Water sorption isotherm (30°C) of a pristine NaffeXL membrane.

Additionally, the maximal water sorption capacity of membrane samples was also evaluated.
In this purpose, membrane samples were immersed i ligater at room temperature for
24 hours and the total amount of water absorbed by the membranes was determined by

weighingafter the wet samples were quickly surfalteed using absorbent paper.
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Chapterll +t$FFHOHUDWHG FKHPLFDO GHJUDGDWLRQ RI 3)6% PHPEUDC

1. State of the art: chemical degradation of PFSA membranes induced by
JHQWRQYYV UHDFWLRQ

As described in 8.3.20f chapter I, the chemical degradation of PFSA membranes results
from the formation of hydrogen peroxide, permitted by the crossover of reactant gases, which
decomposes to form highly reactisrygen species (ROShe hydroxyl (HO), hydroperoxyl
(HOO} and hydrogen (H radicals[1 8]. These oxygen species attack the most vulnerable
bonds of the PFSA structure, located both in the fluorocarbon backbone (carboxylic acid end
groups and tertiar€F bond)[4 6] and the perfluorinated side chains$Mond, tertiary CF
bond and ether linkageR3,5 ®], leading to a loss of membrane integrity and consequently to
its thinning[10,11]

In order to study the chemical degradation and its impact on structure and properties of PFSA
membranes, specific accelerated stress tests (AST) mimicking chemical and/or mechanical
stresse encountered during fuel cell operation have been developed witimksith andex
situapproaches (see33.20f chapter [J1244]. )HQWRQYTVY UHDFWLRQ &¥ E\ IDU
situ method to study thehemical degradation of PFSA membranes. This reaction consists in

the simultaneous presence of hydrogen peroxide with iron ions to reproduce the aggressive and

oxidizing environment of a fuel cell by generating F@d HOGradicals (equation3.1}8.3
[1,3,15}

*e1gE (A~ \ (A”E*1 E *17 Eq. 3.1
Eq. 32

*6lgE*1 \ *11 E *41 g
Eq. 33

*11 E (A”\ (A~ E*> Elq

7KH HITHFWLYHQHVY Rl WKH J)HQWRQTVY UHDFWLRQ WR UH
fuel cell operation have been proven usitf§-NMR and mass spectroscoms similar
degradation products of Nafidrwere detected in boin-situ (fuel cell operation) andxsitu
JHQWRQTV UHDFWLR t aH[L 5 HAlthdugh@Quidely usetiD (e literature as an
accelerated aging protocol &fFSA membranes, the exact mechanisms involved by the
JHOQOWRQYTV UHDFWLRQ DUHERRW \HW IXO0\ XQGHUVWRRG

YXUWKHUPRUH GHSHQGLQJ RQ )HQWRQTVY UHDJHQWYV FRQ
introduced xin the BHO- solution (solution method) or preliminary fixed intfoe membrane

(exchange method} the impact on the chemical structure, morphology and properties of the
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1. 6WDWH RI WKH DUW FKHPLFDO GHJUDGDWLRQ RI 3)6% PHE

membrane can differ significantly. For examp{enduet al.[17] investigated thelifferences

between two accelerated degradation protocols of N&fimembranes: a first method named
solution method and a second one named exchange method. The solution method consists in
immersing the membrane in a solution of hydrogen peroxide and ferrousvioles the
exchange method relies on the exchange of protons contained in the membrane by ferrous ions
before immersing the membrane in a hydrogen peroxide solution. The authors analyzed the
remaining Fenton solutionf®r both methodsto evaluate the chendt degradation ratgia

fluoride ion emissionsas well asthe degraded membranes to characterize chemical,
morphological and mechanical changes after chemical degradation. Their comparative study
particularly demonstrated that both led to a significantmib@ degradation of Nafidh
membranesthe authorobserved similar (and significant) weight loss over the testing period
and similar evolution of the average molecular weight regardless of the degradation method.
Although the analysis of the chemicalustiure did not permit them to distinguish between the

two methods, they nevertheless detected considerable differences in the morphological changes
of the samples. Indeed, degradatioa the solution method led to the formation of many
defects, both on thsurface and in thickness, to the point of splitting the membrane in two. On
the other hand, the membrane degrada@éxchange method remained unbroken with only the
formation of minor defects. Moreover,>Nrossover measurements also revealed that this
difference led to distinct cell performances. For instance, a significant crossover rate was
measured for membranes degraded by the solution method, due to the presence of large holes
penetrating to the center of the membrane, while only a negligibleovsyssate was observed

in the case of the exchange method.

%RWK VROXWLRQ DQG H[FKDQJH PHWKRGV RI WKH ) HQWRQ
as acceleratedxsitu aging protocols but the protocols and/or operating conditions are not
always precisely described, which can make difficult the comparisovebe the different
studied4,9,11,1727]. In addition,D ODUJH YDULHW\ RI )HQWRQTfVUHDJHQ
hydrogen peroxid¢3 =30%) and catalyst conogrations(3 £6000ppm) twhich shows
different effects on PFSA membranes and makes difficult to choose the optimal concentrations
to be used. Fortunately, the recent worlEgnschet al.[28] provided a better understanding
RI WKH HIIHFW RI )HQWRQYV UHDJHQW FR QifstgénaratienW LR Q V
Nafion® 115 membranes. Firstly, they highligitt the high dependence of fluoride emissions

on iron and hydrogen peroxide concentratigfigyre 31).
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Chapterll +t$FFHOHUDWHG FKHPLFDO GHJUDGDWLRQ RI 3)6% PHPEUDC

Figure 3.1 +Fluoride concentration over time for all experiments performed by Fretsdf28]. The legend
refers to the initial concentrations as {f£H .O,], where BL = baseline test.

More precisely, they showed the existence of various trends depending on the initial
concentrations of hydrogen peroxide and ferrous ions:

x The fluoride emissionwere negligible when the membrane was exposed to a diluted
solution containing only ferrous ions pm),

x The membrane exposure to only hydrogen peroxide solutn¥3) led to significant
fluoride emissions,

x The addition of a small amount of ferroussao hydrogen peroxide solution induced

a considerable increase of fluoride emissions.

The authors thus confirmed that hydrogen peroxide acts as a necessary precursor to form
free radicals and that iron ions only play the role of catalyst in the reathisnconclusion has
already been drawn byommuraet al.[29] who demonstrated that membrane degradation can

occur with a gaseous hydrogen peroxide exposure alon¢hasdhat ferrous ions are not

necessary to initiate the degradation. AdditiongHigure 31|shows that for a runtime of 48

hours, for example, theradual increase of #, concentration at a fixed Feconcentration
induces a gradual increase of fluoride emissions with the exception ofwa%80H.O>
concentration for which fluoride emissions decrease. When fiedcentration is gradually
increagd from O to 1pm while BO. concentration is kept constant, fluoride emissions

regularly increase before declining for the high*fe@ncentration of 20 ppm.

Following the work undertaken by Frensathal, we performed a similar study targeting the

second generation membranes NaffoL and NR211. In that respect, axsitu aging
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1. 6WDWH RI WKH DUW FKHPLFDO GHJUDGDWLRQ RI 3)6% PHE

SURWRFRO EDVHG RQ WKH )HQWRQYY UHDFWLRQ ZDV GHYH
WKH HIIHFWV RI JHQWRQYV UHDJHQW FRQFHQWUDWLRQV F
determining the concentratRQ Rl JHQWRQYYV UHDJHQWY OHDGLQJ WR Wtk
+and thus membrane degradati@without inducing extreme morphological changes such as
delamination and/or formation of bubbles as observed by several a{#fit8,25,30,31]

Indeed these phenomena have not been observed on memboaré least reportedduring

or dter fuel cell operation.

2. Description of the aging and cleaning protocols

This experimental study was carried out on two commercial PFSA membranes purchased
from lon Power in the protonated form *(i4 Nafion® XL and Nafion® NR211. Both
membranes are baset chemically stabilized copolymer of tetrafluoroethylene (TFE) and
perfluoro(4methyt3,6-dioxa 7-octenel-sulfonyl fluoride) [32], have similar ion exchange
capacities (IEC)+0.92meq.g for XL and 0.98meq.g' for NR211 +and similar nominal
thickness +27.5um versus 25.im. Nafion® NR211 is unreinforced while NafidhXL
containsan additional microporous PTFieh layer. Moreover, the NafidhXL membrane

also containgadical scaengersable to mitigate radical attacks of the polyri&s 86]. As

explained in chapter | (8.3.2.9, radical scavengerst also called hydrogen peroxide

decomposition catalyst (HPDC) ohemical stabilizerstaim at deactivating highly reactive
oxygen species such as free radicals {HIDO) before they react with the polymer chains.
Moreover, Stewart et al. analyzed commercial Nafiéh XL membrane using Xay

fluorescence spectroscopy and estimated its cerium content at 6.92uf/@hé[35].
2.1Sample pretreatment

Prior to each utilization, the commercial membrane samples were pretreated according to a
protocol close to the one establishedXy et al.[37]. The samples were first boiled one hour
in a 3wt.% hydrogen peroxidsolution and rinsed thoroughly with distilled water to eliminate
any organic impurities. They were then soakedan®@utes at room temperature in nitric acid
(L0 mol.L™Y), rinsed again with distilled water and boiled one hour in deionized water. To ensure
acomplete substitution of the ionomer active sites, the samples were boiled one hour in sulfuric
acid (1 mol.LY) and one hour again in distilled water. Finally, they were drieda2ds in an
oven at 60C.

22.$3JLQJ SURWRFRO EDVHG R Cratih@dohgi@fisy UHDFWLRQ DQG
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When PFSA membranes are immersed in an aqueous solution, they are deformed and can
roll up on themselves, which can lead to an inhomogeneous surface exposition to the solution.
To keep the membrane as flat as possible while soakedsplthi@n, a specific polycarbonate
frame similar to that developed IBhassemzadett al.[38] was designed. Holes were made
in each corner of the samples before inserting thetween both symmetrical parts of the
frame. These hafirames were then held together with nylon screws. In this way, the membrane
surface was kept flat and accessible during the whole duration of the experiment. Nylon and
polycarbonate parts are not sealg degraded by hydrogen peroxide and will not interfere with
the chemical degradation of PFSA. The membrane dimensions were conditioned by those of
the polycarbonate frame and were thus cut into Gcm@dsamples before being fixed to the
frame. These diensions also correspond to those of the single cell utilized to carry out

performance tests of the degraded membranes. The single cell and test protocols will be fully

described irg|2.3of chapter V dedicated to the effects of conjoint chemical and mechanical
stress on PFSA membrandhe setup for thexsitu DJLQJ SURWRFRO EDVHG RQ

reaction and a photograph of the polycarbonate frametawn ifFigure 3.2

Figure 3.2 +(a) schematic representation of thesitu chemical degradation setup andgbdtograph of the
polycarbonate frame holding a membrane sample

A 50mg.L? stock solution of ferrous ions was first prepared from iron glijfate
heptahydratealt(FeSQ.7H.0) and a few drops of concentrated nitric acid were added to lower
the pH belav 3 before the addition of hydrogen peroxide. Indeed, ferrous ions are not stable in
solution but naturally and rapidly oxidized to ferric ion$*Reith oxygen in the air. Various
Fenton solutions were prepared from this acidified ferrous ion stock molaind the

appropriate volume of a 3®1.% hydrogen peroxide solution. The Fenton solution was added
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2. Description of the aging and cleaning protocols

to a beaker and heated to®thanks to a silicon oil bath kept at a constant temperature during
the whole duration of the experiment. Finally, the pahponate frame containing the
membrane was immersed into the Fenton solution. A watch glass was put at the top of the
beaker to limit the evaporation of water. Each experiment was performed under magnetic

stirring and for an exposure time to free radicdlapproximately 24ours. It is important to

notice here that the experiment @#able 3.3 with high concentrations of both ferrous ions and

hydrogen peroxide lasted for onlyn@nutes instead of 2dours because of difficulty in setting

XS WKH H[SHULPHQW $V )HQWRQYV UHDFWLRQ LV H[RWKHU
bubbling of he solution that became unstoppable when the temperature exceé@ed\tten

the polycarbonate frame containing the membrane was immersed into the solution, the bubbling

was such that provokedits partially overflow.

As mentioned earlier, Frensehal [28| UHFHQWO\ LQYHVWLJDWHG WKH HIIF
concentration on chemical degradation of first egation Nafiorff N115 membranes. The
present study being focused on second generation Nafimmbranes, it was necessary to
FRQGXFW D VLPLODU DSSURDFK RQ ERWK 15 DQG ;/ PHPE
concentrations as reported in|fhable 3.1

Table 31 tExperimental matrix forthee¥ LWX GHJUDGDWLRQ WHVWY EDVHG RQ J)HQWRQ

Experiment # Fe?* concentration (ppm) H20. concentration (vol.%

1 44 0.2
2 44 3
3 44 20
4 1 0.2
5 1 3
6 4 20

Experiments #1, #2 and #3 corresponded to a high concentration of ferrous ippsnj44
and varying hydrogen peroxide concentratiqis2, 3 and 2®o0l.%). This high iron
concentration was based on the assumption that an important amount of catalykiwetl a
to generate high quantity of free radicals in order to reach high chemical degradations. In the
case of experiments #4, #5 and #6, only traces of ferrous ions (dpon)Awere used and the
hydrogen peroxide concentrations were varied in the saop®gions than with experiments
#1, #2 and #3. The experiment #Wvith 1 ppm Fé* and 3vol.% H,0, *corresponded to the
optimal conditions leading to the highest fluoride emission rate determinEcehgchet al.
[28].

2.3Cleaning of aged samples
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As seen earlier (82 WKH HQWRQYV UHDFWLRQ LPSOLHY WKH SU
and Fé") able to interact with the membrane. During the degradation protocols, some

membrane samples, initially translucent and colorless, became opaque and airajdy
because of the adsorption of iron cations. These impurities can lead to chemicalestructur
changes through crosslinking effect and to the alteration of water sorption and diffusion
properties. Indeed, ferrous and ferric ions have a greater affinity for sulfonate ions than protons
[39]. Moreover, for high ferrous ion concentratiog ppearance of brick red precipitate was
observed. The formation of this precipitate may be explained by the reactions involved in the
DJLQJ SURWRFRO )HKoNHR @fatibhHbDfrkid¢ ioR B¢ tiaHdarGprecipitate

as ferric hydroxide K®H)s. As the pH was not monitored during the experiments, it was
possible that the addition of hydrogen peroxide caused the basification of the Fenton solution
and thus provoked the ferric hydroxide formation. The orange color of degraded membranes
might be explained by the deposition of ferric hydroxide on the surface or even within the
membrane. That is the reason why the aged membranes had to be systematically depolluted

prior to any analysis.
Thecleaninprotocol consists in two stages: depollutiod agacidification.

x The depollutiorstepis close to that described BbjacMillan et al. [40]. It consists in
soaking the aged membranes in ®10nol.L? EDTA-Na& solution at room
temperature overnight and thoroughly rinsing them with distilled water.

x The reacidification step is close to thegbocol established bYu et al.[41]: the aged
membranes were boiled two hours in mdl.L* nitric acid (HNQ) solution at 80C
for complete reacidification before being washed in distilled water af@Qduring

two hours to remove all excess of nitric acid and residual contaminants.

Finally, the aged samples were dried six hours in an oven 4.60@ore details on the
cleaning protocol and the identification of the cationic contamination in aged N&fion
membranes are given irﬁ)f appendix A.

3. (IlHFW Rl )HQWRQTV UHDJHQW FRQFHQWUDWLR(

PFSA membranes

7KH HIIHFWV Rl )HQWRQYV UHDJHQW FRQRAQNR2IDWLRQV
membranes were analyzed following two steps: the degraded membranes were first examined

at a macroscopic scale to detect potential changes in the morphology while the remaining
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Fenton solutions were analyzed thanks to a fluoridesedective edctrode to evaluate the

chemical degradation.
3.1Macroscopic morphology evolution of aged membranes

After the experiment and after the cleaning protocol describe@ ghe analysis of the

degraded membranes to the naked eye permitted to give a first assessment on the impact of
JHQWRQYTV UHDJHQW FRQFHQWUDWLRQV RQ WKH 3)6% PHPEL

The morphology of PFSA membranes can be strongly affeced) MQWRQTV UHDJH
concentration and more particularly by high hydrogen peroxide concentration (around 20
30vol.%)[17,18] For instanceMu et al.[18] showed that a high concentration o4 +with
and without ferrous iongentails the appearance of numerous cracks and holes. In our case,
the naked eye examination of aged membranes confirms these morphological evolutions: many

bubbks appear on the whole surface with both XL and NR211 membranes whepChe H

concentrations is the highest (281.%)|Figure 33|shows pictures of piisme and aged XL and
15 PHPEUDQHV IRU YDULRXV )HQWRQYVY UHDJHQWYV FRQFH

Figure 3.3 Comparison of (a) XL and (b) NR211 macroscopic morphologies after exposure to the different
JHQWRQTY UHDJHQW FRQFHQWUDWLRQV

In the case of experiment #6 (i.e. low Fend high HO. concentrations), morphology
evolutions differ significantly between the two membranes: bubbles with various diameters
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ranging from micrometers to millimeters appear on the N&figh surface while only tig
bubbles in the micrometer range locally appear on NR211. The analysis of the two aged samples

is compared to pristine membrangHigure 34

Figure 34 *Macroscopic changes after experiment #6 conducted with a highddncentration (200l.%)
and low Fé* concentration (4pm) for NafiorfE XL, (a) without magnification and (b) with 8x magnification, as
well as with Ndion ENR211, (c) without magnification and (d) with 35x magnification.

Many publications report morphological changes at the surface and in the thickness of the
membrane when exposed to Fenton solution with higfO,Hconcentration [17 £
19,25,30,31,42] More particularly, SEM images of the surface and esession of
unreinforced Nafio PHPEUDQHY UHYHDOHG WKH SUHVHQFH RI VH’
reagents treatment with the appearance of many bubbles, bumps and tears evoleragkato
and pinholes, up to the rupture of the membrane into two pieces or more. More recently, Shi
and his coworkers performesksitu chemical degradation.¢. ) HQWRQfV UHDFWLRQ
Nafion® XL and NR212 membranes and observed the appearance of many bubbles at the
surface and in the crosgction of chemicaligegraded NR211 membrane while bubbles are
formed only in the outer ionomer layers in the case of degraded XL menjd348] The
JHOQWRQYTV UHDJHQW df &QuE 22@Wo) DAY danld QApprE of teHous ions. In
FRQFOXVLR @acjishhwRighigh ¥O. concentration entails an important chemical
degradation of PFSA membranes but also significant morphological changes of both reinforced
and norreinforced membranes. Nevertheless, it is important to note that to the best of o
NQRZOHGJH VXFK PRUSKRORJLFDO FKDQJHV KDYH QRW EHF

cells. Indeed, the consequences of membrane degradation during fuel cell operation are
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described as a membrane thinning resulting from chemical attacks pdlymeer, as well as
pinholes/craks formation and propagation due to the mechanical constraints exerted by the
flow field plates[10,11,44,45] Furthermoe, the HO. concentration in a fuel cell is estimated

to be between 0.4nd 1.6mmol.L, depending on the membrane thickness and on the side
where it is formed (anode or cathodé® #48]. The concentration used het&and in similar
studies +to accelerate the degradation rate.6.5mol.L™* or 20vol.%) is therefore 3 to 4
orders of magnitude higher. And it must be kept in mind that the mimgibal changes
observed in this case could imply different degradation mechanisms or pathways than those
involved during fuel cell operation. In these regards, higlb.Honcentrations cannot be
considered as the most adapted or representative.

We have sen here that significant morphology evolutions can occurred when the hydrogen
peroxide concentration is high, regardless of the ferrous ion concentration. The Fenton solutions
are then analyzed to estimate the PFSA decomposition by determining the ferorgseon
UDWH DQG WKH LPSDFW RI )HQWRQYV UHDJHQW FRQFHQWUL

3.2Fenton solutions analysis: quantification of the chemical degradation

The water produced during fuel cell operation as well as the Fenton solutions ahg usu
analyzed to evaluate the concentration of the degradation products and the impact of chemical
degradation on PFSA membranfgsll]. Fluoride ions, coming from the prodigt of
hydrofluoric acid (HF) during the PFSA decomposition, are the best known degradation
products and the most commonly monitof&d,18,2022,24] Fluoride emission rates (FER)
is believed to be a good indicatafrthe chemical degradation rate of the PFSA membrane and
can be quickly and precisely determined using arselactive electrode (ISE).

Figure 3.3summnarizes the fluoride emission rate determined for the different experiments
DV D IXQFWLRQ RI WKH TIHUURXYV LRQ DQG WKH K\GURJHQ SH

is expressed as the total amount of fluoride ions released by the membrane stamplepect

to its dry weight.
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Figure 35 *Fluoride emission rate for NafiéhXL (in blue circle) and NR211 (in orange circle) membrane
VDPSOHV DV D IXQFWLRQ Rl )HQWRQYV UHDJHQWY FRQFHQWUDWLRQ
baseline conditions determined by Frenethl[28]: 1 ppm Fé*and3 vol.% HO..

As a first step, NR211 and XL membranes are soaked inah% hydrogen peroxide
solution to establish a referencedefgradation rate in the absence of iron ions. Amegjigible
fluoride emission rate of 1{1g/gnafion/h for both membranes is measured. In the case of
JHQWRQYTV VROXWLRQ Ri\alRE]VthelFER @Bveals a bighQiwdetice on
reagents concentration as it significantly increases with the hydrogen peroxide concentration,
regardless of ferrous ion concentration. Indeed, the fluoride emission rate is divided by 27 in
the case of NR211 and divided by 9 in the case of XLmnthe ferrous ion concentration is
increased from ppm to 44ppm, while keeping the 3. concentration constaat 0.2 vol.%.
However, increasing the ferrous ion concentration leads to a higher FER with tb&%20
H20:2 solution only. It is important toemind here that experiment #3 lasted oniyiButes
instead of 24ours in all the other cases and was not performed & 8lie to the excessive
bubbling of the solution that occurred when the membrane was immersed and which became
impossible to controfor a temperature exceeding 0. Interestingly, NR211 membranes

always seemed to be more affected than XL membranes, with a FER 2 to 8 times higher.

$ KLIJK DPRXQW RI IHUURXV LRQV LQ WKH VROXWLRQ GRHYV
reaction[49,50], probably because glarasiticreactions such as the oxidation of iron (Il) by
the hydroxyl radical (HO:
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(A~ E*1 \ (APE*17 (3.4)

In addition to the consumption of hydroxyl radicals by such reactions, the low reaction rate
RI LURQ ,, UHIJHQHUDWLRQ OLPLWV WKH R[LGL]JLQJ SRZHU

the membrane degradation.

The stability of Nafioffmembranes agaid K\GURJHQ SHUR[LGH DQG )HQW
already been discussed in the literatur&byumotoet al.[27]. Their work demonstrated that
the presence of ferrous ion as counter ions enhanced significantly the decomposition rate of
Nafion®membranes in comparison with protonated ofksese results support the assumption
already presented in thedrature that kD> acts as a necessary precursor to induce chemical

degradation while iron ions act as a cata]28t29].

%DVHG RQ WKHVH UHVXOWY )HQWRQTV UH bhiRcéhtr&&iéh VHHPV
and high hydrogen peroxide concentration\{80%) as performed in experiment #6. Indeed,
the fluoride emissions are the highest for both membranes in these conditions. However, as seen
in 83.1, the membrane morphology is strongly affectedWWKH FRQFHQWUDWLRQ R
reagents. In the case of experiments #6, the appearance of many bubbles for both XL and
NR211 membranes correlates well with the high fluoride emissions measured. Furthermore, the
fluoride emissions are also significant foxperiment #5, corresponding to an iron
concentration of ppm and a hydrogen peroxide concentration obl®6, but degraded
membranes presented no morphological evolution to the naked eye. Consequently,
UHSURGXFLELOLW\ WHVWYV KRSWLEHHDH 5RQ RUWPLHREDI&Q HYEH V

3.1) being repeated three times, to confirm the initial observation.

4. Conclusions

The resultsK LJKOLJKW D KLJK GHSHQGHQFH RI WKH PHPEUDQ
reagents concentration, both from a chemical and a morphological points of view. Analysis of
the degraded PFSA membranes to the naked eye permitted to rapidly evaluate the impact of
FEQWRQYfV UHDJHQWY FRQFHQWUDWLRQ RQ WKH PRUSKROF
peroxide concentration generates severe macroscopic morphology evolutions, regardless of the
iron concentration, for both XL and NR211 membranes with the appearance efomsm
bubbles. No significant morphology evolution was observed for low®p Ebncentration (0.2

and 3vol.%).
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Fluoride emission rate measurements thanks to asdlactive electrode permitted to
HVWLPDWH PRUH DFFXUDWHO\ Wdatentr&iGDoR RFFAIMeRIANER.Q TV U
First, the results confirm that the use of a small amount?igeequired to catalyze efficiently
the decomposition reaction of€: into free radicals and to ensure a significant membrane
degradation. A high concentiat of F&*, as shown in this work and as observed in the
literature, does not induce higher degradaton.the other hand, #. concentrations must
also be kept rather low (i.e.v®1.% in our case) so that the condition can be considered as
representatie of those occurring during fuel cell operation. Indeed, i@ ldoncentration in
D IXHO FHOO LV PRVW SUREDEO\ VHYHUDO RUGHUV RI PDJ
reaction. In that respect, it seems necessary to keep@eacbhcentration suiciently high to
accelerate degradation mechanisms but not too high to avoid severe morphological changes of

membranes that are not assumed to occur during fuel cell operation.

Consequentlythe efficient chemical degradatioof PFSA membranewithout indwing
VLIQLILFDQW PRUSKRORJLFDO FKDQJHV LV REWDpp@HG ZLWI
Fe** and 3vol.% HO.. Therefore, these conditions are the most appropriate and will be used

for the following additional studies presented in this manuscript
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Chapter IV £Timeresolvedmonitoring of PFSAPHPEUDQH GHJUDGDWLRQ LQGXFHG E\

1. Introduction

7KH SUHYLRXV ZRUN SHUPLWWHG WR GHWHUPLQH WKH PF
reagents producing a degradation believed to be more representative to that occurring during
fuel cell operation. It is now interesting to study the evolution of éksitu chemical
GHIJUDGDWLRQ LQGXFHG E\ )HQWRQYYVY UHDFWLRQ RYHU WKH
understand the impact of the chemical degradation on the structure and the functional properties
of Nafion® membranes. In that respect, the cheidegradation of both XL and NR211
membranes was monitored as a function of the exposure time using several indicators such as
fluoride emissions and chemical structaex®lution,observed byATR-FTIR spectroscopy. At
the end of the degradation proce$® impact of the chemical degradation on water sorption
and transport properties was evaluated thanksedVS analyzer and the liquistate'H-NMR
spectroscopy. Furthermore, the comparison of results obtained for composite™Néfiaith
those of the on-reinforced NR211 permitted to provide new understandings on the contribution
of chemical and mechanical mitigation strategies against the chemical degradation. As
mentioned in of chapter 1lI, NafioE XL membrane contains radical scavengers based on
cerium species as well as a mechanieaiforcementbased on a microporous PTHBased

layer whereas NR211 one is neither chemically nor mechanreatifiprced.

2. Establishment of the timesolved monitoring oéxsitu chemical

degradation

Membrane samples were pretreated according to the protocol detai @iﬂf@hapter I
before being chemicayGHIUDGHG E\ H[SRVXUH WR WKH RSWLPDO )H(
previously determined,e. 1 ppm of ferrous ions and 3 vol.% of hydrogen peroxidethat

respect, identical setup than that describe§f chapter Il has been employed: membrane
samples were fixed in the polycarbonate fraamd fully immersed in the Fenton solution at

80°C and under magnetic stirring for several hours. The experiment lasted a total of 96 hours
and the Fenton solution was renewed with fresh reagents at times 0, 24, 36, 48, 60 and 72 hours.
Before each renewaFenton solutios werecollected and further analyzed using the-ion
selective electrode in order to evaluate the concentration of fluoride released by the membranes
as well as using liquidtate!®F-NMR spectroscopy to identify and quantify other degriadat
products. The membrane sample was then treated according to the cleaning pnuboeol

details in §2.3/of chapter Ill and of Appendix A)in order to eliminate any cationic

contaminant due to iron ions before being analyzed by FTIR spectroscopy. In addition,
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2. Establishment of the timmesolved monitoring of esitu chemical degradation

membrane sample was weighedtjafter the drying step of cleaning protocol and before the
FTIR spectroscopy analysis to assess the percent weight loss after chemical degradation. After
that, membrane was put back into a fresh Fenton solution to pursue the chemical degradation
except br the ending time,e. after 96 hours, wherde membrane was cleaned before being
analyzed to evaluatbe impact of degradation on membrdmectional properties tiough the

measurement of water sorption capacity and watexdg@lision coefficient.

3. CKHPLFDO VWUXFWXUH HYROXWLRQ DIWHU H[SR

3.1 ATR-FTIR spectroscopy

FTIR spectroscopy was performed with an ATR accessqguyoieeonly afew micrometers
close tathe surface of the XL membranes and thus exclude its BH&BEd reinforcement layer

from the analysigFigure 4.1a and 4.1blustrates the infrared spga of XL and NR211

membranes, respectively, as a function of the exposure time to the Fenton sbhdispectra
are focused in the range 148850 cmt, where the characteristic vibration modes of the PFSA
are visible. The vibration bands in this garhave been assigned in the literafir&] and five

characteristic vibration bands have been outlined as iIIustraEi@time 4.1ythe spectra are

normalized to the most intense band at 1144 associated to the asymmet@F stretching

mode). As described ifnB2of chapter Il, the homogeneity of the chemical structure over the

surface was verified by systematically performing at least three local measurements on both

sides of the samples (pristine or aged with different exposure. tlnrébgure 4.1a and 4.1b

only one of these local measurements is represetatithe probed areas having a very similar
evolution xand the resultshows that the IR spectra did not evolvieh the exposure time for
both XL and NR211 membranes. In order to simplify the reading, the relative intensities of the

PFSA side chain stretching bands were averaged over the all range of probed areas as a functi

of exposure time to Fenton solutigfiqure 4.1¢. The average relative intensity of thefTL

and the SO stretching bands do not vary significantggardless of the type of membrane,

which confirms the absence of IR spectra evolution.
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Chapter IV £Timeresolvedmonitoring of PFSAPHPEUDQH GHJUDGDWLRQ LQGXFHG E\

Figure 4.1 #IR spectra (a) of XL and (b) NR211 membranes as a function of the exposure time to Fenton
solution and focused on PFSA absorption bands, (c) evolution of avetatieeintensity of the bands
associated to the PFSA side chain over exposure time for XINR211 membranes, (d) structure of the PFSA
repeat unit and attribution of PFSA sideain vibration bandgl £5].

The constant intensity ratio between the side chain and€Ctdgpredominantly irthe main
chain) vibration bands may result from two distinct behaviors: either there is no significant
chemical degradation occurring or the chemical degradation induces both side and main chains
decomposition in similar proportion: in this last case,rtbemalized intensity ratioss +, ,
may not change drastically. It has been shown in the literature that chemical degratfation
both in-situ and exsitu conditions +can follow this trend, with possibly an evolution of the
chemical structure of Nafi ©membranes that remains Rdatectable with FTIR or solid NMR
measurementf6 8]. For example, Kundet al. reported no apparent change in chemical
VWUXFWXUH E\ )7,5 DV ZHOO DV QR FKDQJH LQ ,(& DIWHU FKk
[6]. Nevertheless, they measured significant fluoride ion emissions and weight losses as well
as important morphology evolutions, with the appearance of numerous cracks and bubbles at
the membrane surface, evidencing the presence of significant ehedegradation.

Furthermore, the constant intensity ratio betw«@s" (side chain fragment) an@F (mostly
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3. 4KHPLFDO VWUXFWXUH HYROXWLRQ DIWHU F

main chain fragment) vibration bands also suggests that the IEC does not evolve after exposure
WR J)HQWRQYV UHDJHEWMR dpatrdscoqylin the feliGwibg.

3.2 Solid-state’>F-NMR spectroscopy

Although ATR-FTIR spectroscopy only permits to analyze the ionomer surface (on a few
um depth), it is believed to be quite representative of the overall PFSA structure since the
membrane thicknesss in the range 280 pm and degradations are expected to be
homogeneous. Nevertheless, to confirm observations made byFATHRand to quantify the
IEC, the overall chemical structure of degraded XL and NR211 membranes has been analyzed

by solid-state!®F-NMR spectroscopy.

Figure 42|illustrates the spectra of pristine and degraded N&membranes as well as the

experimental IEC determined from these spectra. The resonance peaks off\afierbeen
identified and attributed thanks to the work of Chen and Schrotit[9]. CR groups of the
Nafion©backbone is attributed to the resonancel 48 ppmby analogy with the NMR signal

of PTFE while the CF group located at the junction between the backbone and the side chain
gives rise to a peak @35 ppm. The side chains signals appear@ppm for the Cfand Ck

groups close to ether linkages,-&40 ppm and arounel13 ppm for the CF and Glgroups

close to the sulfonic sites, respectively.

Figure 4.2 +°F MAS NMR spectra and resonance peak assignment of NBXibrand NR211 membranes
before and after chemical degradatidhe resonance peaks with an asterisk designate spinning sidebands. The
inset illustrates experimental IEC deduced from spectra in comparison with literature[t8la&$
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Chapter IV £Timeresolvedmonitoring of PFSAPHPEUDQH GHJUDGDWLRQ LQGXFHG E\

As shown ir{Figure 42| the intensity of side chain resonance peaks does not significantly
YDU\ DIWHU KRXUV RI )HQWRQYYV UHDJHQWYV H[SRVXUH IF
observations made by AFRTIR.

Furthermore, the integral of each resonance peaksociated t@ specific fluorinated
fragment of the polymer structurgis proportional to the number of fluorine atoms in this
fragment. This makes it possible to evaluate the IEC through a theoretical relationship between
the IEC and the ratio of the signal integad76 ppm (.. 552), to those at114 and-118 ppm
(555942554552 The IEC is related to this ratio through the number of moles of

tetrafluoroethylene (TFE) per moles of comonomer unit, according to the following equation:

prog STIT st srrr
O TSIIEL T Y thesmarssaaap o (4.1)
v h.:aaa

where/ designates the molecular weight of vinyl ether monomer, equals to 444'gTheke

peaks were chosen because they are the most intense and best resolved, and the relationship has
been validated by previous studies investigating the IEC evolution aém&afhembranes by
solic-state!>F-NMR spectroscopyl1,12]

For reinforcedL membrane, the IEC determined from tfi&-NMR spectra is impacted by
WKH SUHVHQFH RI WKH 37)( PLFURSRURXVYV OD\HU ,Q WKDW
(& ,{&o distinguish from the value measured in the case of unreinforced PFSA
membanes. Althoughi®F-NMR does not permit to assess directly the IEC of only the PFSA
part of composite membranes, the evolution of JECsufficient to evaluate the effect of
chemical degradation since the PTFE microporous layer is believed to have ehgoodat
stability against radical attacks.

In this work, the IEC of the NR211 and the &f XL membranes measured before
degradation are in good agreementhwthie supplier datasheet and literature va[d@sl1]
After 96 hours of exposure, neither the [T the XL membrane nor the IEC of the NR211
membrane seemed to have changed significantly. This is consistent with the trend observed by
ATR-FTIR spectroscopy stating that the main and side chafn®lafion® membranes
decompose in equal proportion. Other indicators are thus needed to confirm the degradation of

both membranes.

4. Quantification of the chemical degradation
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4. Quantification of the chemical degradation

4.1Weight loss and fluoride emissions

Weight loss is often considered as one of thiengry indicators of PFSA chemical
decompositio@ shows the weight loss of both membranes as a function of time. The
ORVV LV VLIJQLILFDQW DQG VHHPV PRUH SURQRXQFHG IRU 1
exposure, the weight loss isaifout 2% of the initial dry weight for XL membranes and around

10% for NR211. The presence of a PTFE reinforcement layer in the XL membrane probably
helped to mitigate the weight loss thanks to a better mechanical sfrEB\d#. Indeed, NR211
appeared more fragile than XL during the visual inspections carried out before each renewal of
the solutions. Finally, it must be noted that an unquantifiable fraction of the weight loss may be
due to the numerous disassembly asmssembly of the polycarbonate frames containing the
membranes during the peséatment process. Nonetheless, both membranes being subjected

to the same protocol, this is not the only cause of their different behavior.

Figure 4.3 tEvolution of (a) percent weight loss and (b) cumulative fluoride emissions of NR211 and XL
membranes as a function of exposure time.

Analysis of Fenton solutions after degradation, as well as the water produced during fuel cel
operation, is an efficient way to evaluate the membrane degradation through the detection of
degradation products. Among them, fluoride ions, relatéuetproduction of hydrofluoric acid
(HF) due to radical attacks of the polymer, are believed toreéable and easm-measure

indicator of PFSA decompositidf,1520].[Figure 43[{shows significant and regular fluoride
emission rates about 143.7 pughgfion’h for NR211 and 102.4 pgigion/h for XL (i.e. after 96
hours: 12.5 mg Fgnation for NR211 and 9.1 mg Fnafion for NafionEXL). Such a tendency of

the emissions to remain quite constant with time has already been highlighted by several authors

[6,1518]. These results clearly demonstrate the effectiveness of the degradation process by
JHQWRQTYVY UHDFWLRQ HYHQ WKRXJK QR FKHPLFDO VWUXFW
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Chapter IV £Timeresolvedmonitoring of PFSAPHPEUDQH GHJUDGDWLRQ LQGXFHG E\

forward. Furthermore, the degraded NR211 membrane seems more impactédeetKL. It is
also important to notice that the presence of other molecules in the solution cannot be excluded,

as it will be seen in the next section.
4.2 Liquid-state!®F NMR spectroscopy

To pursue the identification and monitoring of the degradationugtedreleased by the

membranes over exposure time, a deeper investigation of the Fenton solutions was carried out

using liquidstate!®F-NMR spectroscopjfFigure 44|shows the spectra of the Fenton solutions

collected between 0 and 24 hours (solution #1), between 24 and 36 hours (solution #2), between
72 and 96 hours (solution #6). They present various sharp resonance peaks corresponding to
several fluomated species. For example, three compounds can be identified in the solution #1
DIWHU KRXUV RI )HQW R4 HDIHQWYV H[SRVXUH

X The peak at75.5 ppm is identified as the trifluoroacetic acid (TFA) mole¢2de22],

X The peak atl61 ppm can be attributed to fluoride ions, for which the chemical shift
is known to depend on the concentration and/or the coiort¢?3 25],

x A set of resonance peaks-80.0 ppm;80.4 ppm-82.3 ppm;82.9 ppm-83.3 ppm,
-118.0 ppm and126.3 ppm, has been assigned in the literaturing perfluoro(3

oxapentanel-sulfonic-4-carboxylic diacid16,26]

For clarity, the perfluoro@xapentane}l-sulfonic4-carboxylic diacid will be thereafter
GHQRPLQDWHG DV 3SURGXFW $° W LV LPSRUWDQW WR QR

Figure 44|by the symbol (*), are not yet attributed to specific fluorinated compounds. Some

unidentified degradation products are therefore present in solution.

Figure 44 *+®F-NMR spectra ofenton solutions collecteafter 24, 36 and 96 hours @) XL membrane and
(b) NR211 membrandd[SRVXUH WR J)HQWRQYMV UHDJHQWY 7KH LQVHW LOOXVWU
and the attribution ots$ resonance peaks. The resonance peaks with an asterisk designate unidentified
molecules.
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4. Quantification of the chemical degradation

In the literature, analyses of water effluents during fuel cell operation as well as Fenton
solutions afteexsitu degradation permitted to clearly identify the qguwot A[16,2628] and
the trifluoroacetic acid (TFAJ28,29] as degradation products of PFSA membranes. More
particularly, product Aasa chemical structure deriving from that of the PFSA-sial@n. This
compound has also been identifiedtlas main degradation produsf PFSA membranes
both in-situ (fuel cell operation) andexsitu )HQWRQYIV UHDFWLRQ DJLQJ
demonstrating that thexsitu degradatiorvia WKH JHQWRQTV UHDFWLRQ UHSOLI
the mechanisms involved in fuel cell operatjib@]. Furthermore, product A is released by both
XL and NR211 membranes all along tllegradation process which suggests that the
degradation mechanism is similar whether the membrane is reinforced or not and that the

mechanism seems to remain unchanged throughout the testing period.

Similarly to fluoride ions, the emissions of product Adal FA have been monitored over
time thanks to quantitative NMR measurements. The concentrations of product A and TFA

were measured after each solution renewal and compared to that of fluorideRansev.%

Although the quantification of fluoride emissions is also possiblEBNMR spectroscopy,
measurementsia the ionselective electrode is more accurate since NMR measurements
required the evapation of water solvent in Fenton solutions, a step during which molecules
having a boiling temperature as low as hydrofluoric acid (1@)5may easily evaporate too.
Indeed, the analysis of Fenton solutions before and after the evaporation step have been carried
out and confirmed that fluoride ions concentrations determined by quantitative NMR are
significantly lower than those measuned the ionselective electrode.
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Chapter IV £Timeresolvedmonitoring of PFSAPHPEUDQH GHJUDGDWLRQ LQGXFHG E\

Figure 45 +Evolution of the emissions of the degradation products as a function of exposure time for (a) XL
and (b) NR211 membranes. The fluoride emissions were evaluated thanks tegblkeadire electrode while
the emissions of Product A and TFA were estimated by NMR.

Although the emissions of both fluoride and product A vary during the whole testing period,
degradation products are released in the same order of magnitude for both membranes. It
be also noted that degradation product emissions seem slightly higher for NR211 than XL

membrane.

4.3 Correlation between weight loss and emissions of degradation products

Table 4.1summarizes the total amounts of degradation products emitted in solution in

comparison with the weight loss. In the case of the XL membrane, the sum of the emissions
reveals that 11.89 mg of degradation products per gradnyoNafion® have been released
during the process. This accounts for about 56% of the global 20.&amglgeight loss. In

the case of NR211, a total amount of 17.11 mg of degradation products per gram of dr§FNafion
have been detected, which only reprgs 15 wt.% of the total weight loss. As mentioned
earlier, an unknown but significant fraction of the weight loss may be due to the multiple
disassembly/reassemblies involved in the degradation protocol, more specifically in the case of

the unreinforcedNR211 membrane.
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4. Quantification of the chemical degradation

Table 41 tWeight loss analysis of PFSA membranes after 96 hours of chemical degradation.

Material loss Fluoride ion Product A

TFA /Ot
(mg/g\lafion) (mg/g\lafion) (mg/g\lafion) (mg g\lafon)
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 identified (de&a&dFigure 44) and/or

may have evaporated during the degradation process, the systggmbeiperfectly sealed.

One must note that fluoride ions, which are present as hydrofluoric acid in acidic media, as well
as other small molecules like TFA (its boiling temperature being 72°C) could evaporate upon
degradation process taking place at 8@ally, nonfluorinated molecules such as sulfate

5 17 or hydrogen sulfate 5 15 ions can also be released by the membranes in solution during
the degradation procegks,2831).

5. Impact of the degradation on PFSA membranes functional properties
5.1Water sorptiorcapacity in aged membranes

The water sorption property of PFSA membranes is strongly related to their microstructure
and iorexchange capacity (IEC). The sigmoidal shape of the sorption isotherm is a result of
the specific twephase separated morphologytloe membrane in which hydrophilic sulfonic
sites, hydrophobic phase and water molecules coexist. Water sorption in Kiafigenerally
associated to three distinct sorption mechanisms: the dissociation of the sulfonic groups at low
water activity =5, the adsorption of water molecules and the growth of hydrophilic domains for
intermediate hydration levels and the aggregation of water molecules with-likbulkehavior
at high water activities. The first adsorption mechanism, described by the Landsuarpt&on
model, characterizes the formation of the solvation shell where sulfonic groups form strong
hydrogen bonds with water molecules. For intermediate hydration levels, the adsorbed water
molecules are tightly bonded to the initial hydration shell taiedmechanism is controlled by
+HQU\fY ODZ WKLV VWHS FKDUDFWHUL]J]HVY WKH VROXELOLV
the weakly bonded water molecules aggregate when the water activity increases, which entails
a macroscopic swelling of the merahe in accordance with its mechanical properties. This
swelling conducts to the growth of the hydrophilic domains and their interconnection to form a
percolated network of water. In this respect, contribution of Langm¥gir DQ G +H®RU\ TV
sorptionmechanisms were obtained by fitting experimental data for water activjtiestween

0 and 0.6 according to the following equatj88,33}

Page [L35



Chapter IV £Timeresolvedmonitoring of PFSAPHPEUDQH GHJUDGDWLRQ LQGXFHG E\

| # 0% U=
< L BRE®RL ¢

— — — ® Eul= )
I SE$U:éE/0Ue (4.2)

where"’?él designates the water uptake (wt.%8)and B are two parameters describing the

Langmuir sorption mode an@ LV WKH +HQU\YV VROXELOLW\ FRQVWDUC
FROQWULEXWLRQ LV WKHQ GHGXFHG E\ VXEWUDFWLQJ WKH /

experimental data. The fitting parameters are listgchlvie 4.2

Table 42 +Fitting parameters of water sorption isotherm@ot ayater< 0.60.

Pristine XL Degraded XL Pristine NR211  Degraded NR211

membrane  membrane (96h) membrane membrane (96h)
Parameter )  1.81+0.16 1.27+0.11 2.25+0.13 1.50 + 0.15
Parameter B-)  21.40 +5.03  32.49+9.52 2565 + 4.30 29.60 +8.50
Parameter &) 5 g5, 55 7.22+0.19 9.58 + 0.21 8.49 + 0.28

+HQU\TV

Figure 46[shows the evolution of the sorption isotherms after chemical degradation as well

as their decomposition into the three mechanisms. The water content decreases slightly after
degradation in bbt cases: for XL membrane, this evolution can be attributed to a decrease of
WKH /DQJPXLU FRPSRQHQW DV ZHOOvVD¥S r thel@ixtirdDE&E +HQ U\ Y
membrane). This waterptake is nevertheless compensated by a better aggregation of water
molecules at high water activity. In the case of the NR211 membrane, similar trends are
REVHUYHG DW ORZ DQG LQWHUPHGLDWH ZDWHU DFWLYLWL

9.6 to 8.8, but no significant increase at high water activities.
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5. Impact of the degradation on PFSA membrane functional properties

Figure 46 tWater sorption isotherms (30°C) decomposed into three adsorption mechanisms of (a) XL and (b)
15 PHPEUDQHY DIWHU KRXUV RI )HQWRQMVY UHDJHQWY H[SRVXUH LC
measurements were pamed on the pristine XL in order to control the repeatability of the measurements and
of the pretreatment process. In the case of the degraded membranes, the initial samples were cut into two pieces
and the results of the two measurements were averaged.

5.2Water seldiffusion after chemical degradation

The water diffusion coefficient in PFSA membranes is commonly measured thanks to
PulsedField Gradient (PFG) NMR experiments. Before detailing these results, it is worth
noting that our previous study hasosm that the'H-NMR spectra of both pristine and aged
membranes exhibit two resonance peaks corresponding to two different water populations,
water molecules with different chemical environmghgy. Both thesavater populabns have
also been observed in the present study for both pristine and degraded membranes, whether
reinforced or not. One of the two resonance peaks is very intense and well resolved while the
other has a very low intensity and can be largely overlappédtiae main peak in certain
hydration conditions. This makes it difficult to follow the evolution of the small resonance peak.
For this reason, only the water sdiffusion coefficient of the most intense peak is considered

thereatfter.

Figure 4.7shows the evolution of the diffusion coefficient as a function of the water uptake

for the pristine and degraded membranes. Firstly, there is a noticeable dispersion in the case of
pristine membranes, which may highlight a consequential heterogeneitysimep state.
Furthermore, water setfiffusion coefficients of pristine XL and NR211 membranes are in
agreement with those reported in the literature for first generation Nafimmbrane$34 +

36].
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Figure 47 tWatersefGLIIXVLRQ FRHIILFLHQW HYROXWLRQ DIWHU KRXUV RI
function of water uptake in (a) XL and (b) NR211 membranes (sqsgredols) in comparison with pristine
membranes (circles).

$ KRXUV H[SRVXUH WR J)HQWRQYfV UHDJHQWY GRHV QRW
diffusion ccefficientvs.water activity plots: in the case of degraded XL, the wateidsifsion
coefficient is very close to the lower limit of values obtained for a pristine membrane. However,
the water selfliffusion coefficient of degraded NR211 seems sliglotlyer tharthat ofpristine
state, regardless of the water uptake.

6. Discussions

6.1.Comparison of PFSA membrane degradation with literature

Our multrtechniques investigation demonstrates that both reinforced XL and unreinforced
NR211 membranes experience nwyligible chemical decomposition with distinct
degradation levels. Several complementary indicators, such as weight loss, fluoride and product
A zperfluoro(3oxapentane}l-sulfonic4-carboxylic diacidtemissions provided evidences of
effective chemicablegradation of membranes as a result of radical attacks. However, ATR
FTIR and solidstate!®F-NMR analyses indicated that neither the chemical structure nor the
IEC/IECy varied. The PFSA membrane degradation mechanisms proposed in the literature
involve either radical attacks on both the main and side chains or polymer decomposition
starting from the side chains, propagating along the polymer structure, and possibly resulting
into the severing of the main chaif3s]. In the first case, the chemical degradation can occur
without impacting the structure of the polymer repeating unit and thus, does not entail the
evolution of the IR orf®F-NMR spectra, as observed in this work. Furthermore, the PFSA
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6. Discussions

degradation mechamiss result from the attack of hydroxyl (H@nd/or hydrogen (Biradicals

RQ YXOQHUDEOH VLWHV ZKLOH )HQWR Q TV3yHOHskeg®D RQO\ J
among the various degradation mechanisms implying thératiizal attack, the presence of
product A in our solutions can only be explained by the unzipping reactiBRr ®A backbone
propagating up to the junction with a side chain and thus leading to its entif@9¢33]
Although it has been demonstrated that chemically stabilized N&fieembranes present a
reduced number of reactive end groups, they are nevertheless not completely free of vulnerable
sites[15]. Moreover, it has been recently shown that although chemically stabilized fafion
membranes had lower fluoride emission rates than conventional ones, large fluorinated
molecules were still emitted in equivalent or somes higher proportion26,39] chemical
stabilization decreases the ionomer vulnerability against main chain radical attacks but does not
inhibit its chemical decompositionia unzipping reaction. Additionally, TFA molecules have

also been identified in Fenton solution and theyleare two origins:

wiathe radical attack of hydroxyl radical Hen the ether bond of PFSA side chain,
thus leading to the formation of TFA and HIF-CF-SO:H molecules according to
Chen and Fullej29],

»or through the decomposition of product A into TFA and HOCK-SO:H via
unzipping mechanism, as suggested by Xie and Ha@8#n

Since we did not observe significant IEC evolution, the chemical decomposition of PFSA
most probably occurred with proportional losses of backbone and side chain fragments in the
polymer repeating unit, meaning that PFSA backbone unzipping reaction predahzindtied
to the entire loss of side chain and thus the formation of product A.

The evolutions of water sorption capacity and waterdiéfifision coefficient showed that
neither the wateuptake behavior nor the water mobility in XL and NR211 membrameze
VLIQLILFDQWO\ DOWHUHG DIWHU KRXUV RI J)HQWRQTYfV U
degradation of XL and NR211 membranes was clearly evidenced, it remained probably quite
limited compared to what can occur after several thousand hours ofi@péandtiel cells: this
can explain the moderate impact on membranes functional properties. A direct comparison with
the literature is delicate because of the various operating conditions appiied HO>
concentration being comprised between 3 and 2M&ahat of the & catalyst between 3 and
6000 ppm % however, the fluoride emission rates we measured were small but realistic
[6,15,18] Recently, Shiet al. studied the mechanical properties of NaffoL and NR212
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PHPEUDQHY DIWHU H[SR YV X40H ThiRflydrid@ \WhisSidnvtatd HiR e Hay ey V

than ours, with more variations between unreinforced NR212 and reinforced XL membranes.
However, the authors performed their experiments in more severe conditiormithatheir
JHOQWRQYV UHDJHQWYV FRQFHQWUDWAhARIA ppd Yor RetroDsEX W
whereas we have only 3 v% ofo® and 1 ppm of F&. Indeed, it has been recently
GHPRQVWUDWHG WKDW WKH IOXRULGH H&genMstchmentridtioW H G H S
[41,42]) with systematically lower emission for reinforced XL membranes than their
unreirforced counterparts. Moreover, it has been shown that the use of high hydrogen peroxide
concentration conducts to severe morphological changes whick raest probably £ not
representative of fuel cell operating conditiqd4,42] Therefore, in the present work, the
PRGHUDWH FRQFHQWUDWLRQV RI )HQWRQYV UHDJHQWYV Ft

chemicaldegradation occurring during fuel cell operation.

6.2 Contribution of reinforcement layer and radical scavengers against chemical

degradation

The liquid-state!>F-NMR analysis demonstrated that the chemical degradation mechanisms
are similar for XL and NR211 embranes and that the emissions of degradation products are
slightly lower for reinforced XL than unreinforced NR211 membrane all along the degradation

process. When plotted as a function of the exposure time, the cumulative emissions of product

A and fluaide ions increase quite linearly, showing rather constant emissionFegese(43).
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Figure 4.8 Cumulativeemissions of degradation products, expressed ingrg/gs.exposure time for XL (in
blue) and NR211 (in red) membranes. Fluoride emissions (triangle symbols) were evaluated thanks-to the ion
selective electrode while the emissions of Product A (cirglesg estimated by quantitative NMR experiments.
TFA emissionsarenot represented due to their low concentrations. Dotted lines destigalteer/upper limits
of fluoride emissions whethe PTFElayer fraction in XL membrane is considered.

However, emisions of degradation products are expressed here in terms of Malipn
weight and the presence of a reinforcement layer in XL membrane is thus not considered. PTFE
being believed to have a greater chemical resistance against radical attacks thande&h, it
be argued that fluoride emissions only result from the degradation of the PFSA ionomer.
Moreover, PTFE containing onKCF groups, it cannot release product A. Consequently, the
fraction of PTFElayer must be considered in order to properly complaeeemissions of
degradation products of XL and NR211 membranes. Thanks tcamigle xray scattering
(WAXS) measurements, the PTFE fraction in pristine XL membrane has been evaluated around
21% [43,44] On the other hand, Skt al. [44] stated that Nafioff XL membrane should
contan 10% of PTFE, 7% to 90% of PFSA/TFE copolymer and up td® of proprietary
additive compounds. Considering those two values as maximum and minimum limits, the lower
and upper boundaries of the actual amount of degradation products emitted per gF8w of
can be calculated and pIotte@; When expressed in mgiga we can observe that
the emission of product A is consistently lower wKh membranes, indicating a lower

degradation rate than its unreinforced counterpart. The same trend can be observed with fluorine
emission, although the difference between XL and NR211 membranes is slightly less

pronounced. Considering the evolution of @missions of fluorine and product A, the PFSA
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in reinforced XL membranes seems more chemically stable than in NR211 membrane. The
better chemical durability of XL membrane could be assigned to the presence of the
reinforcement layer and/or the presenceasfumbased radical scavengers into the membrane.
Better mechanical properties of composite membranes have been indeed 3#¢3/€83 and

could explain, at least partially, theimforcement contribution in protecting or slowing down

the PFSA degradation by ensuring a better membrane integrity and thus preventing further
chemical decomposition. On the other hand, the introduction of cdrased radical
scavengers limits the radils concentration and thus the chemical degradation, as demonstrated
E\ '8 enhaRn the case of reinforced AquiviBiPFSA membrangd5]. The authorgndeed
showed that the introduction of SiGupported ceriuAbased radical scavengers into reinforced
Aquivion® membranes permitted to decrease by aroun@bc4be fluoride emission rate
comparatively to a membrane free of radical scavenger. On another nog&t,akmecently
reported fluoride emission rates more than three times higher for NR212 than XL membranes
and suggested that this discrepancy could be ascribed by the addition of radical scgA@ngers

To the besof our knowledge, no publication or commercial information have mentioned the
presence of radical scavengers in NR211 or NR212 membranes. Consequently, the presence of
radical scavengers in Nafi6hnXL membrane could also explain its better resistancénsiga
chemical attacks.

Finally, we recently studied the chemical degradation of reinforced PFSA membranes after
12860 hours [42] of fuel cell operation. The significant intensity decreased»#Cand SO
stretchig bands detected by ATRTIR spectroscopy indicated a partial loss of the PFSA side
chains as well as a significant IEC reduction. Additionally, a decrease of water sorption capacity
as well as a reduced water mobility have been observed and it has @pgested that this trend
could be partly due to the partial loss of sulfonic groups by side chain cleavages. Such results
are clearly different from those reported here followegsitu chemical stress tests, since
neither chemical structure evolution magnificant change of water uptake and water diffusion
was observed. This may indicate that the polymer decomposition caused by radical attacks
during short durationi.e. 96 vs.> 12000 hours)teven though the Fenton process employed
here is supposed mimic an accelerated degradatias not fully representative of the impact
of membrane degradation on water sorption and transport properties. Degradation occurring
during fuel cell operation is indeed believed to occur due to complex and interrelated
mechanical and chemical degradation mechanisms. Future studies of the impact of conjoint

chemical and mechanicaxsitu degradation modes on PFSA membrane structure and
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properties will probably help to complement our understandings of PFSA degradation

mechanisms and aging phenomena.

7. Conclusions

The impact ofexsitu FKHPLFDO GHJUDGDWLRQ LQGXFHG E\ )HQWR
and the water sorption and transport properties of composite NaXanmembrane was
explored and compared to that of unreiofat Nafioff NR211 membrane. Recent
investigations have been only focused on the impact of chemical degradation or the contribution
of reinforcement layer to the mechanical durability of XL membrane, but none of them have
studied its chemical stability. Thistudy aimed at providing some understandings on the
chemical degradation of PFSA membranes and clarifying the contribution of the reinforcement
layer and radical scavengers of XL membrane on polymer decomposition rate. The results

permitted to highlighthe following items:

X 5HLQIRUFHG ;/ PHPEUDQH LV FKHPLFDOO\ GHJUDGHG
reagents, even though it contains an additional reinforcement layer and radical
scavengers comparatively to its a@inforced analogue, the NR211 membrane. In
addition to important weight loss, fluoride concentration measurements using ion
selective electrode and liquglate *°F-NMR analysis highlighted significant
emissions of fluoride ions and perfluoreg®apentane}-sulfonic-4-carboxylic diacid
(named prodct A in the paper for clarity), a fluorinated compound deriving from the
PFSA side chains which has been already identified in the literature as one of the main
PFSA degradation products. Moreover, the presence of identical degradation products
for both menbranes throughout the degradation process demonstrates that the
degradation mechanisms are identical.

x In spite of significant chemical degradatioNTR-FTIR and solidstate *°F-NMR
analyses of degraded membranes highlighted no chemical structure evatitiell
as no IEC/IEG variation, suggesting that degradation of the PFSA main and side
chains takes place in equal proportions. Furthermore, the release of product A by the
membranes while the IEZEC of XL and NR211 do not vary could imply that the
polymer decomposition occurga an unzipping reaction and leads to the loss of the
side chains. Nevertheless, the water sorption and diffusion in degraded XL and NR211

membranes seem not to be significantly altered by the chemical degradation.
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x Comparativel to NR211 membrane, when the emissions of degradation products are
expressed in mgkgsato discriminate the presence of PTFE reinforcement layer in XL
membrane and thus consider solely PFSA degradation, the composite XL membrane
seems more enduring agstiradical attacks than its noeinforced analogue. This
difference may be explained by the presence of the additional PTFE layer, which could
help to maintain the membrane mechanical integrity and thus avoid further chemical
decomposition, and/or by tipeesence of ceriurhased radical scavengers into the XL
membrane which can mitigate the radical attacks on the polymer chains.
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ChapterV *Effects & conjoint chemical and mechanical stress on PFSA membranes

1. Introduction

As mentioned in chapter IV, no significant evolution of water sorption and diffusion
properties has been observed a#gsitu chemical degradation.¢. )HQWRQfV UHDFWLF
Nafion® membranes. This is noticeably different from the decreased waterosocgfpacity
and water mobility we measuretin a previous work+tafter longtime fuel cell operatiofil].

In this latter case, however, membranes are additionally exposed to a mechanical fatigue so that
it can be argued that usuBenton aging protocols are not fully representative of such
conditions. For this reason, it is necessary to also assess the impact of mechanical and chemical
stresses when they occur simultaneously. Only few recent {@&#pkwere related to the effect

of the coupled mechanical and chemical degradation on PFSA membranes, and their results
deserve to be discussed. Recently, Kuseglal. analyzed the effect of compressive stress on

the chenical degradation of Nafioch membrane through aexsitu approach. The authors
demonstrated that polymer decomposition increases in-timear way with the compression

level, suggesting a synergistic nature of chemical and mechanical stresses bupnothdurg
quantitative information. In addition, membranes were exposed only to a static mechanical
pressure, which is not the kind of solicitation mostly encountered during fuel cell operation.
The works of Kusoglet al. also showed by SAXS measurem#rdt under compression, the
chemical degradation led to a significant modification of PFSA microstructure with an increase
of the spacing between water domains in the membrane. On another note, Yoon and Huang had
previously examined the effect of mechahimsile stress on the chemical degradation of
Nafion® membranes thanks to a modified gémse Fenton test. However, these conditions
differ significantly from the approach taken in this study. Finally, other authors have developed
accelerated stress tegAST) to study the impact of coupled mechanical and chemical stress
on PFSA membranes but only througksituapproaches. A more detailed description of these

works can be found in 8.3.3 of chapter I.

In this work, a device was developed to bettenmithe operating conditions of the fuel cell
and thus provide some understandings on the consequences of conjoint mechanical and
chemical stress on Nafidh membranes. This device aims at exposing the membrane
simultaneously to a free radical environmehtpugh the circulation of a continuous flow of
hydrogen peroxide or Fenton solutions, and a cyclic compression to reproduce the
swelling/shrinkage sequences entailed by the membrane-watdee during transient fuel cell

operation.
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2. Experimental device and protocols

2.1Description of the aging device

To simulateexsitu mechanical and chemical stresses occurring in fuel cell, two symmetric
half-cells or flow field plates were machined in 316L stainless steel, with single serpentine
chanrels. These plates, similar to those used in fuel cells, ensure the distribution of the solution

on each side of the membrane. The land and channelsnane Wide and 0.7nm deep (a

schematic representation of the lower {zall can be seen|ifigure 51b). 316L stainless steel

was chosen because of its great corrosion resistance and its chemical inertness against diluted
hydrogen peroxide solution. In addition, its mechanical properties are excellent. The system

can accommodate 40 to 4fm wide and 60 td0Omm long membrane samples and the area

exposed to both the solution and the compressive stress is 19.5mr38er haklcell |Figure

5.14lllustrates a schematic representation of the experimental setup.

Figure 5.1 +Schematic representations of (a) the coupled mechanical and chemical degradations device and (b)
the lower part of the stress cell designed for this study céhepression area is equal to the area of the channel
ribs. They were made slightly protruding so that no mechanical pressure was exerted elsewhere.

To induce the chemicaltress a solution ite. water tas a referencet H.O2, or Fenton
solutions) is circulated at a continuous flow rate o23r..min* through the two haltells,
ensuring a residence time of aboutse@onds per halfell. This value was chosen for three

main reasons:
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ChapterV *Effects & conjoint chemical and mechanical stress on PFSA membranes

X to guarantee a sufficient pheeating of the solutiomn the cell before it meets the
membrane samples.

x from a practical point of view, to be able to store enough solution in the upstream and
downstream containers [5 each) so that the degradation protocols could be
performed during 8 hours without humareirvention.

x finally, to guarantee a fast renewal of the solution in contact with the membrane: the
solution flowing successively through one and the other-fleld plates, it was thus

renewed every two cyclese. every 20 seconds.

The mechanicdbrcewas induced through the channel ribs by applying static or sinusoidal
constraints during several houhs.the case of cyclic solicitation, the frequency of BzZlwas
chosen in order to be significantly higher than the charactetiffision time of water through
the membrane, which is in the order of-1.@ seconds by considering a water sffusion
coefficient of about 6.1 m2.s when membranes are fully hydrated. It must be noted that
such cyclic mechanical stress can @doly be considered as quite severe: indedd;iz, during
8 to 20hours is roughly equivalent to 8 to g8ars of daily operation assuming a fuel cell

startup and shutdown per day.

The mechanical force exerted on the membrane during fuel cell operatiopeira
significant increase of local compressive stresses, which could reach uMt@aléiccording
to the modelling work of Khattrat al.[9]. On the other hand, Kusogit al.[4] showed that a
5 MPa pressure was sufficient to considerably enhance émical decomposition of Nafidh
membranes in the case of a static mechanical stress. Consequently, we chose to apply a pressure
close to 5 or 10/Pa. In practice, the mechanical force was set to 36a0d 7220, which
correspond to 4.75 and 9.5 MPa faranpressiomrea of about 19.5 x 39tbm?. For the sake
of simplicity, aging tests will be referenced a¥i®a and 10 MPa thereafter. In addition, since
only the channel ribs are in contact with the membraheir effective area being of the order
of 400 mm?2 £, the actual pressure applied to the polymer in the absence of gas diffusion layer

is rather close to 9 MPa or 18 MPa. The compression area is only used here as a reference (see

g§3.5) as it is commonly done with fuel cell active area.

An EPDM (Ethylene Propylene Diene Monomé-ring gasket was used to ensure perfect
sealing. EPDM was chosen for its great compatibility with diluted hydrog@exidersolution.
Cartridge heaters and thermocouples were inserted into eaaehal$ close as possible to the

membrane to maintain the desired temperaturé@@0The halfcells were inserted between
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the clamps of an electromechanical universal tgstinchine (MTS load frame model 312.21).

A preliminary test was carried out to determine the minimal pressure required to compress the
gasket and thus ensure an optimum sealing. This minimal pressure was assumed to correspond
to the OMPa reference seen kihe membrane. In addition, a pressure measurement film
(Prescale Super Low Pressure sheet, Fujifilm) was used to check the homogeneous distribution

of the pressure on the compression area.
2.2 Ex-situ coupled mechanical and chemical stress tests

Various exsitu stress tests were carried out with this device to investigate the impact of
conjoint chemical and mechanical stress on both XL and NR211 membranes. This section aims
at describing the operating conditions of the aging protocols. The parameters thaedemain
constant for all tests were the flow rate (3002 min) and the temperature (8Q). As a first

step, preliminary experiments were carried out as reference tests:

x to get a first idea of the membranes endurance under mechanical stress only
(mechanicalaging testys NR211 and XL samples were compressed tPa and
0.1Hz while the compression cell was fed with a continuous flow of distilled water
for 20hours. A similar test was also carried out with both XL and NR211 membranes
in the same conditions bfor 8 hours only.

X to assess the contribution of mechanical fatigue on chemical degradation: reference
tests consisted in applying theMPa reference pressuréthe minimal pressure
required to guarantee the optimum sealing of the aging *efhile circulating a
3vol.% HO- solution €ontrol aging test #L or a Fenton solution containing the
optimal reagents concentration determined in chaptecdht(ol aging test #p, i.e.

3vol.% of O, and 1ppm of ferrous ions Fé&

Note that all the aging tesstonsisting in the circulation of Fenton solution were carried out
with these concentrations (se8.8 of chapter Il for the determination of these valu€hp
second step consistéd applying a cyclic compressive stress of 5 MPa combined with the

circulation of degrading solutions for 8 hours:

x the first experimentshortterm aging test #lwas performed with only hydrogen
peroxide to simulate moderately aggressive conditions.

x another test was then performed in more aggressive conditions with a Behtton
(shortterm aging test #R
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Additionally, an aging test similar &hortterm aging test #2vas performed for 20 hours
in order to study the effect of exposure time on combined chemical and mechanical stresses.
This aging test will be referred tas long-term aging test #2all along this chapter.
Complementary tests were carried out by coupling the circulation of Fenton solution and the
application of a stati.5 MPa compressive stress on the one hataki¢ aging tegstand a
10 MPa cyclic compressive stress on the other haigh(pressure aginges). These tests
were believed to provide some information on theaeftd cyclic compression anaof high

pressure which can be locally experienced by the membrane during fuel cell operation.

Finally, aging tests were performed on membranes sandwiteecen two gas diffusion
layers (GDL) to get closer to the operating conditions of a PEM fuel cell. In that respect,
Sigrace? SGL 24AA GDL (22 x 44nm?2) +with a thickness of 19am +were used since they
contain no microporous layer (MPL) and no PTFHidephobized substrate which could
interfere with fluoride emission measurements and restrain the diffusion of the solutions toward
the membrane. The test consisted in applying a cyclic compressive stred4Paf to the
membrane + GDL assembly while a Femsolution was circulated through the cell. Note that
this value is calculated with reference to the channel ribs area, although the use of GDL will to
some extent reduce the effective pressure endured by the membranes and increase the area

submitted tolle compressive stress.

Table 5.1summarizes the main operating conditions used for the various coupled stress tests

discussed in this chapter:

Table 51 +Summary of the operating conditions of #hesitu tests coupling mechanical and chemical stresses

Name of the experiment Mechanical Cher_n_ical Duration Number
strength conditions of tests
Mechanical aging test  Cyclic 5 MPa Distilled water ~ 8/20 hours 1/1
Control aging test #1 Static 0 MPa H20:> solution 8 hours 1
Control aging test #2 Static 0 MPa Fenton solution 8 hours 2
Shortterm aging test #1 5 MPa cycling H20:> solution 8 hours 2
Shortterm aging test #2 5 MPacycling Fenton solution 8 hours 3
Longterm aging test 5 MPa cycling Fenton solution 20 hours 1
Static aging test Static25 MPa  Fenton solution 8 hours 1
High pressure aging tes 10 MPa cycling  Fenton solution 8 hours 1
Aging test with GDL 5 MPacycling Fenton solution 8 hours 2
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After the tests, the samples were systematically extracted from the cell, immersed in distilled
water before being treated with the same cleaning protocol than thle¢sdti chemical
degradation tests (see § 2.3 of chapter Ill and 8§ 2 of AppendixwAdh the exception of the
membranes from the mechanical aging test who lasted for 20 koline membrane samples

were finally dried in an oven during 2@urs at 60C before being analyzed:

X macroscopic morphological evolution, to the naked eye and vgitbrao microscope
(Leica EZ4 HD),

x chemical structure evolution, BYTR-FTIR spectroscopy and solglate!*-NMR,

X water transport and sorption properties thanks to Dynamic Vapor Sorption (DVS)
analyzer and liquigtate!H-NMR spectroscopy,

x fuel cell perfomances were measured according to the protocol described in the next

section.

It is also important to note that when characterizing the chemical structure and the functional

properties of Nafioff, only the compression arggigure 5.1bjwasscrutinized,.e. the parts

located below the channel ribs where the membranes were exposed to mechagueahfal

aggressive solutions.

Furthermore, the solutiortbat circulated through the cell were collected and stored before
being analyzed to determine the fluorine ion concentrations. As in previous chapters, they will
be expressed as fluoride emission rates in mg of fluoride ions released per gram of dry
membane per hour (mgfgrion’h) all along this chapter. Furthermore, some of the solutions
were also analyzed by liquistate!>F-NMR spectroscopy in order to compare the degradations

with those occurring during puredxsitu chemical stress tests (see chapter 1V).
2.3Electrochemical tests in single cell

The membrane samples submittedetesitu aging tests were used to make Membrane
Electrodes Assemblies (MEA) to assess their functional properties in fuel cell conditions. In
this chapter we will discuss the evolutions of the polarization curves, -figguency
resistances and permeation cursers MEA made with pristine membrane. All MEA were

made according to the following protocol:

x the membranes were inserted between twop2835as Diffusion Electrodes (GDE)
from Hyplat made from Sigrace8GL 29BC gas diffusion layers with a migporous
layer. The GDE dimensions were 19 x 1882 and their Pt loading was 18).cni?
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on a Vulcan carbon. The two GDE were carefully aligned on both sides of the
membrane thanks to a set of aluminum plates containing pra@TFE frame to the

GDE dimensions.

x themembrane and GDE were then slightly pressed with a very low forcé\(nshile
being heated during @inutes to a temperature of 135.

x after the heating stage, the membrane and GDE were hot pressedt& and
30seconds at a pressure of #MPa (3000N). The temperature of the plates was kept
to 135°C.

The MEA were tested in a single cell made of identical-golated brass plates on both the
anode and cathode sides, with a single serpentine channel (19 passeshrof depth and
1 mm width. The with of the channel rib wasrim. The anode and cathode flow field plates
were thusdentical tothose used with the compression device. They were assembled using four
M6 bolts tightened to BIm. These plates were then inserted between two metallic plates
maintained at 70C thanks to a water circulation loop.

Before the performance test, the MEA were first subjected to a conditioning anerbreak
stage consisting in:

x a 40minutetemperature rise from AT to 70°C (each of the 10C steps being held
10 minutes) at Open Circuit Voltage (OCV), the anode and the cathode being both fed
with 10slph of nitrogen. Hydrogen is then introduced in the anode compartment
(10slph,10minute$ followed by air at the cathode (%(ph of air, 10minutes).

X two hours of consint voltage operation according to the following sequencev 0.6

(45 seconds), open circuit (3&conds) and 02 (60 seconds).
X onehour operation at a constant current density ofAGcHh?.

The gas supply during the constant voltage and constant caperdtion stages was
identical to that of the performance tese. pure hydrogen and air, both at ®O0RH and
atmospheric pressure, with stoichiometries equal to 1.5 and 4 at the anode and cathode,

respectively.
The performance test consisted in repepfive times the following sequence:

X measurement of the impedance spectra aA@2, with a frequency ranging between

0.02Hz and 1kHz. We usually choose 0A&/cm? to perform characterization test
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after accelerated stress test protocols becauseragedals may not be able to operate
properly at higher current density. In most of casesA(t&? is sufficient to monitor

the evolution of the fuel cell main impedance paramé¢i€r« 2].

X measurement of the polarization curve. The fuel cell voltage veasumned once by
increasing the current density, then by decreasing the current density. The average

voltage values were retained.

x then the cathode compartment was flushed with nitrogen and the hydrogen permeation
current (at 0.5/) was measured. The catloBlectroChemical Surface Area (ECSA)
was also assessed by cycling the potential between 0.1 aNda®.d@ sweep rate of
50mV/s.

x finally, the FC was operated two hours at a constant current density At

This sequence was repeated five times to detect any possible malfunction and only the fifth
measurement was considered for the presgrakgtization curvesRegarding the repeatability
of the results14 and 4identical tests were initially carried out with pristine dhd NR211

membrane samplesespectivelyto ensure the reliability of the MEA making process. The

reference polarization curve of pristind. Xnembrane is presented|kigure 511jwhile the

characterization parameters of its cell performaneds/drogenpermeation current, high

frequency resiance and Open Circuit Voltage (OCWare presented in theable 53f In the

case of aged membranes, tests were always repeated a second time pfieigsthva air and
hydrogen flows, each electrode being used as an anode and a cathode and the results were

averaged (the dispersion was always negligible).

3. Characterization of membrane degradation

3.1Preliminary tests

A Preliminary test is performed to eneuthat fully hydrated Nafioff membranes can
withstand important pressure Pa) and quick cycling (0.Hz) for quite a long time (20).
This test is made in order to calibrate the duration of the experiments (most of them lasted 8
hours) and to minimizéhe probability of damaging the celtin case the membranes were
significantly damagedtwith the flow field plates coming in direct contact with each other. At
WKH HQG RI WKH K R Xridkeéd egelbbseridtidn® Ehow that XV \Ahd NR211

membanes seem to withstand rather well this protostbthough plastic deformations occur
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the location of the channel ribs could easily be seen at the membranes [gtgiaeeS.2 tno

cracks or holes is visible. Moreover, satisfying cell performances are obtained with both

membranestcompared to pristine membranesnd no significant increase of the hydrogen

permeation current is observed, which conftira absence of significant defects (égure

5.11andTable 5.30f §/4.3). Additionally, and as expected, no fluoride ions are detected in the

solution, meaning that no chemical degradation occurred.

Figure 5.2 tMacroscopic morphology 0L membrane before and after mechanical aging test.

Then, control aging test #land control aging test #2Table 5.} are carried out to set

referencdevels of fluoride emission rate (FERwithout mechanical pressure The trend is
similar for both membranes, with FER 2.5 to 4 times higher when exposed to the Fenton
solution than with hydrogen peroxi@i. This confirms the observations made in the
case ofexsitu chemical degradation (see38 of chapter Ill): as a reminder, FER with

membranes exposed tae®b solution were of about 11 ymaion/h for both XL and NR211
membranes while they reached about 79 anad@darion/h with Fenton solution, respectively.
Therefore, adding a cyclic compressive stress does not modify this f@dtisreme, curiously,
FER are slightly lower with NREL than with XL: 224ug/gnafior’h VS 249ug/gnafio’h with the
Fenton solution and 599/gnafior/h VS 107 pg/gnafion/h with HO2. However, due to the height
of the error barstwith Fenton tand the lack of reproducibility testswith H>O> 1 thistrend

may not be significant.
3.2Cyclic compression stress

As a second steghortterm aging test #hndshort-term aging test #2re performed with
a cyclic compression stress of 5 MPa. The trend observeewsitu chemical stress tests and
control agingests is once more confirmed, with FER at least twice higher with Fenton solution
than with HO- (Figure 5.3. Interestingly, the FER of XL membranesder cycling of 5SMPa

are lower than without mechanical stress: by about 8@%¢ontrol aging test #1(H20-

solution) and by about 35%6r control aging test #3Fenton solutiop On the contrary, no
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significant variation of the FER can be observed with2ZWR even though no definitive

conclusion can be drawn due to the large error bars.

Figure 5.3 *Fluoride emission rates (FER) of Nafi&XL and NR211 membranes under (a) static 0 MPa and
(b) 5 MPa cycling compressive stress coupled to modera@)ldnd aggressive (Fenton) chemical stress.

In the case of XL membranghort-term aging test #2andcontrol aging test #2ed to the
appearancef tiny localized bubbles close to the membrane surface, and this mostly in the

channels area:e. where the membranes were in direct contact with the Fenton solution but

without mechanical stregBigure 5.4. It is important to note that such defects are not observed

with NR211, neither to the naked eye nor with a stereo microscope, regardless of the conditions.

Figure 54 +Macroscopic changes of XL membranes under various chemical and mechanical degradation
conditions. Photographs of membranes exposed to static 0 MPa mechanical stress correspond to the compression
area mm?2 only (this area being cut for further analyses).

As a reminder, such defects have been observed in the case of pure chemical exposure to

Fenton solutions (see § 3.1 of chapter IIl) but in harsher conditions (20@%v#$13 v% H>0>
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and same ferrous ions concentration) and atth reinforced and nereinforced membranes.

This may indicate that additional mechanical stress, whether the compression is static or cyclic,
could induce more severe morphological changes than the exposure to Fenton solution only.
Nevertheless, deeper investigations should beethout to understand the relation between
polymer decomposition and the appearance of bubbles, and in thecagsesblisters, at the
membrane surface. In addition, we must keep in mind that the conditions in which the chemical
stress is applied are notreictly comparablei.e. membranes immersed in a static solution in

one cas@s. a fresh and flowing solution in the other case.
3.3Influence of the mechanical strength

The comparison of the various mechanical stress applied to a memteastatic O 0r2.5
MPa, 5 or 10 MPa cycling) simultaneously exposed to a Fenton solution allow to detect two

behavios. Indeed, on the one hand, FER of NR211 membrane does not seem greatly affected,

with values comprised between 224 and 268 ygégh [Figure 5.%. On the other hand, the

behavior of XL membrane is different: doubling the mechanical strehigh pressure aging
testvs.shortterm aging est#2) leads to a significant increase of the FE& from 167 to 267
Hg/gnafio/h. On another note, the FER observed when no or negligible mechanical priessure (

0 MPa) is applied to XL membranes is strikingly high and as important as with akytliea
pressure. This result cannot be simply explained in the view of our current results andsdeserve

further investigations to shed light on this singular behavior.

Figure 55 *Fluoride emission rates (FER) of Nafi&XL and NR211 membranes under various mechanical
stress coupled to the Fenton solution exposure.
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The better behavior of XL membranes. NR211 in terms of FER evolutiontmay be
explained by the presence of tlaelditional reinforcement layef7,13]. The improved
mechanical durability of XL membranes was already discussed in the literature and could be
due to higher strength and toughness as well as a better resistance to creep antifatigjue
One can also imagine that when mechanical stress becomes too higimftireement layer
of XL membrane does no longer allow to impede polymer decomposition, so that FER reach
the same orders of magnitude as those ofreoriorced NR211 membrane. @re other hand
it is important to remember that XL membrane also contaidisal scavengers mitigating the
chemical decomposition of the polymer which could contribute to prevent chemical
degradation, and thus reduced FER, for some aging tests. In the view of our current results, it
cannot be definitely concluded whether matbal reinforcement protects membrane
degradation better than radical scavengers or whether both are involved in preventing

membrane from degradation.

3.4Impact of aging test duration

Table 5.2summarizes the evolution of fluoride emissions as a function of the exposure time

for both XL and NR211 membranes in the case of aging test associating 5 MPa cyclic pressure

and Fenton solutiorldng term aging tesvs short-term aging test #2n|Table 5.). Fluoride

emissions vary in nelinear way since much more ions are emitted between 8 and 20 hours
than betwee® and 8 hours, and this with both membranes. This suggests an increase of the
degradation rates throughout the testing period. It can also be observed that the FER of XL
membranes during the-Bh period approaches that of NR211, even though XL contains
supplementary radical scavengers and mechanical reinforcement, while it was significantly
lower for the @8h period. This is consistent with the comment made in the previous section:
i.e., that the reinforcement layer and/or radical scavengers of XL meendss no longer

allow to limit or slow down polymer degradation once a certain level of mechanical stress is

reached.

Table 52 +Fluoride emissions of XL and NR211 membranes after g¢bar and longerm aging tests

XL membrane NR211 membrane

0-8h solution  8-20h solution  0-8h solution  8-20h solution
Fluoride emission
(mg/g\lafion)
Again, the greater degradation of XL membrane after 20 hours of coupled degradations is
consistent with the significant increase of bubbles close to the membrane $kidace 5.?.

1.339+ 0.351 7.5265 2.110+ 1.254 7.6527
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Many bubbles and blisters with several diameter sizegimg from micron to millimeter are
present close to the XL membrane surface with an inhomogeneous distribution all along the
channel area. Deeper investigations will be necessary to understand the appearance of these

defects, such as analysis of the meamlerby Scanning Electron Microscope (SEM).

Figure 5.6 *Evolution of the macroscopic morphology of XL membrane dfteg-term aging testvithout
magnification {o the lef} and with 8x/30x magnificationsn(the middle and to thright) for two different
localizations at the membrane surface.

3.5Impact of the presence of GDL
Finally, gas diffusion layers (GDL) were added between the membranes and the flow field

plates, on the one hand to assess their ability to limit the mechstnéss induced by the direct
contact with the channel ribs and on the other hand to get closer from fuel cell operating

conditions. After the aging tesading test with GDLin|Table 5.}, the apparent degradations

of the membranes seem considerably diminished compared to those observed in the case of the
aging tests performed on the membrane a‘Grigu(e 5.7: the use of GDL limits FER by a
factor of two for the XL membrane and by a factor of three for the NR211. This could indicate,

that the GDL effectively protect the membrane since, as mentioned. 2 the force applied

was the same as for the other 5 MPa tests: the GDL increasing, at least to some extent, the area
submitted to the compressive stress, the effective pressure endured by the mendoidne sh

thus bdower than with the test carried out without GDL

However, three important points should also be taken into consideration:
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x The examination of the membranes to the naked eye reveals a different behavior in
comparison with all previous aging tesmany carbon residues are present at the

membrane surface, and more particularly below the channel ribs. We show in section

4.3 that this contacbf the membranes with the GDL carbon fibers has probably a

negative impact regarding fuel cell operation.

x No bubbles appeared in the channels area in the case of XL membranes. Although this
observation could be seen as the consequence of afeeatranical stress, another
point of view can also be considered: it could be explained by a less efficient renewal
of the solution over the membrane surface because of the presence of the GDL. The
solution would essentially flow within the channels, itéoegy being significantly
lower within the GDL. As a result, membranes exposure to the Fenton solution would
differ from that occurring during aging tests carried out without GDL. It is worth
mentioning here that a PTHiased hydrophobic coating and a raorous layer
(MPL) are generally used in GDL to improve water management in fuel cells. In this
study, however, no MPL and no PTFE hydrophobic agent were used, thus facilitating

the saturation of the pores.

Figure 5.7 *Comparson of the fluoride emission rates (FER) of NaffokL and NR211 membranes in the
absence or in the presence of additional GDL. The inset corresponds to the photograph of XL membrane after
the aging test with GDL.

Furthermore, XL and NR211 membranes haimilar FER when additional GDL are

introduced in the stress cell.
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4. Impact of conjoint chemical and mechanical stress on the membrane

structure and functional properties

4.1 Chemical structure evolution of membranes after conjoint stress

The chemical structure of aged XL and NR211 membranes is analyzed bgtatefdr-

NMR spectroscopy. As seen in § 3.2 of chapter 1V, this technique allows to determine the IEC

of degraded membranes from the NMR speffiigure 5.8illustrates the evolution of the

spectra as well as the evolution of IEC in comparison with pristine membrarsi®foterm

aging tests #land #2. Regardless of the degradimglutions (HO. or Fenton), neither

significant evolution of the intensity of the side chain resonance peaks nor IEC evolution are
observed for both membranes. This indicates that the global membrane degradation does not
seem to affect the PFSA chemical structure. Treepiation is actually similar to those made

after anexsitu FKHPLFDO VWUHVYVY LQGXFHG E\ )HQWRQYV UHDFWLI

X a constant intensity ratio between the side chain and thgrG&ps,
X no significant IEC change,

x but still significan fluoride emissions in the solution.

This leads us to the conclusion that the polymer decomposition occurs most probably in
similar proportion for both main chains and side chains. Complementary arguments supporting
this assumption are presented @ith the comparison of degradations inddibg coupling
chemicaimechanical stress or chemical stress only.
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Figure 58 #%F MAS NMR spectra and resonance peak assignment of NafanXL and (b) NR211
membranes before and after cyclic compression aging tests. The resonance peaks with an asterisk designate
spinning sidebands. The inset illusesexperimental IEC deduced from spectra in comparison with the
literature value$19,20].

Since solidstate '°F-NMR spectroscopy only permits to analyze the global chemical
structure of aged membranes, AFRIR spectroscopy was also employed to analyze the local
evolution of PFSA chemical structsat the membranes surface, thus excluding the PTFE
reinforcement of XL membrane. No significant variation of the relative intensity of side chain
vibration bands are visible in the IR spectra for both membranes and regardless of the aging
test performed.These results are consistent with those observedefeitu chemical
degradation tests and confirm the conclusion made thanks to NMR measurement. Both
techniques, ATRFTIR and NMR spectroscopies, suggest that conjoint chemical and
mechanical stresses dot significantly alter the chemical structure of repeat unit of N&fion

membranes as observed for degradation induced by chemical stress only (8 3 of chapter IV).
4.2 Evolution of water sorption and transport properties in aged membranes

For the sake of simglity, only the results of aging tests coupling cyclic compression and
H>O> or Fenton solution exposure are presented, results obtained in the case of static
compression are detailed in the appendi@illustrates the evolution of the water
sorption isotherms as well as the evolution of the different adsorption mechanisms of XL and

NR211 membranes after three aging test&rt-term aging tests #hnd#2, high pressure

aging test(Table 5.}. More detailed explanations on sorption isotherms decomposition and
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adsorption mechanisms can be found in 8§ 4.1 of chapter IV. In the case of XL membranes,
similar behaviors are observed for all three aging tests: the sorption isotherms differ from that
of the pristine membrane only by a significant increase of the cluster contribution after

degradation.

Figure 59 +Water sorption isothrens (30°C) of (a) XL and (b) NR211 membranes after various aging tests in
comparison with pristine membranes. The two phttthe bottonillustrate the evolution of the different
adsorption mechanisms. Five measurements were performed on the pristmerér to control the
repeatability of the measurements and of the pretreatment process.

As a reminder, the cluster contribution corresponds to the aggregation of water molecules at
high water activities in the pores of the membrane, resulting in itsos@pic swelling. On
the contrary, Langmuir + Henry contributions, describing the solvation and further hydration
shells formed around sulfonic groups, do not seem to be affected by the degradation even
though FER can be highly different from a compressiress to anothdre. between static
2.5MPa and cyclic 10Pa. In the case of NR211 membranes the sorption isotherms do not

seem greatly impacted by the degradation. This is consistent with the absence of significant

changes in thé’F-NMR spectra oflEC discussed in (8.1 Furthermore, these results are in

agreement with those obtained in the case of purely chemical stress tests. This sugglests th

severe mechanical stress experienced by the membranes probably has no significant impact on
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the water sorption capacity of NafiSrmembranes. This assumption is supported by the
evolution of the FER as a function of the mechanical force in theadadB211 membrane

since no FER evolution whether the membrane is exposed to a cyclic or static compressive
stress of 0, 2.5, 5 or 10 MPa (se@. It is worth noting that the application of a static
compression does not modify this trend (see appendix B).

On the other hand, the evolution of the water transport property in aged membranes is
investigated by liquigstate’H-NMR spectroscopy. Again, only aging tests coupling cyclic
compression and 4. or Fenton solution exposure are presented and the results obtained in
the case of static compression are reported in Appen@]llustrates the evolution

of water seHdiffusion coefficient measured in XL and NR211 membranes as a function of the
water uptake for various aging tests in comparison with pristine membuafteis conjoint
chemical and mechanical degradation, no significant variation of the watetifGedfon
coefficient is observed on the all range of membrane wagititke probed: for both aged XL

and NR211 membranes, values are generally very close tovtier limit of those obtained for
pristine membranes in the micron scale of NMR spectroscopy. Again, this trend has been
already observed in the case of membranes submitted to only a chemical stress and it shows
that the introduction of an additional nimamical stress does not affect the water diffusion

behavior of membranes, reinforced or not.

Figure 5.10 +Water selfdiffusion coefficient evolution after various aging tests as a function of water uptake in
(a) XL and (b) NR21 membranes (diamond symbols) in comparison with pristine membranes (circles).

More generally, in the light of these results, it can be concluded that the addition of a

mechanical fatigue to a chemical degradation significantly increase FER emissiorduobtio
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alter further the Nafioff membranes chemical structure (repeat unit, IEC) and functional
properties (water sorption and sdlffusion). However, due to the presence of the flow field
plates, the whole membrane surface has not been exposed toalder@chanical stress and

might be exposed to the solution in different quantities over the whole experiment duration
under the channel ribs and in the channels. It can thus be argued that the polymer decomposition
could possibly be heterogeneous. To ctimrize the PFSA chemical structure and properties

in these different regions, it would be necessary to perform localized analyses to study

separately those two different areas.
4.3Cell performances after conjoint mechanical and chemical stresses

To evaluatetheir functional properties and detect a possible increase of hydrogen
permeation, aged membranes were used to make MEA and tested in a single cell. In the
following section, we compare results obtained with membranes that were in direct contact with

the 1ow field platesj.e. without GDL.
Aging without GDL

The hydrogen crossover current was measured for both XL and NR211 membranes after the

short-term aging tests #and#2 as well adong-term aging testo ensure that no cracks or

pinholes appeared.able 5.3displays the permeation current, high frequency resistance and

Open Circuit Voltage (OCV) measured for these degraded membranes in comparison with the
values obtained for pristine and mechanicalljed membrane$ MPa cyclic compressive
stress with waterfor 8 hours) No significant permeation current is measured for XL
membranes, indicating that they withstand rather well the combined aging in both cases and
this despite the presence of defects in some csised {ermaging test #2ndlong-term aging

tes). It may be possible that the MEA Rotessing process led to the closing of some of the
blisters close to the membrane surface. In any case, the low hydrogen permeation currents mean
that none of the blisters led to a membrane failure. Conversel®1NRiembranes show no

sign of degradation by macroscopic observations to the naked eye and using a stereo
microscope, but a slight increase of the hydrogen permeation current is observed after both
mechanical aging testind shortterm aging test #1This may be the consequence of a
membrane thinning or of micioracks that appeared through the membranes. Although the
values we measured are not characteristic of critical membrane failure, they remain non
negligible.Wanget al.[21] for instance obtained a permeation current of 7.04 mA/cmz after 24
KRXUV RI )HQWRQYV Hwith higl@ WQA; chrfcemratidinJ (30 vol.%)+ and
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interpreted this as a degradation of the membrane (N&fidrl), wssibly because of the
appearance of bubbles through its thickness. Furthermore, our experience of hydrogen
permeation current monitoring during fuel cell accelerated stress tests show that such trends are
often a good indication of imminent membrane fialu

Table 53 +Characterization parameters of cell performances for N&¥inand NR211 membranes exposed to
various conjoint degradation protocol in comparison with pristine and mechardagait membrane&or both

pristine andaged membranes, the parameters were averaged over the all measyserfmmied The resulting
dispersion corresponds to the standard deviation

Polarization curves were also measured in order to confirm that the samples remained

functional and possibly assess the impact of aging on cell performances. They are shown in

Figure 5.11 The fuel cell performances of aged XL membranes are lower than those obtained

with the pristine one, with a slight increase of the resistive losses. Moreover, no significant
variation of the polarization curve is obsedwvhen the exposure time is increadedd-term
aging tes}. The polarization curves of aged NR211 membranes seem globally less impacted

than those of XL membrane, which is consistent with a lower increase of the high frequency

resistanceglfable 5.3. However, it is important to keep in mind that the increase of the resistive

losses and the evolution of polarization curfiegijre 5.1} can be to some extent linked to the

plastic deformation of the membranes surface, which do not make it possible to assess properly
their functional properties becausetloé poor quality of the interface with the electrodes. This
seems particularly true witKL membranes, which could suggest that plastic deformation is
more detrimental for reinforced XL membrane than for its-reanforced counterpart (while
NR211 membrages are more prone to hydrogen permeation after the aging kestsver, and

in all cases, the shape of the polarization curves confirms the absence of critical membrane

failure.

Page [L69



ChapterV zEffects of conjoint chemical and mechanical stress on PFSA membranes

Figure 5.11 *Polarization curves isingle cell with MEA made with Nafio%(a) XL and (b) NR211
membranes for various aging tegtke cell was operated at 70°C and supplied with pure hydrogen and air, both
at 60% RH and atmospheric pressure. The gas stoichiometries were equal to 1.6thachda@de and cathode,

respectively.

In addition, fuel cell performances of membranes degraded by gesigu chemical
degradation inducedE\ )HQWRQTVY UHDFWLRQ ZHUH DOVR WHVWHG 1
were immersed during 24 hours in a Fenton solution with the optimal concentration of reagents
and thus experienced no mechanical stress. No significant change of the polarizatiomourves,
increase of high frequency resistance and no permeation currents are observed for both XL and
NR211 membranes suggesting that, under these conditions¢site chemical degradation

had no impact on the membrane integrity or on the performance foiedheell.
Aging with a GDL

In this section, we present results obtained with the membranes that were not in direct contact
with the flow field plates thanks to the introduction of GDL. As a reminder, the visual aspects
of these membranes seemed consiolgr better than that of membrane aged without GDL
(Figure 5.7): many carbon residues can be seen on the membrane surface below channel ribs
and no bubbles appeared in the channel area for both NR211 and XL memb@slr@
addition, the use of GDL also reduces drasticdlgfFER: the decrease was by about 50% for

XL membrane and by about 33% for NR211. Permeation currents, high frequency cesistan

and OCV measured after identical aging tests performed with and without GDL are reported in

Table 5.4 In the case of NR211 membrane, a considerabtease of the hydrogen permeation

current associated to an important OCV drop (around 14%) is measured after the aging test
performed with GDL. This reveals most probably the appearance of cracks through the
membrane. This tendency is much less pronednwith Nafiof® XL but the OCV is

nonetheless the lowest we measured with this membrane and the permeation current is the
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4. Impact of conjoint stress on the membrane structure and functional properties

highest. A possible explanation of this behavior is that some carbon fibers have locally
punctured the membrane under the effect afhmaical constraint.

Table 54 +Comparison of permeation currents, high frequency resistances and Open Circuit Voltages (OCV)
after 8 hours of 5 MPa cyclic compressive stress with a Fenton solution exposure, with and withdediGioth

pristine and aged membranes, the parameters were averaged over the all measurements. pérdamsetting
dispersion corresponds to the standard deviation.

Despite of the high value of the hydrogen permeation current, one ca FﬁglermS.l]ihat

the polarization curve of NR211 membranes is not impactetid presence of GDL, except

for the lower OCV. However, this trend is commonly observed in such case, the hydrogen
permeation current being an early indicator of membrane failure. With NaXan the best
polarization curve was obtained after the agesis performed without GDL.

Figure 5.12 +Polarization curves in single cell with MEA made with Naffef@) XL and (b) NR211
membranes for aging tests with and without additional GDL. For aged membranes, error bars referci@giee
of the two faces.

The main and obvious conclusion from these results is that we observed absolutely no
evidence of a possible positive impact of GDL. On the contrary, the tendency of fxfion
to be more impacted by the mechanical stress tharlNR& terms of fuel cell performance,

see §§4.3.? because of plastic deformations of its surface is confirmed. This can be explained

by manycleavayesof fibers evidenced by carbon depositions and by the lower Young modulus

of GDL in the thickness direction, which is of the magnitude of 10 MPa when a compressive
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stress is applie[f22], compared to that of the membranes aroun@EDMPa in high humidity

(90% RH or liquidwater) and temperature (@%°C) conditiong14,23]. Additionally, Yiet al.
showedthat strong compressive stress application (more than 2 MPa) led to the collapse of
GDL structure, which can further damage the membfa# Consequently, it can be argued

that these broken fibers probably led to membrane punctures so that, on the whgl&Qlsi

has a rather negative impact in the conditions of our study.

Although interesting, this result nevertheless deserves to be confirmegrbgueibility
tests. Furthermore, it will be necessary to check that it can be generalized to other types of GDL,
particularly those with MPL.

5. Contribution of the mechanical stress on membrane properties:

comparison with pure chemical stress tests

First, by comparing the fluoride emissions obtained in the case of coupled chemical and
mechanical stress tests with those of only chemical stress ¢@st can observe that they are
comparable: 7.53 mgigion vS.9.10 mg/giafion for XL and 7.65 mg/gafion VS 12.48 mg/gafion
for NR211. Nevertheless, the duration of the aging tests were significantly different but so were
the chemical conditions (9@®hbrs in a static solutiows.20 hours in a flowing solution) so that
eventually, the amount of fluoride released by the membranes could be of the same order of
magnitude. To go one step further atmmpare the degradation mechanisms occurring in
coupled bemicatmechanical stress and chemical stress,drénton solutions were collected

after conjoint stress tests of XL and NR211 membranes and analyligditystate'>F-NMR

spectroscopyRigure 5.13. In that respect, we chose to analyze the Fenton solutions which

have been circulated between tHeaBd 20" hoursof thelong-term aging tesbecause of their

high fluoride ion concentrationsmeasured with the iegelective electrodeDegradation

occurring during purexsitu FKHPLFDO VWUHVV WHVW )HQWRQYV UHD
mechanism by main chain unzipping and thus the loss of entire side chains (see § 4.210f chapt

IV). This hypothesis has been advanced thanks, among oth#-NMR analysis of solutions

through the identification of three main degradation products: fluoride ions, trifluoroacetic acid

(TFA) and the perfluoro@xapentane}l-sulfonic4-carboxyic GLDFLG UHIHUUHG WR C
$  IRU VLPSOLFLW\

As illustrated offFigure 5.13those same degradation products are found in Fenton solutions

after mechanical and chemical stress tests, indicating that the addition of a mechanical

constraint seems not to affect the mechanism that govern the pofigocemposition
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Moreover, these degradation products, and therefore the degradation mechanism, are similar

whether the membrane is reinforced or not.

Figure 5.13 +°F-NMR spectra ofhe circulating Fenton solutiomsllectedafterthelong-term aging tesbf XL
and NR211 membraneghe inset illustrates the chemical structure ofdpict A and the attribution of its
resonance peaks. The resonance peaks with an asterisk designate unidentified mbtecsddigtions were
mixed with DO (with a DO/H.0 ratio of 20:80) and the spectra were recorded at room temperature.

Similarly, the evolution of water sorption property of composite Nafidth membrane

after coupled mechanical and chemical stress tests is compared to that of aepsiely

chemical stress teffigure 5.1

I. The trend is similar for both since no significant change can

be observed with the exception of cluster contribution which increases slightly in both cases in

comparison with pristine XL membranEhis water sorption behavior of aged XL membranes

is not easily understandable and explainable as, to the best of our knowledge, no studies have

been carried out on the water sorption property of composite XL membranes in the literature.

In addition, it nust be kept in mind that the cyclic compressibat was added to Fenton

exposure in this chapter catmost probably+be considered as a rather severe solicitation

(equivalent to several years of FC daily operatisae $.1) and we can only noticeas seen

in §

4.1

and

4.2

tthat it has a mild impact on the degradation.
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Figure 5.14 +Evolution of water sorption isotherms in XL membranes (a) afteitu conjoint degradation
(short-term aging test #Rand afterexsitu chemical degradation only (Fenton solution exposure) in comparison
with the evolution (b) after lorgme fuel cell operatiofl].

To this point, it may be worth corapgng the evolutions of water sorption isotherms after

situ stress tests with those we measured after-tong fuel cell operationHigure 5.14, for

similar reinforced membrane, in a previous wftkOne can notice that the behaviors are
clearly different in both cases: the cluster contribution was not impacted while the Langmuir
contribution was strongly reduced after lethge fuel cell operation. This trend was attributed
to a partial loss of sulfonic groups by side chain cleavages since a significant reduction IEC

was observed.

In the previous chapter (8 5.2 of chapter V), we suggested that the addition of mechanical
fatigue to chemical stress would lead to solicitations and degradation mechanisms closer to the
aging phenomena occurring during fuel cell operation. In the light of these last results, it might
be thought that this hypothesis is clearly not verified. Howetves difficult to conclude with
certainty about the impact of conjoint stress on Ndfiolembranes since the measurement
performed on membrane after lotime fuel cell operation was focused on a specific area

extremely degradedinlet/outlet of reactangasestknown to be exposed to severe conditions
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(higher hydrogen crossovig5,26], low relative humidity of gasd27,28] air starvatiorj29])

during fuel cell operation. On the contrary, it seems that adding a rather important mechanical
compressive stress to a chemical stress does not significantly alter Nafegradation
mechanisms,nor the functional properties (water sorption capacity and-dgélfsion
coefficient). This conclusion is supported by some of the results of this chagténdreasing

from O MPa to 5 or 10 MPa the cyclic pressure applied to NR211 membrane duorgp8 t
hours has no impact on fluoride emissions) as well as by the comparison with the results of the

previous chapter.

In this regard, the most probable explanation for the discrepancy between the degradation of
XL membranes observed after lotigme fuel cell operation1] and those we observe in this

work lies mostly in the nature of the chemical stress, with possibly:

X either experiment durations of tleesitu stress tests carried out up to now were too
short,

x and/or chemical conditions were not aggressive enough to have significant impacts on
Nafion® membrane functional properties, despite the clear chemical degradation

evidenced in the previous chapter.

Moreover, the aging heterogeneities induced by the fuel cell operating conditions, and more
particularly the severe degradation experienced by the MEA in the inlet/outlet regions, cannot
be neglected?0,30] It might be argued that regions less prone to a severe degradation could
have a behavior similar to that observedha present study. Of course, it is conceivable that
our exsitu stress tests (chemical or mechanical + chemical) do not faithfully replicate the more

complex conditions encounterbg the membranes in actual use.

Our observations are also not consistgith the recent results of Kusogét al. [4], who
observed an increase of polymer degradation when applying a static pressure to the membrane.
However, it must be kept in mind that dne one hand the authors provided only few
guantitative information and, on the other hand, their work was carried out in conditions

significantly different from ours:

x they used a much thicker Nafiri17 membrane (178 um) previously exchanged
with ferrous ions and a 6 vol.%8, solutionvs 3 vol.% HO, concentration with

or without the addition of 1 ppm of FgFenton solution) in our case,
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X contrary to the present work, the stress cell designeluspglu et al. did not
contain single serpentine flow channel, implying a homogenous exposure of the

mechanical force in their case.

Despite of thesa priori more aggressive conditions, they observed much lower degradation
rates than ours.€. more than 50 times lowé}!so that their results and ours are probably not
comparable.

6. Conclusions

This study aimed at investigating the iagp of coupled mechanical and chemical stress on
PFSA membranes through arsitu approach. In that respect, a custorade device able to
reproduce conditions close to that experienced by the membranes during fuel cell operation was
developedThe initial results show that fully hydrated membranes seem to withstand severe
sinusoidal constraints as no crack formed. Numerous aging tests were performed to provide
new understandings on the influence of mechanical constraints, whether they were static or
cyclic with negligible or high pressure level, on the chemical degradation of Nafion
membranes, and its impact on their chemical structure and functional properties. In addition,
the effect of the presence of additional GDL into the stress cell was also gavedtiThe

results permitted to highlight the following items:

x The severe mechanical stress that was applied in this work does not overcome or
dominate chemical degradations, with a response of the samples to chemical stress that
does not seem to differt éeast qualitatively: the degradation rates remain more
VLIQLILFDQW ZKHQ WKH PHPEUDQHY DUH H[SRVHG WR
SHUR[LGH RQO\ +RZHYHU DOWKRXJK JHQWRQYTV UHDJI
to be as close as possible talriiel cell operating conditiongi.e. without inducing
dramatic morphological changes the combination of mechanical constraint and
Fenton solution exposure led to the appearance of bubbles and blisters in the case of
aged XL membranes. Conversely, such morphological changes were observed for

NR211 membranes.

! Accordingto the figure 2 of referenci], the exposure of a FeNafion®117 membrane to a 5 MPa static
compression and 6 vol.%»8, solution during 24 hours conducts to a fluoride releasabloyt 1.65 umol, which
corresponds to a FER of 0.069 umol/h. In this studylahg-term aging tes{5 MPa cyclic compression + Fenton
solution for 20 hours) performed with XL and NR211 membranes led to a fluoride release areddriial,
correspondingo a FER of 3.58.76 umolh.
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x Higher fluoride emission rates were generally obtained with NR211 than with ’afion
XL. The better behavior of XL membranesNR211 can be explained by the presence
of the additional reinfoement layer which provides better mechanical strength and
dimensional stability7,13]. In this work, the higher resistance of XL was confirmed
by the absence of significant increase in the hydrogen permeation current after
combined mechanical and chemical accelerated stress tests, contrary to NR211
membranes. In addition, the mechanicedrsgjth had no significant impact on NR211
membrane chemical degradation while an important increase of FER with the cyclic
compression level was observed in the case of XL membrane.

x In the case of XL membranes, even though plastic deformations wereeaibsarthe
membrane surface after the experiments, the samples remain fully functional when
tested in fuel cells with only a slight decrease of the performances that can be attributed
to the degradation of the membraglectrodes interface. This is most ipably linked
to the plastic deformation of the membrane samples, which were in direct contact with
the channel ribs in the compression cell.

x Although a significant polymer decomposition is observed after conjoint stress tests,
no change in the chemical wtture on in the water sorption and transport properties
of the Nafiof®Emembranes has been noticed. These behaviors are clearly different
from those observed after lotigne fuel cell operation (in a previous wofk]),
suggestinghateither experiment durations of tb&situ stress tests were too short or
chemical conditions were not aggressive enough to get closer to fuel cell operating
conditions. Nevertheless, it is important to keep in mind that the membrane
degradation duringong-time fuel cell operation is heterogeneous since particular
regions are exposed to more severe conditions (for instance, the hydrogen inlet region).

x The introduction of GDL between the membrane and the flow field plates permitted
consequently to dease the membrane apparent degradation rate since no bubbles
appeared at the surface of XL membranes and the FER was at least reduced by about
33% for both membranes. Although this drastic diminution could be at first sight
attributed to a reduced effectimeechanical pressure experienced by the membrane
because of the presence of GDL, we must also consider a less efficient exposure of the
membrane to the Fenton solution that would flow mostly in the channels, aggdmot
less tthrough the GDL. In additigrsignificantly lower fuel cell performances were

obtained for XL while an important increase of hydrogen permeation current was
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observed for NR211 membrane: these behaviors could suggest that some broken
carbon fibers have locally punctured the membrarteuthe effect of the mechanical

constraint.

The development of accelerated tests combining chemical and mechanical stresses is a
necessary step to quickly assess the durability of membif8®3] and gain a deeper
understanding of their degradation mechanisms. Nevertheless, the device that wad ét@signe
this work opens up various perspectives and additional works will be required to optimize the
conditions in which such accelerated tests are performed. On the other hand, further
investigations and reproducibility tests are needed in order to us@rdte morphological
changes experienced by the reinforced membranes and the influence of GDL, as well as to
clarify the contribution of the mechanical stress on membrane chemical degradation and the
impact of conjoint stress on the chemical structure famdtional properties of Nafidh

membranes.
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The development othe hydrogen industry anef PEMFC areamong the solutions
considered to accelerate the energy transition. Although they offer clear advantages as safe and
clean power sources to replace fossil fuels, PEMFC are still facing strong durability and
performance sues limiting their lifetime and thus their widespread commercialization. This
thesis work aimed at providing some clarifications on the aging phenomena of PFSA
membranes and especially on the effects of chemical and mechanical stresses experienced by
themembranes during fuel cell operatimnterms ofchemical structure, functional properties

and fuel cell performances.

1. Influence of exsitu chemical stress test on PFSA membrane degradation

First, it was necessary to understand the impact of @asitu chemical degradation on
PFSA membranes without the contribution of mechanical fatigue. As highlighted in the
ELEOLRJUDSKLFDO VWXG\ )HQWR Q fugedidddelErddx&si@uagMgE\ 1D U W
protocol to study the chemical degradation of PFSA membranes. It permits to reproduce the
harmful environment observed during fuel cell operation by generating hydroxyaktD
hydroperoxyl HOGUDGLFDOV +RZHYHU D Zdagehts ocdnQidaton® cantb® WR Q
found in the literature and can have different effect on PFSA membranes, whiddiffaddt
to determinghe most suitablexsitu aging protocd. In that respect, a study was carried out
WR FODULI\ WKH L Q réayanteriderRatiorts QWi @Mfievhical degradation of
Nafion®EXL and NR211 membranes.

2XU UHVXOWY KLJKOLJKWHG D KLJK GHSHQGHQFH RI WKFE
reagent concentrations, both from chemical and morphological points of view.\Mgrtdeey
demonstrated that the use of a small amount 6f Berequired to catalyze efficiently the
decomposition reaction of J, into free radicals, thus ensuring a significant membrane
degradation. On the other hand, higfOriconcentrations can hadetrimental effects on the
macroscopic morphology of PFSA membranes and can generate defects that are not
representative of those occurring during fuel cell operation. This preliminary study permitted
to establish the most appropriate conditions requicedHis thesis workie. WKH )HQWRQ T\
reagent concentrations leading to the more efficient chemical degradation without inducing
dramatical morphological changes of membranes: 1 ppm of ferrous igisdfe 3 vol.% of
hydrogen peroxide (¥D2).
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2. Evolution of the chemical degradation as a function of time and its impact

on the structure and propertiesRFESA membranes

On the basis of this first study, a timesolved monitoring oéxsitu chemical degradation
RI 3)6$ PHPEUDQHV LQGXFHGwds\theh evioR@d] Vh this! iedavl, Ltke
chemical degradation of both composite NaffokL and nonreinforced NR211 membranes
ZDV VA\VWHPDWLFDOO\ HYDOXDWHG DV D IXQFWLRQ RI H[SF
several indicators such as the weidbs$s, fluoride ion emissions or chemical structure

evolution.

Our results demonstrated that both XL and NR211 membranes are significantly chemically
GHJUDGHG E\ WKH H[SRVXUH WR )HQWRQTY UHDJHQWYV VLQI
the presencef several degradation products in Awggligible quantities. More particularly,
liquid-state 1°F-NMR permitted to highlight high emissions of perfluora@pentane)-
sulfonic-4-carboxylic diacidthamed Product #or simplicity in the manuscript; a fuorinated
compound deriving from the PFSA side chain which has been already identified in the literature
as one of the main PFSA degradation products. Nevertheless, no evolutie chemical
structureand no change the IECwere observed, which suggehatthe degradation of the
PFSA main and side chains arises in equal proportions. This ireticlitesthat the polymer
decomposition probably occuvga anunzipping reaction, thus leading to the loss of the entire
side chains. Furthermore, the claesization of water transport and sorption properties of
3)6$ PHPEUDQHYV DIWHU KRXUV RI )HQWRQTV UHDJHQWYV +
degradation does not significantly alter these properties. These behaviors differ greatly from
those detectkafter longtime fuel cell operation for which reduced water sorption capacity and
water mobility have been observed. This discrepancy can be attributed either to the short
duration of the degradation procesg.(96 vs. more than 12000 hours) or to arcomplete
mimicking of the impact of the chemical degradation occurring during fuel cell operation on
PFSA membranes.

More particularly, the innovation of this study is based on the analysis of the chemical
stability ofthe composite Nafioff XL membrane. Our results demonstrated that the chemical
degradation of XL membrane is lower than that of unreinforced NR211 membrane, which can
be explained by the presence of an additional PAEE reinforcement, maintaining the

membrane mechanical igiety and thus avoiding further chemical decomposition, and/or by
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the presence of cerittmased radical scavengers which can mitigate the radical attacks on the

polymer chains.

3. Impact of conjoint chemical and mechanical stress on PFSA membranes

Finally, theeffects of combined mechanical and chemical stress on PFSA membranes were
studied,againthroughan exsitu approach, with a custoimade device. The objective was to
mimic theaging conditions encountered by the membrane during fuel cell opeistiomeras
aging tests were performed to provide new understandings on the influence of mechanical
constraints, whether they were static or cyclic with negligible or high pressure level, on the
chemical degradation of Nafidhmembranes, and its impact on the cheahstructure and
functional properties. The results demonstrated that the application of a mechanical constraint
does not modify the chemical mechanssimce degradation products identical to those identify
in the case of onlghemicalstressvere dete@d. However, the response of the XL membrane
to chemical stress seemed to slightly differ sith@eaddition of a mechanical constraint led to
the appearance of bubbles and blisters close to the membrane surface. These morphological
changes were already s#yved with pure chemical stress tests performed with harsher
conditions indicating that an additionahechanicalstress could accelerate the membrane
degradation. To this day, further investigations are needed to understand the appearance of

theses defds.

Furthermore, higher fluoride emission rates as well as higher hydrogen permeation currents
were obtained with NR211 rather than XL in most cases which could be explained by the better
mechanical strength provided llge additional reinforcement layer in éhcase ofthe XL
membrane. However, this advantage seemed to vahishthe pressure level increasefrom
5 to 10 MPazsince similar degradation rate were measured for both reinforced XL and non

reinforced NR211 membranes.

Moreover, although a signdant polymer decomposition was observed after conjoint stress
tests, neither the functional properties such as water sorption capacity and water mobility nor
the fuel cell performances of the membrane were significantly impacted. These results can
suggesthat either the conditions implemented in our study were not sufficiently representative
of the fuel cell operating conditions or the experiment duration was too short to have measurable
effects.However, 1 is worth noting that thaverageanembrane degdation was characterized
while stresses are undoubtedly experienced in a different way by the membrane whether it is
immobilized under the channel ribs or loose the channel. Aging heterogeneities at the
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membrane scale, and more generally within the Miigve indeed already been observed and

characterized after fuel cell operation.

On another note, aging test performed with GDL introduced between the membrane and the
flow field plates showdthat no clear benefit can be drawn with this configurationuirstress
cell. The results suggested that the presence of GDL probably hinders the distribution of the
solution to the membrane surface and that broken carbon fibers led to serious membrane

damages which could then provoke the membrane failure.

4. Perspecties of this thesis work

The development of our custemade device and the associated accelerated agingdests
be seen athe building blocksoward a betteunderstanding on chemical and mechanical
degradations phenomena of PFSA membranes and opervgid \ariety of perspectives.

In the first place, it will be necessary to perform several reproducibility tests to confirm the
tendencies observed in chapter V. The large discrepancy measured for fluoride emission rate
cannot allow us to clearly conclude the moment. More particularly, the peculiar degradation
behavior of XL membrane exposed to a negligible static compressive stress deserves further
investigations. Then, additional aging tests can be considered to gain a deeper understanding of
conjointchemical and mechanical stresses on PFSA membranes degradation. For instance, one
can imagine extending the experiment duration to several tens of hours to challenge the

mechanical durability alhe membranes.

As seen in chapter V, coupling mechanical ¢@ust and Fenton solution exposure led to
the formation of bubbles, and in the worst case of blisters, at the surface of composit&Nafion
XL membranes. Such morphological changes areapoesentativef the defects encountered
during fuel cell operatio and will require deeper investigations to understand their appearance
as well as their eventual correlation wilte chemical decomposition of the polymer. It would
be interesting for example to perform furthreorphological and chemicanalysissuch as
Scanning Electno Microscopy(SEM), Wide-Angle X-ray Scattering (WAXS)ATR-FTIR
microscojy. On another note, these two techniques can also be considered to locally analyze
and discriminate the membrane degradation behavior betwearethandechannels anthat
under thechannel ribs.

The introduction of GDL between the flow field plates and the membrane in our stress cell

aimedto better mimic the mechanical constraint encountered by membranes during fuel cell
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operation. However, the resultsndenstrated that characterizing the membrane degradation in
the presence of GDL, in the case of our experimental setup,sgraightforwardand deserves

a special attention. For example, it would be interesting to repeat the aging testGidth
containng a microporous layer (MPL) to eventually modify the solution distribugibtine

surfaceof the membrane

Finally, to get closer to the operating conditions of a fuel oak, can imagine modifying
the experimental cell in order to circulate humidifidd VHY FDUU\LQJ WKH )HQWR
required to initiate the chemical degradation. Tdosfigurationcould avoid flooding in the
*/ SRUHV DQG HQVXUH D EHWWHU GLVWULEXWLRQ RI WKH )
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Optimization of the experimental protocols

1. Establishment of a drying protocol for ATIRTIR measurements

As mentioned in gL.2\of chapter Il, analysis using Four&ransform InfraRed (FTIR)

spectroscopy was carried out with an Attenuated Total Reflectance (ATR) accessory in order
to study chemical structure changes at the surfade~&A membranesThe characteristic
vibration bands of PFSA membranes are visible in the spectral range+#0xm?* while

those of water molecules contained in the membrane are characterized by a wide band between
3900 and 2600 crhand several bands in the range 191%00 cmt. The assignment of PFSA

vibration bands, as illustrateqTable A.1below, is fairly well established nowadays, although

some absorption bands are still open to discussion.

Table A.1 +Assignment of IR vibratiobbands of polymer and water molecules of PFSA membranes based on the

literature.

Wavenumber (crf)  Vibration mode assignment References
3720 O-H stretching (free water CGRHOH--FC) [1#4]

3450 O-H stretching (bulk water) [14]

2900 +2000 O-H stretching (HO") [4 5]

1720 H-O-H asymmetric bending (@) [4,7]

1680 H-O-H bending (HO*.H0) [6]

1630 H-O-H bending (HO) [1,440]

1420 S=0 asymmetric stretching (Si9) [5 8]

1302 C-C stretching [11]

1200 C-F asymmetric stretching (Ggroups) [1145]

1200 S=0 symmetric stretching (SB) [1,4,10,16]
1145 C-F symnretric stretching (Cigroups) [1,4,6,9,1315,17]
1130 S=0 asymmetric stretching (8D [10]

1055 #1060 S-O symmetric stretching (SO [10,11,13,15,17,18]
982 C-F stretching CR-CF(CR)- group) [11,12]
982/966 C-O stretching (ether linkages) [4,7,8,10,1315,17,19,20]
920 SO ymmetric stretching (S£B1) [4 8]

805 CS stretching [4]
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Most studies agree on the vibration bands assignwigénthe exception afhe peak located
at 980cm! for which some authors attributed it to the stretching mode -6-C group
[4,7,8,10,14,16,1AVvhile others assigned it to CF stretching mode of the CHCF)- group
[11,12] More recently, Comst al. suggested that the 3 characteristics peaks associated to
PFSA side chain between 1080 and 950" @annot be simply assigned to single functional
groups since vibration modes associated to these bands are greatly cofif@dct@dnds at
1060 and 966 crhwould be both linked to the symmetric stretching ofsS§doups and would
entail the motions of many adjacent atoms within the PFSA side chains. On the other hand,
band centered at 982 drwould notberelated to S@ symmetric stretching. Theissumption
is verified by the absence of bands located around 1060 and 96 ¢ spectrum of a dry

Nafion®membrane.

It is worth noting that many studies demonstrated that IR spectrum of a afembrane
is significantly influenced by the membranater contenf2 £5,941,19,20] In order to study
the impat of the degradation on PFSA chemical structure, it is necessary to perform the
measurement in identical conditions where the influence of water molecules on the IR spectrum
is negligible,i.e. in a state close to the dry state. In that respect, sevaratieents were
performed to optimize the drying protocol of Naffdrmembranes before the ATRTIR

analysigFigure A.lillustrates the IR spectra of alfuhydrated pristine XL membrane during

its dehydration at ambient air. The pristine XL membrane was initially immersed in distilled
water at room temperature during 7 hours before being quickly wiped between two absorbent
papers and analyzed by ATRTIR spectroscopy at different time intervals.

Figure A.1 *Change in ATRFTIR spectrum of a pristine NafiédfiXL membrane during its dehydration at
ambient air. The inset is a focus on vibration bands associated to PFSA side chains.
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1. Establishment of a drying protocol for AFRIR measurements

As expected, vibration bands associated to the water molecules arounch8480d at
1630cmt exhibit an important decrease ofsabbance magnitude as a function of time,
indicating the dehydration of the membrane. On the other hand, it can be seen that the
characteristic vibration bands of PFSA are also greatly influenced by the membrane water

content: as seen in the inse@' ure A.] the absorbance magnitude of PFSA vibration bands

significantly increase with time. As the normalized intensity ratio between the PFSA side chain
and -CF, groups vibration bands varies significantly as a function of the membrane water
content, it is thus essential to control the hydration level of the membrane to detect eventual

chemical structure changes as a consequence of the degradation.

Conseqently, as the membrane water content strongly influences the IR spectrum, it is
necessary to perform analysis in the same conditions for all local measurements and for all
membrane samples to properly compare aged and pristine membranes. To this éndoh pro
measurement was established to analyze membrane samples after drying under inert gas.
Measurements were performed in order to estimate the time needed to dry the membrane and
attain an equilibrium state. In that respect, a membrane was exposeilytoiogen flow

(99.9999% of purity) with a 2NL/min flow rate during several minutes and tRespectrum

was measured at different time intervals during the drying profbmpire A.Zillustrates the

IR spectrum evolution of a pristine XL membrane during the drying.

Figure A.2 *Change in ATRFTIR spectrum of a pristine NafidXL membrane during its exposure to a dry
nitrogen flow. The inset is a focus on vibration bands associated to PFSA side chains.

It is important to note that the equilibrium state referred here is not the totally dry state of

the membranetsome residual water molecules strongly bonded to sulfonatpgstill being
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present in the membrane even after drastic drying protatiolg only a state for which the
membrane water content does no longer affect the absorbance magnitude of PFSA vibration
bands. After only 30 seconds under a dry nitrogen flowytiter content of the membrane has
drastically dropped since the absorbance magnitude of water molecules vibration bands is
significantly diminishes. On the other hand, the absorbance magnitude of PFSA vibration bands
increase and the symmetrical stretchr@and ofthe sulfonate group is shifted slowly to higher
wavenumbers (from 1055 to 1060) ¢éras the membrane water content diminishes until
reaching a stationary state. It was therefore determined from these experiment that the exposure
of the membrane ta dry nitrogen flow with a flow rate of[L.min"! for 15 minutes permitted

to reach an equilibrium state since the absorbance magnitude of PFSA vibration bands does no

longer evolve.

Additionally, further ATRFTIR analyses demonstrated that if the membrane is measured
after a first dryingovernightin an oven at 60°Gafter pretreatment for examptehe exposure

time to inert atmosphere necessary to reach the equilibrium state is reduced to 10 minutes.

2. Cleaningprotocolafterexsitu accelerated stress tests

In thisthesiswork, most of theex-situ accelerated stress tests involved the exposure of the

Nafion®membranes to Fenton solution. As mentione(@f chapter lll after several hours

of exposure to Fenton soluticsgme membrane sampleinitially translucent and colorless
became opaque and orange, probably because of the adsorption of iron cations. Additionally, a
brick red precipitate was formed when concentration of ferrous ions was highrtd4and its

deposition on the surface oren within the pores of the membrane might explain the orange

color of degraded membranes (Ségure A.3:

Figure A.3 tEvolution of the membrane color of 96 howfsexposure to Fenton solution duringessitu
chemical stress test.
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2. Cleaning protocol after esitu accelerated stress tests

The presence of impurities into the membrane can provoke changes in chemical structure
through crosslinking effect and can alter the properfi@gater sorption and transport. Indeed,
the presence of paramagnetic cations within aged membranes have detrimental effects on NMR
signal (large resonance peak) and relaxation phenanftoo short relaxation timehus
impacting the study dhechemicaldegradation impact on water sdiffusion coefficient into
Nafion®Emembranes. Additionally, the exchange of protons, codnterof NafiorfEsulfonate
groups, with metallic cations is known to have an important impact on the water sorption
capacity[21].

Therefore, in order to solve the cationic contamination of the membranesesfiu
accelerated stress tests involving the exposure to Fenton solution, it was necessary to establish
a cleaning protocol of aged membranes. The first step of this protocol was similar to that
suggested by MacMillaat al.[22] and consisted in using the ethylenediaminetetraacetic acid
(EDTA) as astrong chelating agent to complex ferrous and ferric ions within the aged
membranes. More particularly, the use of EDTA in a salted form enables to exchange metallic
countercations of PFSA sulfonate groups with cations from the soaking solution. Therefore
aged membranes were first soaked in EEN# solution at 0.0dnol.L"* overnight at room
temperature. Aged membranes were then thoroughly rinsed with distilled water at room
temperature before being immersed in a nitric acid kidiution at Imol.L™* at 80 °C during
2 hours for complete +acidification,i.e. complete exchange of Nans with protons. Finally,
they werewashed in distilled water at 8C for two hours to remove all excess of nitric acid
and residual contaminants ashied 6 to 20 hoursi an oven at 60C. At the end of theleaning

protocol, the pronounced orange color of aged membranes was significantly atteaagtstl a

membranes became slightly yellow tin1§cig(ure A.4.

Figure A.4 +Evolution of the membrane color before and after cleaning protocol in comparison with a pristine
membrane. The protocol was repeated three times to obtain adequate deatimamirthe aged XL
membrane.
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To ensure the complete-peotonation of aged membranes, analysis of aged membranes was
carried out by ATRFTIR spectroscopy. Indeed, the use of AFRIR spectroscopy as a tool
for the identification of contaminants and mistrictural changes in PFSA membranes has
been already demonstratg8]. Indeed, the work of E. Moukheiber permitted to identify the
changes in FTIR spectra of Nafifmembranes after the exchange of their proton cotumer
with metallic cations: the disappearance of the vibration band atch#3@vhich is associated
to the HO-H bending of hydronium ions30@*, and the appearance of a vibration band around
870cm. The disappearance of the vibration band at Xi8in IR spectra of F&-Nafion®
membranes confirms that:&8" ions bonded to membrane sulfonates groups were exchanged
with Fe** ions [24]. The vibration band around 870 ¢rhas already been observed in the
literature for Nafiolf PHPEUDQHYV G HJU D @atidn Bihd )ddrQod Rtblited to the
formation of oxebonded FeD-Fe in Fé'-Nafion membranef23 £5]. Moreover, a shift in the
C-O-C and S=0 stretching bands was observed for exchanged XL membranes and can be
explained by interactions of Feions with the PFSA side chain moieties, as it has been
suggested by the work of E. Moukheilp23].

In the case of this thesis wotkgesame changes WTR-FTIR spectrum have been observed
IRU DJHG PHPEUDQHY DIWHU H[SRanH HBGh). Wdure A.QIMsRaE§Y UHDJ|
the ATRFTIR spectraRl1 D ;/ PHPEUDQH DJHG E\ )HQWRQYV UHDFWLF

and after the cleaning protocol in comparison with a pristine XL membrane.

Figure A5 +,PSDFW Rl WKH FOHDQLQJ SURWRFRO RQ WKH ,5 VSHRWUXP RI C
96 hours) in comparison with a pristine XL membrane. The inset to the left is a focus on characteristic PFSA
vibration bands and the other insets are magatifias on evidence for cationic contaminants identification. IR
spectra were measured at the ambient air.
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2. Cleaning protocol after esitu accelerated stress tests

It is important to note that aged XL membrane is considerably contamingeigsee A.3

and thus made it difficult to have a convenient IR signal, which could explain the intensification
of vibration bands assa@ted to both water molecules and PFSA. After the cleaning protocol,
vibration bands assiated to the presence ofFand/or Fé" ions disappeared, suggesting that

aged XL membrane was properly cleaned.

Since ATRFTIR measurementnly allows to probe membrane surface (0.17 to 2.58
micrometers) it is important to confirm tleéiciency of the cleaning protocol with technique
capable of analyzing the entire membrane. This is why, in addition toFATR analysis,
sorption measurements were performed first on a pristine XL membrane immerséd in Fe
solution and then on the sameembrane sample after the cleaning protoEajure A.6
illustratesthe sorption isotherms of a pristine XL membrane in the protonated form compared
to XL membrane completely exchanged witifFiens before and after the cleaning protocol
First of all, the resultgonfirm that the presence ¢¥e?* ionsin membrane impacts water
capacity sorption. After the cleaning protocol, it can be seen that sorption isotherm became
identical to the nomxchanged membrane meaning that the water sorption capacity of XL
membrane is restoredhis thusconfirmed that th cleaning protocol established in tthesis

work permitted to efficiently eliminate cationic contaminants.

Figure A.6 +Water sorption istherms of XL membranes as a function of the sulfonate group ceionter
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Impact ofa static compressive strems the functional
properties of PFSA membranes

As mentioned in 8.2 of chapter V, the evolution of the water sorption capacity was also

investigated in the case of a static compressive stress. In this pegane, B.lillustrates the
water sorption isotherms and its decomposition into the three adsorption mechanisms of XL
and NR211 membranes after differaging testscontrol aging tests #hnd#2, static aging

test(mechanical and chemical stress conditions are giyé&alie 5.1of chapter V).

Figure B1 tWater sorption isotherms (3C) of (a) XL and (b) NR211 membranes after various aging tests in

comparison with pristine membranes. The paithe bottom illustrate the evolution of the different adsorption

mechanisms. Five measurements were performed on the pristine XL in order to control the repeatability of the
measurements and of the pretreatment process.

The results are simildo thoseobservedin the case of cyclic compressive stress: on the one

hand, a significant increase of cluster contribution is observed for aged XL membranes while

no clear evolution of Langmuir + Henry contributions is visible and no significant changes of
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all the three contributions is observed in the case of aged NR211 merslomatige other hand
These evolutions confirm the assumption made in the case of cyclic compressive stress stating

that the addition of a mechanical constraint does not alter the water sdrgtiavior

The same conclusion can be drawn by studying the evolution of the water transport property

in aged membrangBigure B.3: no significant impct of the conjoint chemical and mechanical

stress on the water salfffusion coefficient is observed on the all range of membrane water
uptake probed for both NR211 and XL membranes.

Figure B.2 tWater seldiffusion coefficent evolution after various aging tests as a function of water uptake in
aged(a) XL and (b) NR211 membranes (triangle symbols) in comparison with pristine membranes (circles).
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