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Abstract

In a world facing climate change, thgplication oflow temperaturgolymer electro-
lyte fuel cells (PEFCs) for automotiand stationaryapplicationsgained major atten-
tion recently.In particular,commercialization advances are being made for thsgige
in mediumand heavyduty vehicles Durability is akey aspector commercial success
of PEFG. To resist reversal eventsiginating fromgross fuel (i.e. b starvationin
affectedcells, the introduction obxygen evolution reactiorOER) co-catalysts to the
PEFC anode has been establisldsdmateriabased mitigation strategylhis work
focuses orthe development diest protocols andharacterizatiortechniqueson single
cell level to investigateiridium-basedreversal tolerant PERCre@rding performance
anddegradation.

The firstpart of this thesis aims &chniques which angrovidinginsight into reversal
toleranceof OER based PEFCAn accelerated stress test (AS¥asdevelopednves-
tigating shorterm recurring reversal operation ieeet the expectations afitomotive
field application. A& OER recovery effecindicatedby unaffected OER activitywas
observedor shortterm reversal eventshite normal operation causéEFC failure In
addition, a significantlependenceetweerhydrogen oxidation reactiotHOR) catalyst
and reversal toleranagas found.Using further characterization methodsichas hy-
drogen pumppolarization curvesPEFC failurefor shortterm reversal eventould be
ascribedto hydrogen oxidation mass transfer increasgginating fromsevere carbon
corrosion and structural collapse within the anode catalyst |ayer.electrochemical
results werevalidated analyzingcanning ekctron microscopenages(SEM).

The second part of the thesis focusesPaiC degradatiorby transient anode condi-
tions originating fromstart-up/shutdown (SUSD) eventsSUSD ASTs were developed
to provoke substantial anode degradation while minimizetfode degradation due to
the secalled reverseurrent effect Advanced baracterization methods to investigate
the sgnificant degradation of thHOR andOER catalystvere developeduncoveringa
structural change of the anode catalyst layer and a substietladein reversal toler-
ancewhenPEFCswereexposed to SUSD events addition,characterization methods
are presentedo investigatethe crossoverof IrO> based OER catalysbv the cathode
catalyst layerpromoted bytransient anode conditionsidium crossover was found to
significantlyimpactthe determination of electrochemical surface dE2SA for plati-
numbased catalysts bstateof-the-art chaactkerization methodsThe introduction of a
voltage clipping step during SUSD events was showing to have a minor impact on
anode degradation anddium crossoverUsing energy dispersive Xay spectroscopy
(EDX) and SEM imaging, thelectrochemical degradationaacteristics wersubstan-
tiated
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Zusammenfassung

In einermit dem KlimawandekonfrontiertenWelt hat die Anwendung voNiedertem-
peraturPolymerelektrolyiBrennstoffzellen (PEF§} fur Kraftfahrzeuge und stationare
Anwendungerin jungsterZeit grof3e Beachtung gefunddnsbesonderavurdenkom-
merzielle Fortschritte beinkinsatz in mittelschweren und schweren Nutzfahrzeugen
erzielt. Die Langlebigkeit ist ein zentraler Aspdélit den kommerziellen Erfolg von
PEFCs. Um sogenanntdeversalEreignisse zu widerstehenywelche durch Wasser-
stoffunterversorgungler betroffen@ Zellen entsteherkdnnen hat sich die Einfihrung
von CoKatalysatoren fir die Sauerstoffentwicklungsreaktion (Olflerhalb der
PEFC Anode als materialbasierte Mitigation etabliert. Diese Arbeit konzentriert sich auf
die Entwicklungneuartige Testprotokolle undCharakterisiermgsmethoden auf Einzel-
zellebene, um Degradationseffekte vbidium-basierten reversaltoleranten PEFCs
hinsichtlich Leistung und Degradati@an untersuchen

Der erste Teil dieser Arbeit ziduf Testmethodeab,die Einblicke in dieWiderstands-
fahigkeit von OERbasierten PEFCbei ReversaEreignisserermdglichen Es wurde

ein Alterungstest{AST) entwickelt, bei dem ein wiederkehrender, kurzzeitiger Rever-
salbetrieb appliziervird, um ReversaEreignissem Feldbetrieb erwartungsgerecht zu
simulieren. Fakurzfristige ReversaEreignissdrat ein ErholungseffektlesOER Kata-
lysatorsauf, der zu gleichbleibender OER Aktivitat fulrtEs zeigte sich, dass die
Brennstoffzellehingegen wahrahdes Normalbetriebs versagDarlber hinaus wurde

ein signifikante Einfluss des Katalysators demasserstoffoxidationsreaktion (HOR)
auf die Reversalloleranz festgestellt. Unter Verwendung weiterer Charakterisierungs-
methode®, beispielsweise dezlektrochemischeWasserstoffpumpekonnte das Versa-
gen der PEFC bei kurzzeitigen ReveiBatignissenauf eine Zunahme der Massen-
transportwiderstande fur die Wasserstoffoxidagreaktion (HOR) zuriickgefuhrt
werden Dies Zunahmevurdewiederum verursacht durdtarke Kohlenstoffkorrosion
und einen strukturellen Zusammenbruch der Anodenkatalysatorschicht. Die elektro-
chemischen Ergebnisse wurden dufifnahmen mittelsRasterelektronenmikroskop
(SEM) validiert.

Der zweite Teil der Arbeit befasst sich mit der Degradation aufgrund transferder
denbedingungen durch Start/Stopp (SUSD) Ereignisse. SAI&Dungstest wurden
entwickelt, um entsprechende Anodendegradation hervorzurufen und simultan Katho-
dendegradation durctlen sogenannte Stromumkehrifekt zu minimieren. Es wurden
Charakterisierngsmethoden entwickelt, um die signifikante Degradation des-H&dR
OER-Katalysators zu untersuchen. Dakam es zu einer strukturellen Verénderuaieg
Anodenkatalysatorschicht und esiisubstanzielle Riickgang der Reversaloleranz
sobald Brennstoffzen Start/Stopp Ereignissen ausgesetsren Darlber hinaus
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Zusammenfassung

werden Charakterisierungsmethoden vorgestellt, um Iddiumubertritt des OER-
Katalysators auf die Kathode zu untersuchen, welcher durch transiente Anodenbedin-
gungenbegunstigt wirdEswurde festgestellt, dass Iridium die Bestimmung der elekt-
rochemischen Oberflach&CSA von Katalysatoren auf Platinbasis erheblich beein-
trachtigen kann Die Einfuhrung einerSpannungsbegrenzungahrend Start/Stopp
Ereignissa wies lediglich geringfugige Aiswirkungn auf Anodendegradation und
Iridiumibertritt auf. Die elektrochemischen Degradationsergebnisse wurden mittels
energiedispersiver Rontgenspektroskopie (EDX) und REM Aufnaluminmauert
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1 Motivation

AfWe are the first generation to feel t
who can do somethg about ib [1]. This quotefrom the former US president Barack
Obama illustrateshe urgencyof political, social, economjcand technologicalransi-
tions to tackle one of humanity'smost challengingissues antropogenicclimate
change The crucial need fordecarbonization of vast sectors of our econorheessbe-
come aintendedgoal throughousociety politics and ecoomy within the pastdecade

[2]. The e&onomic ecarbonization is mandatoty combat and decelerate thapidly
progressinglimate change

From thefirst considerations in the f&entury,whenSvante Arrhenius stated thedal
mines arditerally evaporagdinto the airandhe drewthe connection betwearmitted
CO, and an anthropogenic global warmirggfect [3], the research an#nowledge ®
anthropogeniclimate changdas been significantly improvadhtil today Within the
20" century further scientific insighs have been obtainedtorroboratedand spread
beyond the scientific community. Fexample,whenJames Hansen, Mational Aero-
nautics and Space AdministratioNASA) climate scientiststatedand explainedhe
direct interconnectionbetweensubstantiabnthropogenic greenhouse gaumulation

i n the ear tandtsimgadt onocknmate ehangfk988in the Lhited States
(US) congresd4]. In the same gar thelntergovernmental Panel on Climate Change
(IPCC) was formedwhosemain purpose igo review the latestfindings of climate
science and talisseminateknowledge to policy makerand governmentaround the
globe [5]. These efforts succeededn internationalclimate change conferencesd
international treaties, asg.the Kyoto Protocofrom 1992[6] or the Paris Agreement
from 2015[7], whereavast majority ot h e wauntriesdgieed on climate change
mitigation, adaptiorand finance.

Unfortunately, @ the way froma scientific consensu$o political, socialand ecaomic
actiors, valuable time has elapsed to mitigate climate changee#adtively cut the
COz emissions from fossil fuelddowever, science was not just able to reveal that the
influence of humans has warmed the global clinsdta rateunprecedentedithin the
last 2O years, but alsmmanagedo provide guiderail$n future prediction®n climate
changedependent oithe mitigating effortd5]. The 2021 Nobel Prize in Physicsmost
recentlyhonored theoutstandingresearch ofSyukuro Manabe and Klaus Hasselmann
which set the foundation for the saific toolsto predict climate changeccurately[8].
Based orMa na b e 6 s a n d wokassientsts foand thahere ismostlikely
still time left to mitigate climate change armeventclimatetipping points[9] 1 if we
startacing nowto achieve neteroCO; emissionss soon as possible

17
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1 Motivation

The recentdisruptive changeduring the COVID19 pandemigllustrated that society
and politics can mitigata global crisis governetly policies working withan individu-
alsdbiases angberceptions ofisk [10]. Applying these experiences anknowledgeon
climate changeould help to achieve the ambitious gaalreachnetzero carbon emis-
sions by 2050a goalset by the United States and many Europsamtriesas part of
the Paris Agreemeffit].

Uponthejourneyto netzero carbon emissiongydrogen will play a major rol® meet
the decarbonizationargetsof various sectors: from heatimyerfood production, met-
allurgy andrefining to transportatiofii1l]. Renewable energgroduction by solar and
wind hasbecome ost effective recently12, 13] generating the demand for energy
conversion and energy storadé¢ydrogen is able tstorethis renewableenergy at a
gigawatthour scale to overcome both daily asehsonatenewableenergyfluctuation
on a commercial levdabday[11]. Besides, fidrogenstorage andransportcan be real-
ized at low cost, e.gwithin the existing natural gas systenfrastructureenabling
massive storage capacity4]. With the help of hydrogersustainable prmary energy
can be provided for all economic sect@sabling a 100% zero emissienergygrid in
combination witlrenewable energy producti¢iv].

Most recently, the European Union as well as the United Statesncedheir efforts

for hydrogen deployment at scale. The D&partment of Energig targetingto reduce

the costs of clean hydrogen by 80% t&/Kg within a singledecad€15]. Simultane-

ously, the European Uniocommittedon three major legislative packagesnang for
thetransitionto a green hydrogen economypon 205016]. The focus orhydrogenis
regarded asritical for the European energy security and independendéee fields of
electric powey transportationmanufacturingfood production and supplpt4, 17]. In
addition, the establishment of a hydrogen economy is also expedited in other countries,
e.g. China, Japan and Austrdlid]. Thesebillion-dollar investment$l5, 16, 18, 19]
massive ativities and enormous efforts are a clear sign for the key role attributed to
hydrogen mitigating climate changeurthermore, establishing a strong hydrogen sector

is crucial to accomplish a sustainable and fossil free economy in the abovementioned
regions and worldwide.

Besidedts capabilityin energy storage, hydrogen cactasbase material for synthetic
fuelsin transportationfor stationary power applications andvariousindustrial sec-
tors .g., ammonia production)11]. However, as ydrogen provides gravimetric
energy density already sufficient for heavy duty transportation, aviatiothertrans-
portation applicationsit canalsobe used directly aafuel. Commonly, thetransporta-
tion sector includes little renewabdmergy éstimated 3% in the URO]) while simul-
taneouslybeing responsible fa20 to 30% of theglobal greenhouse gas emissigis
211 23]. Consequently, ydrogen can directlype usedto support the decarbonizatio o
transport in a global and intamnected world

18



1 Motivation

One of the most promising technical solutions using hydregeiuel for transportation
are mlymer electrolyte fuel cells (PEFCHEFCshave many benefits oventernal
combustion engines, especialygher efficiencies (60%) [11]. For lightduty vehi-
cles,suchas passenger cars, yhean provide similar driving ranges $90km) and
refueling times € 5min) [24]. Therefore, Bnost all major automotive mafacturess are
developing fuel cell electric vehicl¢24]. Howeve, the substantial decrease irhiitm-
ion battery costsost recentlyeadto a significant shifin production and development
towardsbattery electric vehicle®r light-duty usage[25].

Neverthelessthe usage of PEFC within medium to heanty vehicleshasrecently
attracted significant attentiofil, 26, 27] Within the transportation sector, medium
and heawyduty trucks play a major role regarding £@missions. For the US these
trucks cause 24% of the greenhouse gas emisfiomsthe US transportation sector
(2019 [22]. Besides truck manufacturesare recently facing challengingregulations
regardingCO; fleet emissionwithin the upcoming year®oth in the EU and the U31,

28]. In addition, majotruck and carmanufactures agreed on more ambitious targets and
decidedto stop sellingcombustionenginebased vehiclewithin ther main marketsy
204029, 30]

Consequentlyfuel cells offera great opportunity fahe transportatiosector, as similar
to batterypowerthey allow for local CQ emissionfree transportatiowith an electric
powertrain But in additionto battery vehicles, fuel cellsanoffer an extended range,
shorterrefuelingtimes andnost importanenableheavier payload capabiliti¢sl]. The
increased payload capability caused bythe highermassspecific energy of hydrogen
compared to batteriemnd thepossibledecoupling of energyhfydrogentank capacity
and power (fuel celstack sizgfor fuel cell systemg24]. This effectcan lead to a de-
creased totatost of ownership for fuel cell trucks with respéatbattery technology
and stateof-the-art diesel truckg31, 32] This advantageains particularimportance
for heavy duty and longaul trucks. At the same timthe usage within the medium
and heawyduty truck segmermmnitigatesone of the major disadvantages of fuel célls
transportationthe currentlack of hydrogen refeing stations( &00total in Germany,
US and Japafil]). The deployment ofeavyduty vehiclesenables more predictable
and dedicated routesequiring fewer refueling stations atftereforeless infrastructure
investmens [11, 24] In addition, f using green hydroge(e.g. from electrolysisof
renewablesnergy, fuel cell vehiclesnot just offerzero tailpipe C@emissions, but can
offer fully decarbonizé transportatiorirom well-to-wheel[33].

Within the last two decaddle major commerciatesearch and develontfocusfor
PEFC technology wathe passengetar sectorf24]. The shift inintendedtransport
application towards ntkum- and heawduty trucks comes along with a significant
requirementincreaseregarding PEFC efficiency and durability[24, 34] While the
required efficiency increase is in the range<d®%, the durability requiremesnfor
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trucksincrease by a factor &fto 6 with respect to passenger cars. Instead of aiming for
5000 operatinghourso r 258000km lifetime range truck application aretargeing
for >25 000 operatinghoursor 1.6 million km vehicledurability [24].

Besidecosts,PEFC durability has been identified esjor barrier for commercial ap-
plication [34]. The substanti& increasedrequiremerg for truck applicatios shown
above are further amplifying and illustratingthe crucial need for PEFC durability.
Commonly, the durability of the membrane acathode catalyst layer aie focus
regardingPEFC durability[34]. Despite that common focushodedegradationhas
gainedincreasedttention recently35i 37]. In particular, anode degradation caused by
hydrogen fuel starvation is recognized as a key lévedurability [38]. The introduc-
tion of oxygen evaltion reaction QER) co-catalyst to the anode has been established
as materiabased mitigation strategidsr these fuel starvation even39]. Commer-
cially available materials anehanufacturing technologiesan be employetb achieve
reversal tolerant anodes (RTAgith this approach.

To attain highly durablecommercialPEFC systems, advancedsitu characterization
methods arenandatory for research and developmé@imie mitigating capability of the
reversal tolerant anodes needs torealistically characterized with respect to field
application[40]. Furthernore in-situ methods to investigate the stability of the OER
co-catalyst and the reversal tolerant anadi@sng transient anode conditioage crucial

for further understanding in PEFC degradatiBoth of these aspects are considered
within this thesis to subsequentiyallow academia and industrfpr effective insitu
characterization oRTA degradation andimultaneously providéurther insights in the
degradation mechanisms.
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2 PEFCfundamentals

In this section the fundamentals of low temperature polymer electrolyte fuel cells
(PEFC) are briefly introduced. THandamentals withirthe following sections can be
found in comprehensive scientific literatgd., 38, 4148].

2.1 Working principle and a pplications

Fuel cells convert chemical enerffpm fuelsinto electrical energy and heat by a pair
of redox reactions. For low temperature PEAGsIrogen is used as fuel combination
with oxygen as oxidantwhile wateris producedcf. Equation2.1).

Total reaction 0 EU o 0% (2.2)
C

Hydrogen oxidation reaction (HOR) 0 0 ¢O0 (¢Q (2.2)

Oxygen reduction reaction (ORR) p (2.3)

Eﬁ ¢O ¢Q ° 0v

On the anodehe tydrogen oxidation reaction (HOR; cf. Equati®f) takes placeThe
formed protons migrate through the polymer electrolyte to the catfib@eelectrons
are passing through an external electrical cireumitich provides the ability to perform
electrical work The protons react ahe cathode with oxygesind electronprovided by
the external electrical circyiforming water moleculesvithin the secalled oxygen
reduction reactiofORR, cf. Equatior?.3).

Besides the low temperatupmlymer electrolyte fuel cell, a wide range of fuel cells
havebeen established usimgsideshydrogen also other fuels such as methane, metha-
nol or formic acidas a reductant and air as oxidaiassification by the type of electro-
lyte incorporatedin the cell iscommon Major fuel cell typesaside PEFCsre solid
oxide (SOFC), molten carbonate Q¥AC), phosphoric acid (PAFCGIndalkaline (AFC)
fuel cells. The varying electrolyte mainly dictatéise fuel cell characteristicsas e.g.
cell componentsfuel purity, operating temperaturefficiency and durability. Induced
by the varying characteristicsapplicationsalso differ significantly for eachfuel cell
type. Amongst others,he rangeof applicationsspreaddrom stationarypower genera-
tion (SOFC, MCFC, PAFQ to marineapplications MCFC) up to early space programs
(Apollo mission) for AFCs

PEFCsare alsopursuedfor a widevariety of applications. Whereas higbmperature
(HT-) PEFCs are promising for stationary power applicati@g. as combined heat
and power generatprlow temperature (L9) PEFCsgained major attention within the
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2 PEFC fundamentals

automotive sectodue to their capability fodynamic operationhigh powerdensities
and promising potential regarding cost and durability Low temperature PEFCs are
typically operated at temperaturbgtween 60 to 80C imposed by thencorporated
polymer electrolyte

Within the last decadeseveralautomotivemanufacturersaise.g. Toyota(modelMirai),
Hyundai (model Nexo), Honda(model Clarity) and Daimler(model GLC FCell) re-
leasedPEFC basedars highlighting the early commercialization of PEFC technology
To realize mass productionmany manufacturersecently extendedtheir efforts in
addition,aiming forheavy duty applications &sg. long haul truckg4, 26]

2.2 Thermodynamics

The Gibbs free energy of reactiony "Ois defining the maximum electricanergy
which can be provided by a PEFC

Yo YO VWY (2.4)

whereY "Odescribes theeaction enthalpy’Ythe occurring temperatu@nd Y "Ythe
reaction entropy(irreversible heat lo3s Combustion engines ocomparableclassic
thermoemechanical machineare strictly limited to the Grnot cycle anduse only a
fraction of the Gibbs free energyheir efficiencytypically does notexceed 50%In

contrast, fuel cellslirectly convertY "Ointo electrical energy. Thereforkiel cellscan
reachefficiencieshigher tharb0% [21, 45, 47](seesection2.4).

The difference between the Gibbs free energy of the products and the reactants de-
scribes the change in 5Dbboés free energy

0 o o ° o O (2.5)

The change in Gibbs free enermgjya reactioris dependent on pressure and temperature
Consideringhe ideal gas lawand isothermal conditiong can beexpresseas

- o Br 2.6

YO YO Y™ é—‘n 26)

bn

with the Gibbs free energy "O at standard pressu(@01.3 kP and temperaturéY
the universal gas constaiththe partial pressure$ and the respective stoichiometric
factoruv.
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2.3 Voltage losses / Kinetics

For the reaction in a PERCT. Equation2.1) Equation2.6 results in

. . 2.7
e .. Of 27
YO YO Yﬁeh—S

The equilibrium potentidD corresponding to the Gibbs free energy is defined as

. Yy O (2.8)
where'Oi s Far aday 6dthe sumimesaof teamsterredentrdnsby the reaction.
For PEFCaunder standard conditiongith & ¢ (cf. Equations2.1t0 2.3), O corre-

sponds to a voltage of 1.23V.
CombiningEquatiors 2.7 and2.8 is resultingin the secalled Nernst equation

| eyl oh on - (2.9)
0O 0 —zii-—"—r
a0 n

with ther e a c treversibleequilibrium potential O at standard pressuind the

temperaturéY O can be calculated usirgquation2.8 andvalues forY "O available
from standardeferenceables[45].

2.3 Voltage losses / Kinetics

In contrast to the tlueetical cell potential O at theprevailing operating conditions
given by the Nernst equatipthe thermodynamic pential is loweredy the so called
overpotentialsvhen current is drawn from the celommonly, three main voltage loss
contributions were consideredactivation (or kinetic) overpotentiad — , ohmic
overpotentiad— and the mass transport overpotentials . These overpotentiglsheir
composing subcategorieand the corresponding equation to derive the actual cell
potentialO are illustrated irfFigure2.1.

Mixed potential region

The practical observed open circuit voltage (OCV) is typically lower than the theoretical
cell voltage calculated by the Nernst equation, despite no cureergdrawn. As root

causes mixed potentials by gas crossover and side reactions are considefedn&h

is mainly caused by permeation of hydrogen through the membrane and the subsequent
direct reaction on the cathode with oxygen. This gas crossover effect also can occur for
oxygen permeation from the cathode to the anode, but due to the fastskoretihe

anode and the decreased permeability of the larger oxygen molecule through the mem-
brane, this effect is typically regarded as minor. Other side reactions considered to result
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2 PEFC fundamentals

in mixed potentials lowering the cathode potential are the reductioxygen to hydro-
gen peroxide as well as the oxidation of carbon and platinum.

o
0
<

nmembran

€
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nconctact } nQ

E .1 = Erev - N1Q - Nact - Nmtx

Cell voltage / V

Ecell -

Current density / A cm™

Figure 2.1: The overpotential contributions occurring in a PEFC dependent on the applied current
density. The illustration is intended to providea qualitative overview rather than acorrect qualita-
tive distribution.

Activation overpotential

The activation overpotential is caused by the electrochemicedgction kinetics due
to charge transfedt occures as soon as current is drawn from the Tk Butler

Volmer equation(cf. Equation2.10) is describingactivation overpotentialéor each
electrodemathematically

o) o]
Q Q00 V6 YOS 0 Q> . (210

Within the ButlerVolmer equationQrepresentshe current densityQ is the exchange
current density is the catalgt loading (isually given ingeatalystCMelectrode?), ECSA
describeghe electrochemical surface aréasually given inMcatalys? Geatalyst 2), | and

| are the anodic and cathodic transfer coefficiefiis the Faraday constant
(96485C mol'Y), 'Y is the universal gas constant (8.3148'Imol ™ J, "Yis the cell
temperature (203.1%) and — is the kinetic overpotential The ButlerVolmer
equationconsidereshe redox reacti®occuring aone electrode, e.g. the ORR and the
associated gygen evolution reaction (OER) on the cathoded is weightingthe
contribution of the reduction(i.e. ORR) and thexidation (i.e. OER) to the overall
currentby the transfer coefficienfThe exchange current density represents a current
flowing at zero net reactant conversion and equilibrium potential for the redox reaction.
Therefore, a high exchange current density, which is assodated fast reaction
Kinetics, is resulting ina small activation overpotentiaHowever, a lower exchange
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2.3 Voltage losses / Kinetics

current density can beompensated by large catalytic surface aregproduct of
0300 Y0

For largeoverpotentias, e.g. far away from the equilibriupotential where one reaction
dominatesthe ButlerVolmer equation can bamplified to the secalled Tafel guation:

Yoy . @ (2.10)
;7 00 QD0 206 Yo

which alsocan be written as:

o nﬁYin " D nﬁYin g 5 OOl i
- ;30 Q ;00 € ® w €

(2.12)

where b is the soalled Tafel slope.

The total activation overpotential @®mposed by the activation overpotential foe
PEFC reactionstaking place at theanode— j and the cathode-  , as
illustrated n Figure 2.1 (green areas)-or both reactions, Pt is the best monometallic
catalyst know to date However,the HOR('Qin the range op 1 | A [ ) exhibitsa6
orders of magnitude high@xchange current densigpmpared to the ORRQ in the
range ofp 1t ! A ). Thereforethe activation overpotential for PEFC is widely
attributed solely to thactivation overpotential of the ORR on tt@&hode, whereas the
HOR activation overpotentiatlue to its fast kineticss neglected. Simultaneouslythis
explains the commonligigher platinum loadingon the cathod@n contrast to the anode
for PEFC applications.

Ohmicoverpotential

As illustrated inFigure 2.1 (brown to orangeareas) the ohmicoverpotential- is
composed by ohmic lossestbE membrane , contact resistances and

losses due to proton conduction within the catalyst layers 0 . The ohmic

overpotentiallinearly increase wi t h  current densilawandaccor d
dominates at moderate to high current densisitee membrane overpotential caused

by ionic resistance of the membranes si gni ficantly dependen
thickness and water content. Simultaneously, the membrane overpotettiadirsating

the ohmic overpotentiallhe ®ntact resistance is summing uphe resistances

occuring by conductions of electronsotrgh the catalyst laygrgas diffusion layers

(GDLs), flowfields and bipolar plates In addition to the dependencyon the
incorporated materialshe conact resistance also is a function of the cell compression.

- and — are commonlysummarizedin the high frequency resistance

(HFR) overpotential- . Furthermore, the transport of protons through the catalyst
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2 PEFC fundamentals

layersresults in thesffective protoroverpotential- 0 , also referred to as

sheet resistancés for the activation overpotential, the contribution of the ansiteet
resistace is commonly negleied dueto a minor impact.Commonly a lower anode
thicknesqresulting inincreasedjasdiffusion) andthefastHOR kineticslead tothe fact
that the HOR reaction takes placelose to the membrane interface, resulting iarsh
protonic pathwaysand thus in negligible protonic resistanceTherefore, solely the

proton resistance of the cathode j is taken intoconsideratiorfor PEFC cell
voltage loss

Mass transporbverpotential

At high current densitieshé masstransport overpotentiat  is dominating(cf. Fig-
ure 2.1, blue areas)Mass transport overpotentiadge originaing from convective
andbr diffusive gadransport limitatios. Convectivegas transpompredominatlyoccuss
within the flow field domainand theGDL. Convective mass transport limitatiomns
commonlyattributed toblockage of reactant gaslow, e.g.by liquid water. Dffusive
gastransportlimitations of reactantgasesoccur betweerilow channelandto the se
called triple or threephase boundariepredominantlyin the porouspathwaysof the
GDL andthe catalyst layerThreephase boundariaefer to active catalyst sitegthin
the catalyst layerwhere gaseous rectans present and simultaneously protonic and
electrical conduction is ensurefbi( further detailssee sectior2.5.2). Within the GDL
domain predominantly diffsuive transport phenomena ao®nsideredfollowing a
StefanMaxwell or Fickiantype diffusionapprochg21, 49] Within the catalyst laye;
Knudsen diffusion iscommonly assumed[21, 49] As diffusive mass transport is
considered as major contributamass transport overpotentibecomes apparerior
diluted reactantse.g. «ygen in airor for the enrichment of M in the anode loop
(furtherdiscussedn section2.5.9. In addition the (temporary) loss @&vailableporous
volumein the GDL,microporous layeand catalyst layer can lead to an increase in mass
transport overpotentialLoss in pore volume cawoccur for example due tpore
blockag by accumulatedwater [50] (humidifying water in gas supplor product
water), increased compressi(predominarly decreasing th&DL void volumg or due
to degradation and collapséthe catalyst layesnd/or GDL

As the above described effects are more likelgvanton the cathode (product water

formation, dilluted oxygen electroosmotic drgg the overpotential on the anode
commonlydisregardedd ue t o it 6 s minasstranspartdowveverbfart i on t o
degraded anode catalylayerssignificant mass transport increases beerreported

[35].
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2.4 Fuel cell efficiency

2.4 Fuel cell efficiency

For PEFG, commonlythe electrical efficiency  is considered amajor efficiency
parameterThe maximum theoretical electricafficiency—  can be described:as

|k<(

. : (2.13

Using the higher heating value of hydrogeiO = 286kJmol'!) , for PEFCsa
theoretical electricagfficiency of 83% can be achievdd7]. The theoretical efficiency
is also known as the thermodynamic efficiencyhe maximum efficiency limit.

The actual electrical efficiency | of afuel cell is defined by thactual electrical
energyw divided by the engy of hydrogen consumed [51]:

2 (2.14)

-k J—

with thecurrentQactual cell voltag® andmolar flow of hydrogen consumed .

Considering Far ad ahediimsy vdlue of hydragdin equaten2.b4j g h e r
the electrical efficiency of a fuel cell can be writterj%H:

o (0] (2.15)
" p8 Yo

Instead of the higher heating value, also the lower heating value can be considered. The
lower heating value is considering the heat of product water condensation. For PEFCs,
both approachesan bereasonable as the product water may leave in liquid @ogas

form. The actual fuel cell efficiency is dependent on theeurringoverpotentials (see
section2.3). If the overpotential increas€se.g. due @ aging) the electrical efficiency
decreasesSimultaneously, the waste heat increases.

The current efficiency-  (considering internal curresitand the fuel utilization
— i (considering commonly applied overstoichiometric operattam) beconsidered
in additionto calculate the electrical efficienayore &curately[47, 51}

_ : —— F — § (2.16)

For fuel cell systemsthe electrical efficiency is decreased bglectrical consumers.
Balanceof plant components (e.g. compressaiesgreaséhe electrical net poweoutput
andthusthe system efficiencyAt the same timethethermal energy by waste heat can
complement the electrical enerfypyr fuel cell systemsFor example, the theal energy
can be useavithin the fuel cell systenfe.g for gasconditioning)or adjacent systems
(e.g.truck cabin) Consequentlythe overall system efficiency can be incredsélow-
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ever,if the thermal heat exceeds the usable portibthe systemadditional cooling
power has to be provided. This, in turn, cctrease the net power output of the fuel
cell systeni42, 45]

2.5 PEFC components

In the following section an overview of tmeain PEFCcomponents and materials from
membrane electrode assembly (MBA)stack level shhbe providedas well as their
main characteristics and requirementee membrane electrode assembly is the core
elementwithin PEFG. As depicted inFigure 2.2 the MEA is surroundedby bipolar
plates(stackconfiguratior) or flow fields (single celljncluding flow channelson the
anode and cathod&he flow channels are common&yming for ahomogenousgyas
distribution Within the MEA, the membranes sandwichedbetween the catalyst layer
and the gas diffusion lay®{GDLs). The GDL commonlyconsists of a microporous
and amicroporoudayer (MPL) on the interfacaextto thecatalyst layerThe electro-
chemical reaction takes pla®éthin the catalyst layerst the so-called threephase
boundary(see sectio2.5.2.

Flow field /
Bipolar plate

Gas diffusion layer

Anode catalyst layer —» $
Membrane —» ¢ H+ o

Cathode catalyst layer —» §

Microporous layer ———-D*.‘?Pﬁ'O >

Macroporous layer —» //_ 7\\"_
£

A =

PLLSS
= = S
Flow °“a"“e'“

Figure 2.2: Schematic sketch of @EFC, including membrane electrodeassembly flow field/bipolar
plate and external electrical circuit.

Membrane electrode assembly

2.5.1 Membrane

Low temperature PEFCs are often referred to as polymer exchange membrane fuel cells
(PEMFCs), due to the common introduction of the polymeric electrolyte in form of a
membraneThe membrane is thgeometricallycentere component in the MEATO

locally separate the overall reaction withinfuel cell see Equatior2.1) into anodic

HOR andcathodicORR reaction the polymeric membraneadeally canconduct protons
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2.5 PEFC components

while beingimpermeable tdeduct)gases as well aseingcompletly electrically insu-
lating. Membraneswith perfluorosulfonic acidPFSA) groups carried on &luoro-
)polymeric backbone have beeastablishedas stateof-the-art A general chemical
structure of theses polymers is showirigure?2.3.

~E((|ZF - CF,) — (CF,~ CF)

(OCFZCF)m—O - (CFz)n - SO;H
CF;

Figure 2.3: Chemical structure of perfluorosulfonic acid (PFSA) ionomers.

The sulfonic acid grouprm hydrophilic clusters, whereas the mahainsare show-
ing hydrophobic cham&eristics. Consequently, a phase separatid?H8A basednem-
branes iobservedWater, introduced to the MEA with theupply ofreactant gases and
from the chemical reactioat the cathodes forming a network within the hydrophilic
phase The water molecules are forcing the dissociation of sulfonic acid gremas
bling protonconduction,and resulting in a highly adcimedium The protontransport
takes placeeither viastructural diffusion (Grdhussshuttling) or vehialar diffusion
and isstrongly dependent on the humidification level of the membrarie proton
transport $ accompanied by the -salled electroosmotic dragshich describes the €o
transport of watemoleculeswithin the membranefor each proton transporte@his
effect isfurther complicating thenanagement dfyproducts as water and heat.

To meetthe requirements fdrigh-performancecommercial applicationgspecially the
following requirementare mandatory for PEFC mmbranes:

i. high proton conductivity
ii. impermeabilityfor fuels and oxidants
iii. high durability (chemical and physicstiability)

To achieve a high proton conductivighdlow ohmic lossesinembranesre designe
as thin as possibl® provide a low ionic resistanaghile maintainingacceptable gas
permeation Stateof-the art thicknesseare inthe range o#0 to 10um. In additionto
membrane thicknessheionic conductivityis highly dependent otemperature and the
menb r a n etér cont@ndTo achievehigh ionic conductivity a key strategy is to
humidify the gas supply dhe reactant gasesspecially on the anoddowever,humi-
ficationrequires space and resource intenpewer of plant components.

The gas permeability imverselyproportional to the membrane thickne$be thicker
the membrane, the higher the resistance for hydrogen or oxygkeculeso crossover
from anode to cathode or vice verBermeating @actants crossing the membraare
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leadng to an electricalefficiency loss eithevia hydrogenconsumption at the anode by
reacton with crosseebver Oz or by consumption of crosseaver hydrogen and subse-
qguent reaction with oxygen on the cathodlkerefore, commonly a tradefah mem-
brane thickness between optimized proton conductivity aateptablegas impermea-
bility has to be found.

The thickness of the mebrane issignificanty decreased byghemical and physical
membranadegradatiorover lifetime.Thus gas impermeability and membraderabil-

ity are closely relatedMembrane degradation is discussed in detail in se@i6r8
However,a short overview in membrane durability is given in the followtim@ccount
for the mitigating materials incorporate@hemical membrane degradation is mainly
driven bythe formation ofperoxide hydroxyl and relatedadicalsdue topermeated
oxygenandhydrogenmoleculesor as intermediate species in B&R [21, 52, 53] As

a consequenaaf chemical degradation, severembranehinning can occyieading to
increased gas crossover rates as wedlvas leading to complete electrical shorting of
thecell. To improve thehemical stability oPFSA basednembraneseither theiono-
mer can be improved (e.by decreasingxygen crossovenr radicalscavengers (.
Ceor Mn) can be integrated within the membrd8g, 52] The physical or mechanical
durability is mainlyinfluenced by mechanical streddechanical stress can be caused
by compressionpuncturesor membrane swelling anshrinkage due to changing water
contert within the membraneTo improve mechanical durability, tlemploymentof a
mechanical reinforcement layer within the membraagbeen establishe@1].

Beside the above discussed membrane propemiesibranegor commercial applica-
tionshave to meelow-costtargets, processabilitgpmpdibility with the electrodes and
environmentalcompatibility. Hydrocarbonbased ionomers have beefentified as
promising alternatives to PFSA baseanembranesespecially regarding costs aed-
hanced environmental impadtie to theabsence operfluorination But they still have
to overcomalisadvardges aslecreasegroton conductivity and durability compared to
PFSA membranes.

2.5.2 Catalyst layer

The catalyst is a key componentall fuel cell typesCatalysts are lowering the activa-

tion energy ad are therebysignificantly increasing the reaction ratés PEFCs the
hydrogen oxidation and the oxygen reduction reaction are catalyzed on the anode and
cathodeelectrode respectively.

To enable the electrochemical reaction in a fuel cell, electrons, protons and the reactant
gas (H or O, cf. Equations2.2 & 2.3) have to be present at thespectivecatalyst
simultaneously. This is also referred to as theeephase interfacer boundary(see
Figure2.4).
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Figure 2.4: Three-phaseboundary within the catalyst layer.

Therefore, lhe catalyst layer should provide the following characteristics

i. provide a highcatalystsurfacearea
ii. highelectricalconductivity(between flowfield andthreephaseboundaies)
iii. high proton conductivitybetween membrane and catalyst 3ites
iv. distribute reactant gaseemogeneously
v. removeproduct wategefficiently

Stateof-the-art catalyst layeremploy platinum or platinurralloy nanoparticlegcom-
monly with particlesizes of 25 nm) supported on carbdior the HOR as well as for the
ORR For automotive applications, loadings of 0.2 @B85mgercm’? and 0.05
mgetcm' 2 are commonly realizedon the cathode and anqdespectively Typically
Pt/C catalysts with 20 to 50 wt.@6 Pt[21] are uged The commonly usedaarbon sup-
port (e.g. carbon blackuch asvulcarE , high surface area carbon, graphitized carbon)
ensurs a fine catalyst distributionand thereby aigh electrochemical surface area
(ECSA typically in the order of 100 chtatalyst surface area pgplatinun) as well as

a high electricalconductivity. In addition, the carbon support lesi a high porosity
within the catalyst layernablinggas transpordf reactant gases as well i@snoval of
product water on theathodethroughthe void volumeof the catalyst layer.

In order to provide protons on the active sites of the catalpsttan transport medium
the secalled ionomerhas to be incorporatad the catalyst layerTypically, the same
material agor the membrane is used andeposited as thin ionomerlayer on the car-
bon surfaceensuringhe proton transport withithe catalyst layer to the membrade.
the incorporatedPt particlesare commonly coveredy ionomer theionomer needs to
be permeable for @or H> on thecathode and anode, respectivelg permeability is
inverselyproportional toionomer film thicknessthe ionomer thin film on Pt has to be
in the nm scaleln contrast the ionomer thickness of the membrane, hindering gas
pemeationto a high extentis in the scale ct10um. An optimum betweemccessing
all Pt sites by the ionomer matrix and an excess of ionorasulting in gas transport
limitations and pore blockind)as to be foundb achievea high fuel cell performance
The total amount of ionomer can be controlled viaitmer to carbon (I/Cjveight
ratio during MEA fabricationHowever,to overcome thecomplex dependenciesf
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ionomer distributiorwithin the catalyst layer, the catalyst lagen d i dudiienhap r o
to be optimized to achieve high fmmance MEA454, 55]

Besidesa PEFC catalyst layer showtdsurea high durability A key lever forcatalyst
layer durability is the use ofcorrosion resistant support materigee chaptef.6).
Therefore efforts are made to replacarbonbasedsupports which are prone to corro-
sion, by alternativesupport materialsPromising candidates afer exampleantimony
doped tinoxides [56], nanastructuredthin films (NTFS, developedy 3M) [21] or Pt

Ni aerogeld57]. Howeverthere are still various challengimgsuesor these approach-
esase.g.,low electrical conductivity low stability in redutive atmosphere or issues
with amplifiedwater floodingdue to the reduced thicknessNFFS electrods [21].

In addition to the abovdescribed characteristicthe catalyst layeshould feature
reasonald cost and processabilityAs catalyst layer osts are mainly driven by the
precious metal loadingshere are a lot of efforts to lower tlwatalyst loadingwhile
maintaining comparablperformance and durabilit}p8]. From a procssing perspec-
tive, the catalyst layer can latached to the membrat®form a catalyst coated mem-
brane (CCM) either by direct coating or the -salled decalransfer coating process
[21, 44] Another option is to coat the catalyst layer to the diffusion medasulting in

a socalledgas diffusion electrode (GDELommonly,GDE based fabricatiois report-
ed toresult in lowerPEFCperformane with commercially available material§9]. It
was recentlyindicated the lower performance is causdxy increased water retention
and mass transport resistancks GDEs [59]. However, the GDE approach is often
employedfor research activities investigatiraternative catalystaith different struc-
tures and morphologies, whichquires different ink formulations

2.5.3 Gasdiffusion layer

The gas diffusion laygiGDL) is placed between catalyst layer and the flow
field/bipolar plateslts main requirements are:

i. distribute gaseBomogeneouslio the catalyst layer
ii. highelectricalconductivity
iii. efficient heat anavaterremoval

If these requirements are met, a homogeneous cuteastty distributiorandthushigh
performancexan be achievedlo attainhomogeneougas distribution to the catalyst
layer, the GDLhas to ensure efficient 4plane transport of gases, especially to the
contact areabetween GDL and flow fieldhe secalledlanding area

To meet therequirements, carbon fibexw carbonpaper GDLs are commonly em-
ployed offering a high porositand thusenabing efficient convectiveand diffusivegas
phase transporConcurrently carbonprovidesa high electrical conductivityminimiz-
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ing ohmic losses occurring due étectricalconduction between the flow fek andthe
catalyst layer.

Fracture

Figure 2.5: Scanning electron microscope§EM) images ofa gas diffusion layer (GDL) containing
(a) a macroporous GDL substrate and (b) a microporous layer (MPL). Reprinted from Zhou et al.
[60] under the terms of Creative Comments Attribution4.0.

TheGDLOs ability for effective r eaembvalnt s ufr
of water from the MEA to avoi&DL andcatalyst layer floodingwvhich canlead to gas
transportlimitations Therdore, the carbonfibers arecommonlytreated withhydropho-

bic polymer, typically polytetrafluoroethyleneRTFE). Simultaneously, the polymer is

acting as a binder between theefib and is increasing mechanical stability.

To further improve wateremoval fromthe interface to the catalyst layand prevent
mechanical damagef the electrodeby carbon fibersa microporous layer (MPL) can
be coated on thmacroporous$sDL substrateStateof-the-art MPLsincorporate carbon
black in combination with dydrophobicPTFE binder establishing pore sizebree
orders of magnitudes smaller than the typical pore sizes ofntlaeroporous layer
(MPL: 10nm, GDL substrate] 10um). The small pore®f the MPL are causinga
high capillary pressure preventing the accumulation of watire catalyst layerAt the
same time, the higher surface area of the MPL is improving the electric contact between
the catalyst layerand the GDLas well aspreventingcarbon fiber basedhechanical
damagewithin the catalyst layeior the membranby ensuring a homogeneous pressure
distribution.An example for a GDlis illustrated inFigure2.5.

Finally, GDLs areable toprovide mechanical stability and evbalancs externaland
internd mechanical stresge.g., different gas pressures on the anode and cathode or
varying compression caused imgmbrane swelling

Within GDL manufacturing either carbon paper or woven structusee used as pro-
duction substrateDuring manufacturing the substrasefurther processecke.g. byhy-
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drophobic impregnation with PTFH.0 achieve low cost and high performance, the
manufacturindhas to be optimized regarditigese parameters

2.5.4 Flow field / bipolar plate

The bipolar plate (stack) or flow field (single cell) gsmmonly made of corrosion

resistantmetal or graphiteThe MEA in a single cell is sandwiched between two flow

fields on the anode and cathqdespectively. In stack configuration, the bipolar plates

are connecting the cathode of one unit cell to the anode of the adjacenhedlipolar

platedd s main purpose i s t o sandtp feyoverwatarchy a nt gas
convection from the gas channeoncurrently,the bipolar plategprovide electrical

connection of the MEAsupport the MEA mechanically arsgparate the unit cells in

stack configuratiorphysically. In addition, the bipolar plates commonigmove the

waste heat by additional internal chanrfelscooling fluids.

A wide range oflow channel designis available, e.g. parallelserpentine or interdig-
itated channelsEach of thenhasadvantages and disadvantafigl 61] Especially for
automotiveapplications, the flow field needs to enabbes transport at varyingcurrent
densities and thereforgas flow ratesand pressure drop&urthermorethe water re-
moval shouldbe ensuredt varying operating conditioreand humidification levelsas
channel blockage dafinglechannels or the whole flow field can lead to severe degrada-
tion of thefuel cell (H starvationseesection2.7.1) or performance decay.

Commonly,metallic bipolar plates use stainless steel or titaags@ase material. Stain-
less steel is less costhut comes withdisadvantages regarding corrosion resistance in
the acidic PEFC environmeriiowever, corrosion resistance candmhanced by coat-
ing layers of more corrosive resistant materidiienusingmetallic bipolar plateghe
risk of promoting membrane degradati(seesection2.6) should be considerdaly the
introductionof iron or titaniumto PEFC cell§62]. Consequently, thesage of carbon
basedgraphitebipolar plates is @romising and well establishedternative also show-
ing an increased plate lifetim@ompared to metal platd8]. But the commonlyin-
creased plate thickness of graphite platesnpared to metal onesan lower the volu-
metric power density of the fuel cedtack For productionof graphite platesither
compression molding or injection moldiigigher production ratedan be appliefR1].

2.5.5 PEFC gack and system

For automotive and stationary applicatioseveral cells are stacked in setieschieve

a sufficient power outputA schematic stack assembly is shownFigure 2.6. The
current flows through each celhd subsequently the voltage adds up along the stack
according toK i r c¢ h kirguit fawssAs mentioned above, the electrical connection
between twadja@nt unitcells isachieved byhebipolar plate.

34



2.5 PEFC components

) Seal / frame
Bipolar plate MEA

Air supply

H2 supply

\

Compression rods

Endplate

Figure 2.6: Schematic setup of a stack assemblgcluding an explosion drawingof a single bipolar
plate sandwiched between two MEAs.

To preventleakagefrom or to the ambienthe MEAGs sealingcommonlyis realizedoy
incorporating a frameeal combinationFrames are typicallpased onpolyethylene
naphthahte (PEN) andsealings are frequently made sificone. The applied sealing
technology has tpreventthe mixtureof supplied mediavithin the stacke.g. ketween
the reactantor betweeronereactant and coolingp enable a safe operationhe first
and the last plate in stack configuration, thecatbedendplatespnly havea singleflow
field facing to the stacknside respectively. Thewre typically used to mechanically
compress and fix the stack assemith the help ofmetal strapsrodsor othercom-
pression techniquesn addition, the endplatagpically contain the media supply ports
for air, hydrogen and coolant.

To meet the requirements of tREFCcomponents and tensure controlled operating
conditions, the stack is embedded into a fuel cell syséegimplified fuel cell system
for automotive applicationis illustrated inFigure2.7.

Water separator
Motor / <> » Exhaust

Battery

BOET 'Hum|d|f|er supply .
f !

converter umidifier

» Exhaust

Wate?véeparator

Figure 2.7: Schematic setup of a fuel cell systenThe stup is simplified displaying only the main
components while many elementg§pumps, valves, sensorstc) are not shown. Scheme should be
considered exemplary, as real system can vary significantly dependent on manufacturer and
application.

A compressor supplies the oxygéom the surroundig environmentat the desired
operating pressurand stoichiometry(characteristicallywalue between land 2). High
gas pressures commoniygprove fuel cell performance wa simultaneouslyncreasng
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power consumptigrcompressor moduleostsandrequirements fosealing technology.
This results irtypical operating gagaugepressures of to 2 barg for automotive appli-
cations.To ensure a welhumidified membranghe compressed air is often humidified
prior entering the stack. Humidificatias typically realized by recoveringvater from
the exhaust gas. Abe employment of a humidifie@ddscomplexity and costs to the
system, also humidification strategies without humidifames usede.g.reportedfor the
Toyota Mirail [63]). For automotive applicationd> supplied from an onboarpres-
sure tankbased orcomposite pressure vessdigas beerestablished350 or 700 bar
Therefore, or thesesystems no compressor is requikd the anode sidHowever
alsotank technologies using liquid hydrogen @yogenictemperatureg<1 252.8°C)
are under research and developmémtachieve ahigher gravimetric and volumetric
energy densitynd asubsequentlyigher rangeThis is of special interesbr long haul
truck application$26]. Consequently, theealization of thedesiredoperaing conditions
has to be adapted to the tank technol@gyg. usingheaterspressure reducers or com-
pressors)Commonly, desired gas pressures on the aapgia the same order of mag-
nitude as for the cathode compartmento(2 bar). Likewise hydrogenis typically
humidified beforeenteringthe stack. Due to thabovementionedelectroosmotic drag
of water from the anode to the cathode, thisy@datoryto ensurea stablemembrane
humidification.Gas lumidification iscommonly realized byithera humidifier hydro-
gen reciculation, or a combinationof these.Since the fuel efficiency can be improved
by recoveringresidual,overstoichiometricH. (typically stoichiometry in applications
a1.2t0 1.7) from the exhaust gasecirculation within the fuel supply isommonly
establishedegardless of the humidificatioMeverthelesghe enrichment of Nor Oy in
the anoddoop by crossovefrom the air sidanay makeit necessary t@urgethe gas
mixture (N/H2) from the anoddoop to the exhaustt certain time interval©Otherwise,
thehydrogenpartial pressure can decreaseftid cell performance or evdiocal) fuel
starvation can occudue to(locally) understoichiometri¢< 1) operation(see mecha-
nism insection2.7.1).

Fuel cell systemsommonlycontain a coolant loop toontrolthe operating temperature
and preventlegradation byinintendechigh temperatur® low humidity or largelocal
gradientswithin the stack or the cell§o ensurea homogeneousetperaturalistribu-
tion in the stack commonly coolant is flowing througteach bipolar plateThus, b
avoid high voltage safety concerns as well as parasitic currents, the conlatitave a
low conductivity To further utilize waste heaind increase system efficientle cool-
ant loop can providéhermal energy to othesystemcomponents (e.gheaters) oito
externalsystems (e.gto a vehicle interio). Finally, a power converter is used (e.g. a
DC/DC converter for &C motor)to supply the electrical power at the desipedper-
tiesto thev e h i colvert@ia The hybridizationof the lattercanvary dependent on
the application as well as the operating stratedibsrefore, thduel cell caneitherbe
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connectedlirectly to an electrical motasr to an interconnectedatteryvia the power
converter

2.6 Material d egradation mechanisms

Durability is the major lever to achieve the ambitiolifetime targets forcommercial
stationary and automotive targe¢sg.for long haul truck applications wheliéetimes

of > 20,000h areaspired[21, 38, 64] With a performance decay @f10% commonly
the endof-life criterium is reached for automotive or stationary applicat{erg emer-
gency power generatgr€Consequently, high durability is a mandatory requirement to
establishPEFCs on a commercial levas carbon neutral alternative to prevailoan-
bustion engines for sectosachas transportation.

Fuel cells cannot always be operatedhair ideal operating window, whicis a steady
state operation at constant voltage in the range of 0.5 té Qrilermild temperatures
(2 70°C), fully humidified conditions andising hydrogen and air free of pollutants
Eachstackcomponents subject to specific degradatipnocessescommonly amplified
outside the ideal operating window

To provide a comprehensive understandofgMEA and in particularanode catalyst
layer degradation the major degradation mechanisrfor all MEA components are
outlined in this chapter.

2.6.1 Bipolar plate and seal degradation

As discussed above, bipolar platee @@mmonlybased on graphite or met&legrada-
tion of bipolar platesan result in a loss of mechanical integatyelectrial conducivi-
ty. The former will lead to mixturef air or fuel withcoolantand subsequently to seeer
degradation or performance decay. The latiereases ohmic losses and hgahera-
tion, e.g. bydecreasedlectrical conductivity orincreaseatontact resistance

During operation, the bipolar plates amecontactwith an acidic water phageommon-
ly pH values in the range o08to 5 [65] are reported For graphitebasedplates this
environment can lead tthemical degradation due ¢tarbonoxidationin the presence
of H>O> or increasedotentials, e.g. during fuel starvation or staushutdown condi-
tions (discusseth section2.7). Besidesgelevated temperatescan lead tanechanical
degradationof graphite based bipolar platessulting in deformatiorand brittleness
Metal bipolarplatesexperience serious durability issues aslwii the cathodeside
most metals form a passaiting oxidelayer on thesurface However, bw cathodepoten-
tials canresult in reducing this passivating layer and subsequently releasing metal ions
These ions can contaminate membrane and catalystier normal operating condi-
tions suchpassivatingoxide layers are not formed on the anoda&le However, diring
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specific operating conditionsuch as fuel starvation, catalyst poisoning o«caited
startup/shutdown events, resultingransients in the@node potential can promotethe
release ometal iors on the anodsideas well.

Besidebipolar platedegradation, esal degradatiomlso can occur.So fardegradation
phenomendor sealsare rarelyinvestigatedn generalHowever, thg caneitherlead to

functionality loss of the seal (e.g. external or internal leakagel®ad to poisoning of
the MEA due to contaminam¢aching from seal componeri86]. Seal degradation is
mainly causedue to exposure to coolant or the acidic environment

2.6.2 GDL degradation

The GDL experienceomparable conditions as the bipolar plaidsey are exposed to
acidic environmen{pHa 3 to 5. As mentioned above, in combination wittater
peroxide orincreasedpotentials, this can lead to carbon oxidatmnthe commonly
carbonbasedGDL. The incorporatednhydrophobicfluorinatedbinders can protect the
carbon surface to a certain extdran oxidation Nevertheless;arbon (surface) oxida-
tion and decomposition of the additivean occur, leading to increasedlectricalre-
sistance(in- and througkplane orcontactresistances loss in hydrophobic character
and pore structurehange. Subsequently,significant increase iahmic losscan occur
aswell as an increase imass transport overpotentia (temporary) porosity loss, e.qg.
causedoy water floodingor structural collapserhis can severely decrease thel cell
performance Mass transportncrease due to enhanced water accumuladiompore
collapse is regarded as most critical for GRUrability.

Moreover, mechanical stregs.g.change in compressionan lead to GDL degradatipn
which can affect other MEA componenBroken GDLfibers for examplecanleadto
membranguncture andonsequentlyo complete dilure of the fuel cell.

2.6.3 Membrane degradation

Membrane degradatiazan be separated into twajor classeschemical ananechani-
cal membrane degradatiowhereashemical degradatiors resulting inchanges within
the chemical structure of the polym(erg. bypolymer chairdecompositiopy mechani-
cal degradation is causeg physicalstressHowever, loth degradation processes result
in increasedmembranepermeabity for fuel andor air up to completeshort circuit
betweenthe electrodesBesides, comimination by ionicspecies (e.g. metakhtons or

. () canlead toproton exchange at the sulfonate sites and consequently dgohace
ton conductivityand/orreducedhydrophilicity, influencingthe membrane water con-
tent.
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Chemical degradation

Chemical degradation of membranes nminly associated withthe formation of
hydroxyl radicalsleading to chain scigm. The radicals are formed ithe concurrent
environment of @ H. (consider abovdiscussearossover between anode and cathode)
and Pt Adsorbed hydrogen ot sitescan react with oxygemoleculesforming
hydroperoxide radicalsThese radicalcan reacin turn with otheradsorbed hydrogen
atons, resulting inhydrogen peroxidéH>O.) permeang through the MEA Besides,
H20. canbe formed as intermediate species during OR8]. Catalyzed bytransition
metal ionssuchas Fé, hydroxyl radicals £OH) are formed from the decomposition of
the hydrogen peroxideThe hydroxylradicals an attack hydrogemovalent bonds
within the ionomer, leading to eithenzipping of ed groupsfrom the perfluorinated
backbone ounzipping ofsulfonic acid grouppresent at th@olymerside chainsThe
release rate dfiF from this chemicaldecompositioris typically taken as indicatdior
membrane stabilityThis degradatiomechanism is also valid for ionomer incorporated
within the catalyst layers.

As materiatbasedmitigation strategiegithergas crossoverates can bedecreasede.g.

by Pt additives within the membrapeadicalscavengerge.g. Cé") canbe introduced
or non-perfluorinatedend group<an be removeffom the polymer chainThesemiti-
gation strategieaim to decreas the rate of polymer decompositidiy unzipping In
addition the adaption of operating strategies atsoreduce chemical membrane deg-
radation Low relative humidity(RH), open circuit voltage@CV) conditionsand ele-
vated temperaturaccelerate the cheoal degradatiomnd should be limitef21].

Mechanical degradation

Mechanical stressan lead to dailure in mechanicalntegrity of the membrandxter-
nal materials for examplecarba fibers from the GDL or production rédues) can
puncture the membrarme external forcese(g. nonuniform compression, or high differ-
ential gas pressure betweerodm and cathode)an lead to mechanical failui@esides,
the high affinity of membrane swellingpon water uptake camesult in membrane
failure undercycling conditions, especiallwhen temperature or relative humidity
cycled. Consequentlyfatigue stress omembrane thinning can occutracks within
catalyst layers caraccelerate the mechanical degradatturing cyclic membrane
swelling[67].

Theintroduction of a reinforcement layer (eltased orPTFE)has been establied to
reduce mechanical degradation @odenhancehe dimensional stabilityTherdoy, the
MEA lifetime can beincreased while maintaining membrane thicknesthe mem-
brane thickness can be redudstnultaneouslyincreagng proton condu@nce while
maintainingthe requiredlifetime. In addition, also the operating strategies can be opti-
mizedaiming for decreaseldH andtemperature cycling.
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2.6.4 Catalyst layer degradation

Catalyst layer degradation is a major concern for PEF@hdity, asthe electrodes
have a significant impact on tleecurringoverpotentials in a PEFC (see sectibg).
This chapterdescribes thappearingnaterialdegradation processaadtheir impact on
the cathode rad in particular the anodeatalyst layer As platinum is the best
monometallic catalyst know to dater HOR and ORR the incorporation ofPt
supported on carbdor commercial PEFC applicatis isstateof-the-art.

Pt deactivation

During PEFC operationseveral degradatioprocessegor the catalysfcommonly Pt
supported on carbgran occur. The maidegradation processage depictedchemati-
cally in Figure2.8. All shown mechanisms are leading to B@8SAdecrease and there-
foreto an increasgactivation overpotential.

Particle Detachment

Agglomeration

Figure 2.8: Schematic overview of carbon supported Pt nanoparticlelegradation in PEFCs. Re-
printed with permission from Meier et al. [68] under the terms of theCreative Comments Attribu-
tion 2.0.

Platinum dissolutior(e.g.to the ionomer phajeand carbn corrosion areonsidered
primary degradation mechanisms, whiledetachment andgglomerationas well as
Ostwald ripening are considered secondary mechanmnich can beinducedby a
primarymechanism

From amechanistic point of view, Ostwald ripening and electrochenitalissolution
are strongly related. Despibeing one of the most stable elements;d?t bedissdved
in acidc media at potentialpresentin a fuel cell The Pt dissolution caeither tale
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place by direcbxidation of platinunmanoparticleso P£* or via the reduction gblati-
num oxides which are commonlyformed on the surfacduring operation within the
commonlyobservedpotentials of 0.95 to 0.68rne (voltage against reversible hydro-
gen electrode, RHE)n the cathodeSubsequently hie formed Pt ions aresolublein
the ionomer phase (ionomer and membrame) candissolve Dissolved Pt can either
been washed oyPt dissolution) oredeposiéd againwithin the catalyst layeon other
Pt particles, resulting irparticle growth othe secalled Ostwaldipening Furthermore,
Ostwald ripening camlsooccur via Pt atoms diffusing along carbon suppe®q, de-
picted as 2D Ostwald ripening gure2.8. The resulting larger nanoparticles anere
stablethansmallerparticles, butonsequentlyhe average Pt diameter increasdsle
the ECSAdecreasesBesides the Pt* ions also can bereduced within the ionomer
phasee.g. by H crossingover from the anode sideommonlybuilding out abandlike
precipitation near the cathode/membrane interfé® As thesePt nanopatrticles are
electrically not connectedhey cannot participate in the electrochemical reaction in the
absence of dhreephase boundaryThe same mechanism is lofpesizedfor other
metallic catalysts as exemplarydiscussed byTovini et al for re-precipitationof Ir*
caions, originating from an @ode cecatalyst,in the membraner cathode[70]. Pt
dissolution and Ostwald ripening are furtleghancedy small initial Pt particle sizes
[71] as well agepetitive voltage cycle®.g. due tdoad cycles duringlynamicautomo-
tive applications

Coalescence of whole platinum nanoparsat@n causecatalyst degradation. The ag-
glomeration can be driven either bganoparticlemigrationon the supporand subse-
guentcollision of nanoparticle®r due to cebon corrosion resulting iwontactand
agglomeationof initially separated particlg$8].

In addition to dissolution of Ritoms in ionic form, whole platinuarticles can detach
from thesurface of the support materidhis particle detachment isaused by a weak-
ening of the particle/support interactjomhich canfor exampleoriginate from carbon
corrosion[72, 73]

Carbon corrosion

Apart from platium dissolution,carbon corrosions another primary degradation
mechanism for the cataly$yer (seeFigure 2.8). Carbonis thermodynamicallynot
stable for potentials 8.2Vrue [74] and can be electrochemically oxdddto carbon
dioxide or carbon monoxide

# oc(/ z#  1( TAFO ™ ng (2.17)
# (1 z #1 ¢ CAlO mp@ 2.18)

Due tothe sluggish reaction kinetiasf the carbon oxidation reaction (CQR)arbon
can be exposed to potential0.9Vrue without significant corrosiorf21, 75 77].
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However, high potentials(> 1 Vrre) can occur during fuel cell operatioe.,g. during
startup / shutdown (SUSD)eventswith air/hydrogen frontsoccurringor during fuel
starvation eventgseesection2.7). Beside high potentials, the presence of wader
mandatory (see Equatidhl7) and can further accelerate carbon corrosi¢n8, 79}
Additionally, the presence of platihnum was shown to catalyze carbon corresion
oxidation pathway#cludingintermediatecarbonsurface species (e.g. formation of the
quinone group)21]. In contrast to electchemical oxidation,itermalcarbon corrosion
IS not expected in theommonoperating window of automotive and stationapplica-
tionsfor PEFCgbelow 100°C [80].

As outlined above, carbon corrosion canablesecondary catalyst degradation, as
particle coalescence and particletachmentresultingin decreasedECSAvaues and
commonly comingalong withanincrease in activation overpotentfaedominantly for

the ORR.However, as the carbon support material contributes maithe® | ect r ode 6 s
structuralpropertiesand porositycarbon corrosion adds a structural electrode degrada-
tion to the above discussed degradation of ahtalystlayer. The oxidation ofsmall
amounts of carborb{10wt.%) is alreadysufficient tocause aarbon structure collapse
[81i 83]. Consequentlythe gas transport ahthe (liquid) water removal from theata-

lyst layercan suffer,leading to an increased mass transpedrpotentialand severe
performance decay at high current densitiesddition,increased local heat generation
has been reporteadiausedby carbon corrosion and structural collgpksading to a
change in water distribution within the catalyst layer or even localysatalyer dehy-
dration[84]. Also, complete failureof the cellcan occure.g.due toflooding ofresidual
poresin the electrodeFurthermore, carbon corrosion can also degrade the electron
conducing network, resulting inincreased ohmic losses culminating in catalyst
particlesbecomingnactiveby electricdecoupling

Commonly, the impaaobf carbon corrosiomn the cathode isegardedas more severe,
due tothe more demandingas transport of oxygediluted in air in addition with the
demand foreactant wateremoval However, significant carbon corrosion at the anode
canalsobe observed during fuel starvation events anfsequently the mass transport
and activation overpential can inceasesignificantly and severe performance decay
up to complete PEFC failureanoccur.

Mitigation strategies for carbon corrosion and Pt dissolution

Mitigation strategiegor catalyst layeidegradatiormainly focus on the primargiegra-
dation mechanisei Operational mitigation strategiesmn decrease degradation due to
avoiding acceleratintactors (e.g. voltage cyclew relative humidity fuel starvation
high voltage¥y[85]. On the other handpateriatbasednitigation strategiesan decrease
the rate of degradatiohe incorporation of Pt alloyg¢e.g. Co, Ni, Fe, Mn, Irwas
shown todiminish platinum dissolutiofB6i 88]. To mitigate carbon corrosigseveral
approachesave showrpromisingresults The incorporation of carlosupportmateri-
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als whichareless prone to oxidation (e.g. graphitized card88) 91], or the complete
substitutionof carbon as support materi@7] have beennvestigated Especially for
carbon corrosiomvents occurringn the anodethe additionalincorporation ofa water
splitting catalyst (commonlpased orRu or Ir in the form of cocatalyst or alloyshas
been establishetb promote the oxygen evolution reaction (OER) over the competing
carbon oxidatiomeaction[39, 92] These mitigation concepts will be discussedetail

in section2.7.

Contaminants

Beside Pt dissolution and oxidation of the suppoatalyst deactivatiowia surface
poisoning or (electro)chemical reactiocan degrade the catalyst layer severélye
contaminantsoriginate from outside €.g. suppliedfuel and air) or inside the system
(e.g.coolant,leaching species)lhe most common gas contaminants from outside are
CO, CQ, CHs, H2S, NHs, NO, NO©, SO&, SG and Q. For example thedsorptionof
COon Pt sites blockthe access of hydrogen or oxygen andsequentlylecreases the
ECSAfor HOR and ORRat least temporarf21, 38] A major mitigation strategy to
mitigate CO contamination on the anode is the incorporation ofviitun the anode
catalyst layerHowever, Ru introductioto the MEAcan be usedt the same timas an
example for internatontaminats. It was shown, that Ru can dids®from the anode
catalyst layer and migte to the cathode, resultingRmcatdyst activity decreaséor the
ORRandconsequently a significaperformance decaj92i 94].

2.7 Anode degradation and mitigation strategies

For pristineplatinum basednode catalyst layers their contributitmntheentireoverpo-
tential isoften regarded as negligible, due to the hig®R exchange current density
and thus minor activatiooverpotentials ananass transport overpotentidl36, 95]
However, over thdifetime of a fuel cell,anodedegradation cafeadto a significant
HOR overpotential nicrease.Consequentlythe lifetime of thefuel cell system can
eitherbe drasticallyreduced or mitigation strategies have te applied to minimize the
impact onanodedegradation.

Of special interedior anode degradaticereso-calledcell reversakvents as during the
temporary undersupply of fu€hlso referred to as gross fuel starvatignbstantial,
irreversible damage to the anode catalyst layer (ACL) and other cell compooemts
in association with severe performandecay Therefore cell reversalevents are a
major lever for anodand PEFCdegradatiorand a commonmateriatbasedmitigation
concepis incorporating an OER eoatalyst to the ACL39].

In contrast,other anode degradation effects are not as harstelaseversal events.
Anode degradation due to contaminants for example is often reversible (e.g. by CO) or
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can be mitigated bynonitoring fuel impuritieg21]. Therefore the aspectof poisoning
by external contaminanis not part of this thesis. However, despite a Essreim-
pact, aode degradain due to startip/shutdown (SUSD) processes or local fuel star-
vationis investigatedparticularlyfocusng on the degradatiompact on reversal toler-
ant anodes incorporating OER catalysts. The impact of t8e&D eventn anode
degradatiorhasrecenly gained attentioi35, 96} but the impactandthe attention for
SUSDeventson cathode degradatiesmcommonlyhigher[35, 78, 97]

Therefore, e cell reversal mechanismmsommonmitigation strategie$or the latterand
the comprehensivémpact ofanodedegradation during transient conditipmgth focus
on OER based anode concepes: discussed in the following.

2.7.1 Cellreversal events

Introduction

During normal operatignhydrogen anaxygen(commonly in air) are suppliet the

fuel cell systemat sufficient stoichiometrywith regard to theactual load demandis
outlined in sectior2.1, HOR and ORR proceed on the anode and cathode, respectively.
If the requiredfuel stoichiometry forone or severatell(s) is not achievegda grossuel
starvationcan occurin the affected cell(s)The formercanresult in the saalled re-
versecurrent eféct (discussed in detail in secticgh7.2, commonly associated with
severecathode degradatiodue to SUSD eventsThe latter,in complete absence of
hydrogenin the affected cellis associated with severe anode degradadioth can be
indicated by the observatiaf negative cell voltage[39].

The starvation events are a result of mass transport limitations of fuel either due to
system malfunction (e.g. anode recirculation blower malfunction) or due to impurities,
foreign substances (e.g. carbbbers), water floodingor ice formation (at freemg
temperaturesyvhich can occuat t he <cel | inl et/ supply |
nels or the GDldatalyst layempores[39, 98, 99. Transient conditions such as rapid
load changgat dynamic operation or starp can exacerbate the hydrogen starvation.
Thesehydrogenmass transport limitations apredominantlytemporaryevents com-
monly being resolved withitime scales o$econds or minuteg.g. byconvectivewater
removalor ice melting due tdeating €.g.by waste heat ozooling circuit) However,
uninterruptedand unmitigatedcell reversal events can lead to catastrophiicfagure
within thetimescale osecond®r minutes[37, 100]

Mechanism

When the anode of a particular dellstack configuratioriseeFigure2.9a) is starved of
hydrogenelectrons and protons cannot be provided via HOR. Due teeties connec-
tion of cellsin stack configurationthe same current is imposed on each singleicell
thestack( Ki r ¢ h hof f 6.Subsequentdyinithie abseace sthe HOR in the
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starved cell a capacitive charging effect of the adjacent cétlads toan increagd
anode potentialpromoting alternative reactions to provide electrons pradons to
close the load circuit again.

(@) N N
Q== "
1.0
: L
< 0
w 10- Cell potential
204 < hydrogen starvatiom

T >

Time

Figure 2.9: (a) Stackunder load with one cell facing a gross fuel starvationHighlighted in red). (b)
Anode, cathode and ell potential during a switch from normal operation (t<0; Hx/air on the
anode/cathode respectively) to a fuel starvation event @0; N2/air on the anode/cathode respective-
ly) in the affected cell schematically depicted according tf®8, 100]

Thetime dependent cell voltages as well as the anode and cathodelhalbtentials
for acell exposed to a gross fuel starvation is schigalft depicted inFigure2.9b. For

t <0, HORandORR are performed on the anode and cathodbe affected cell, re-
spectively.Thus, anode halell potentialEanodeis approximatehd 0 Vrug, Wwhereas the
resulting cathode potential commonfnges between 0.6 and ¥.8xe (dependent on
the appliecelectricload). With the onset of fuel starvatio¢for t O0 in Figure2.9b) and
the absence dhe HOR, the anode potential increases significadie to the capacitive
charging effect in the stackhe anode potential commonly eexls the cathode poten-
tial instantly, resulting in negative cell potenti§(3 0O O ), designat-
ing theso-called(cell) reversal eventAt the cathode, the ORR reaction proceeds-
tinuously, resulting iran almost time independent cathode poterjf8]. Consequently,
the afected cell is acting as a power consumering the reversal evemmstead of a
powersource supplied by the other celis the stackThereforet acts as an electrolytic
cell.

The increased anode potentigds found toresult in carboroxidation reaction QOR,
seeEquations2.17 and2.18) as well as oxygen evolutiaraction(OER, see Equation

2.19) to provide the necessary electrons and protons and to close the electrical circuit of
the stack37, 39, 77, 100, 101]

p

(/1 2 E/ q( A pg & (219

The carboroxidationreactionis thermodynamically favoredut as discussed befgre
the CORalmost exclusivelytakes placeat high potentials (% Vrue) due to sluggish
reaction kinetics. This is Wh@ER (also referred to agater splitting reactionis com-
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monly taking place at loweanode potentialésee plateau in anode and cell voltage in
Figure 2.9b prior to the harshincline of these potentia)s whereassignificant COR
contribution to the faradic currentpsedomnantly detected at subsequent higher anode
potentials[37, 39, 100] Pt requireshigh overpotential$or the OER to proceed 02].
Thereforeanode catalyst layesolely containing carbon supported platinRt/C) are
exposedto increasing anode potentia(s 1.5 VrHe), resulting in concurrensevere
carba corrosion This, in turn is accelerating Pt dissolution and anode degradation
Consegently, withunmitigatedPt/C based anodes the observed water splitting plateau
is very shor{range of secondsind subsequently electrodaring the reversal eveate
predominantly provided by COIRL03]. Assumingall electrons are provided ke
electrochemicabxidation of carbon to carbowlioxide (cf. Equatior2.17) at a current
density of 0.2A cm' 2, a stateof-the-art anode catalyst laygvaluesaccording toLip-
man et al[21]: Ptsupported on carbof,um layerthickness porosity 0f60%, ionome

to cabonvolumeratio of 1/1anda carbon bulk density &6 kg/m3for Vulcan XC72R
[104]) would havelost all its carbonwithin 0.62saccor di ng t oAsRar adayods
collapse of the catalyst layer is typicatigported afte6-10wt.% carbonloss[81i 83],

this highlightsthe catastrophic impact o& cell reversakvent regarding irrevsible
degradationFor example, at aurrent density of 2 cm'2 a threshold o6 wt.% carbon
would belost after 3.05 ms (similar assumptionsgs above)Consequentlysevere car-
bon corrosion in the@nodecatalyst layer is observaturing cell reversal even{87,
100, 105] A significant loss of void volume argkcondaryanodedegradationsuch as
platinum particle agglomeration and detachmeahoccur. In addition,a carbon based
MPL of a GDL, was shown tde alsoexposed to severe carbon corrositaming rever-

sal eventsconcomitantwith a significant change in the MPlbyydrophdoic character
[106]. Besidesthe reversal eventsan cause severkegradation within other cell com-
ponents as bipolar plateS§DL andionomer(in the catalyst layer and the membrane
due to theoccurringhigh potentials(> 1.5Vrne) andthermal impacinduced byhigh
overpotential§or COR and OER

This illustrates themportance ofcell reversaimitigation strategiesor PEFCs, asuel
starvation events cannot be completely avoidedng stack operatigrevenwith very
sophisticateaperatingstrategiesharmonizedomponentand desigruidelines.

Reversatolerant anodes

To mitigate cell reversal eventsither system mitigation strategies materiatbased
mitigation strategies can be applied.

For systembasedmitigation, regulating the operating conditionspasssure, cell tem-
perature, humidity and load demand is not sufficientadmpletely avoidcell reversal
events byfuel starvation.In addition a cell voltage monitorindgnas to be applied to
recognizecel reversalsat an early stagandsubsequentlgisconnect thelectricload at
the onset o& reversal everjf07, 108] Therefore as outlined above, the control system
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mustbe able to detect cell reversals imescale << 1 msto prevent the anode from
substantial degradatioiithus requirementgor control unitsare quite challengingwith
sampling rates the order okHz to GHz

In contrast tosystembasedmitigation strategiesmateriatbasedmitigation does not
require active stack contralr additionalelectrical hardware components for surveil-
lance. Therefore, systeneontrol complexity and space requiremenare significantly
decreasedl'wo main concepts have beestablished to achieve reversal tolerant anodes
via materialbased mitigation

i. Incorporatingcorrosion resistant support material
ii. Incorporatingan OER catalyst to promote water splitting over corrosion of the
carbon support

Carbon supporta/hich are less prone to corrosicandecreas¢he CORrate forcarbon
based support materiadxposed taeversal eventf89, 109, 110]However, their miti-
gation capability is stillinsufficient to overcomemultiple reversal eventas e.g. ex-
pected in automotive applicatiariBherefore alternative support materidisr platinum
are underesearcho achieve reversal tolerant anodes (RTAs). &xample Niaerogels
[57] or nanostructured thiilms [111, 112]are investigatedis support material for
platinum catalysts But the risk of corrodingother MEA componert (e.g. GDL or
bipolar plate}yis still presentandanodedegradation due tthe high OER onset poten-
tial of platinum accompafing with (local) thermalimpactby waste heais still con-
ceivable

Thus,the introduction of oxygen evolution reaction catatgstne ACL hadeen estab-

lished as materiabasedmitigation strategy{113]. The introduction of OER cataliys

was shown to reliable decrease the onset potential of the water splitting reaction, com-
ing along with decreased anode potentials during reversal events and thus a lower de-
gree of carbon corrosidi9, 98, 100] Consequentlythis concept is very promising to
achieve reversal tolerant anodes for PEFC applications on commercial level.

The OER catalyst can either be added asatalyst tocommonplatinumbasedHOR
catalyss [37, 39, 70, 109, 114¢r can be introduceth the form ofmetalalloys with
activity for both, HOR andOER [115, 116] The concepof adding asupportedOER
catalyst to a&aommonPt/C basedHOR catalyst in order to achieve RThsdepicted in
Figure2.10.
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Ionomer matrix OER catalyst
Platlnum

Carbon support OER support

Figure 2.10: Concept of reversal tolerant anods (RTAS) based onadding an OER co-catalystto the
ACL, while maintaining the other MEA components as membrane and cathode catalyst layer
(CCL).

This concept allows thatilization of commercially availableatalysts, both for OER
and HOR which is beneficialvhen aiming focommercial applicationsn contrast, the
applicability ofresearche materialge.g.metal alloys)or concepts is commonlgggra-
vatedeither by the commercial availabiliyf the catalyst®or limitations within com-
mercial MEA manufacturingorocessingTherefore, RTA concepts includirsgipported
IrOx, the mostpromisingOER catalysfor commercialPEM based wateelectrolyzers
to date areunderamplifiedresearchrecently[70, 100, 114, 117, 118]

Characterization method®r reversal tolerant anodes

Various research groumsvestigated reversal events and #oceompanyinglegradation
effectsfor OER based RTAs usingccelerated stress tests (ASTs)differential cells
as well agsegmentepcells with large active are§37, 39, 70, 98, 100, 105, 109, 114,
116, 117, 110125]. The topic gainednuch attentionrecently and thecommonlyre-
searchedaspectscan be grouped teither aim for material improvemenf125i 128],
revealthe underlying degradation effe¢i0, 103, 117, 120pr investigatethe impact
of varying operating conditiori87, 105, 118pn themitigation capability.

Typically, thetolerancefor reversal events is evaluated by simulatinfyel starvation
in asingle cellexperimenty flowing humidifiedair/N2 through the cathodand anode
respectively Simultaneouslya constantcurrent(commonly 0.2A cm?) is applied.As
depicted inFigure2.9b, during thisAST the cell voltagenitially drops in the absence of
hydrogen. Subsequently, an almost stalglgativecell voltage isobserved with gradual
voltagedecay referred to as wateglectrolysis plateauThis plateau igollowed by a
drastic drop incell potential (typically to potentials € 1.5V), which is commonly
considered t@omplete anodéandaccompaniedEA) failure, causedy carbon corro-
siongoing along withseverely increased ohmic resistafig@, 98, 100, 103, 122The
time for this single, continuoysrolongedreversal evenin Figure 2.9b referred to as
Ohydr ogen st ais ecommanly takerasefigureai-enériy to compare the
reversakolerance, e.g. for varying operating conditions, materials or OER loadings.
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Recently the impact of arying relativehumidity [37, 105] eitherdue todifferentfeed
gashumidificationor dueto resultingRH gradientsin large cellsas well aghe impact
of a widerangeof operatingtemperatureg-15°C to 90°C) [37, 118, 119, 121has
beeninvestigated duringrolonged reversal evenfsr IrOx based RTAsWith addition-
al characterization methogdasin-situ online mass spectroscofy00, 114]and X-ray
computed tomographjd 03], the carbon corrosiomate could be quantifiecanda pro-
longed water splitting plateawvas observed with ncreasedrOyx loadings[100, 103,
124] The higher OER catalyst loading is decreashegrate ofcarbon corrosionHow-
ever,thediscrepancy betweehe lifetime of IrQ based polymeelectrolytemembrane
waterelectrolyzers (PEMWE;in the order 010,000 hourd129]) andPEFCs incorpo-
rating IrQ, basedRTAs is still challenging, with the latter showing commoalgrastic
drop in cell potential after a comparableshort timein OER operation duringvater
electrolysisplateau(timescale of minutes or hourdilong et al. showedising Xray
computed tomographyhatOER catalyst is still present in the anadeer MEA failure
but is probably deactivatefB7]. Recentlythe same research grofupther investigated
this topic andproposedan OER catalyst deactivation mechanism by carbon oxidation
productsfor prolonged fuel starvatigrexplaining this discrepang¢17].

This OER degradatioeffect highlightsthe need for me realisticASTson single cell
level, mimicking short reversal evenfBmescale of seconds/minute$)eversal events
with a duration S min are more likely expected during field operati@s the fuel
starvationroot causes are often due temporarytransient condition®r events(e.qg.
startup at freezing conditions, rapid load changes .€it\¢ root @ausesfor fuel starva-
tion most likelywill disappeamwhen stable operatingpnditionsareachieved Especial-

ly for improved reversal tolerant anode designs, wkeveral hours of reversal opera-
tion can be performed before anode failure during prolonged reversal eveésits
observedThe abovementionedorolonged reversdest procedureare farfrom realisti-
cally mimicking reversal events occurring during field operation

However, hvestigationson shoriterm reversal events are rarely séen OER based
RTAs[114, 120] Therefore, in thighesisthe degradation impact ah AST simulating
more realisticshortterm reversal events in contrast to prolonged reversal events is
investigatedIn addition to reveal differences in degradatt@pendenon the duration

of reversal events, further insights can be achievednbygitoring thea n o dHOR s
capabilityon a regular basigistead of focusingxclusivelyon thea n o dOER sap-
bility during a prolonged reversal everithis test approaclvas coupledvith the appli-
cationof field-relevant operating conditionsepresentative for reversal eveatsurring
during startups at freezing conditions, and tingestigationof differentHOR catalysts.
Furthermore a voltage loss analysis for the HOR was perfortoeanalyze theccur-

ring anode degradatigmncorporating additional characterization methods (e.g. hydro-
gen pump experimesiandcydic voltammetry).
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2.7.2 Transient anode potentials

Introduction

Besides the above discussed reversal events caused by fuel starasasignificant
anode degradatioran occur during transient anode conditjgasulting inthe secalled
reversecurrent effect The reverseurrent effect wa first reported byReiser et al
[130]. The transientanode conditions can be either caused by stgrtshutdown
(SUSD) event$130] or during local fel starvatiorevents101]. The occurring mecha-
nism in the affected deis comparabldor both eventsThe reverseurrentmechanism
is predominantly regarded as mechanism causing severe cathode degrbhgatien
creased cathode potentialesulting in significantcarbon corrosion at the cathode
However also significantanodedegradation has been reportegently causeduring
reversecurrentevents SUSDeventsapplied orsingle cell levelwereshown to signifi-
cantly degrade Pt/C based anode catalyst $ageing along withan increase ofthe
HOR overpeential (activation and mass transp¢&}]. In addition the transient anode
potentialsduring SUSDwere shown to have @egrading impact on anode-catalysts
as Ru[92, 94](commonlyincorporatedor anodeCO toleranceandmostrecently IrQ
[70]. Consequentlyit was showrto not only degradethe anode, but also tH@RR on
cathodecan suffer fromanode degradation hgo-catalyst speciesrossing oveto the
cathode Therefore, these transient anode conditions are impddadmprehensively
evaluatethe applicationrelevant degradation of OER based reversal tolerant anodes and
the subsequeimnpact on MEAperformances well aonreversal tolerance

In this chapte transient anodgotentialsand the resulting reversecurrent effect are
explained bythe SUSD mechanism followed by common mitigation strategidsr
SUSD eventsFinally, local fuel starvation issues and their impaate discussed.

Startup/shut dowmnmechanism

After an idle time, as e.g. parking a vehicle for several hours or days, the initially pre-
sent hydrogen in the anode compartment of a fuel cell staeknievedand the whole

anode is filled with aidue toimperfect stack sealings well as air diffusion from the
cathode compartment. During a subsequent-sfarmf the fuel cell stack, hydrogen
needs to be introduced to the anode again to start regular operation. Thus, air and hy-
drogen are present in the same electrode for a meataount of time. This process is
referred to as statp event or as a smlled air/air start. During an air/air start, the cell

can be separated conceptually in two sections: a fuel cell compartmemigiafe
2.11a/b below dashed line) and an electrolytic cell (eigure 2.11a/b above dashed

line).
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Figure 2.11: Processes during a SUSD event in a PEFC schematically depicted. On the anode
compartment a Hz-air front moves through the flow field (in y-direction), whereas the cathode flow
field is completely filled with air (H 2: red, air: blue). The direction in which the gas front is moving
varies between startup (red arrow) and shutdown (blue arrow) (a) Electrochemical reactions
occurring segmentwise are schematically depicted, with proton pathways across the membrane
illustrated as green arrows andelectric pathways across electrodes and flow field/GDL as grey
arrows. (b) Conceptual separation of the cell during a SUSD event into a fuel cell (galvanic cell) and
an electrolytic cell. In-plane proton conductivity (y-direction) is only possible over a short distance
(e.g., for a 20um thick membrane onlya 120um) compared to the flow field length (actuakange of
mm or cm), thus proton migration from the Hx-filled anode compartment to the airfilled anode
compartment is negligible (crossed out arrows)Figure adapted from Mittermeier et al. [97] under
the terms of the Creative Commets Attribution 4.0. ¢) Schematictime deperdent half-cell poten-
tials during an SU event,according to[131]. The air front enters the cell at t = 0.

The protonconductionbetween the fuel ceflectionand the adctrolytic cellsectionis
hindered by the high #plane proton resistance within the electraaelthe membrane
(in y-direction inFigure 2.11a) due to itslarge expansionnfm to cm range. Instead,
protons migrateacrossthe membranéthicknesscommonlya 10to 20 um) from anode

to cathode and vice vers@onseguently, in the hydrogen filled anode compartment
HOR takes place, whereas theoppositecathode compartment ORR is fugmed.
The protons are migrating from the HOR section to the ORR seattooss the mem-
brane In contrast to protorconduction in-plane electric conduction (y-direction in
Figure 2.11a) between the galvanic and electrolytic cell compartment is gflayh
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electric conductivity of the carbonbased electrode andhighly conductive flow
fields’GDLs). Therefore, the fuel cell eetion (below dashed linay supplying the
power to the electrolytic celompartmen{above dashed line)n the electrolytic cell
compartmenORR takes place in the diled anodedomainwhile inducingan oxida-
tive current in theespectivecathodedomain(so-called reverseurrent mechanism)n
the cathode compartmerdpposing the aifiled anode OER andbr CORis taking
placeat halfcell potentials 1.2 Vrne. Whether OER or COR takes placedepenént
on the reaction kineticglependent ocatalyst and reaction conditions) and the stability
of the carborsupport As outlined before, the OER activity faoommonPtC catalysts
requiresa high onset potentig§l02]. ConsequentlyCOR iscommonly repoed asthe
predominanteactionassumedluringanair/air startfor Pt/C based PEFCs

The processes durirthe shutdown of the cell are coegptually the same as observed
during the (air/air) staitip, differing regarding the migration direction of the-Hy
front.

Without mitigation the cathode compartmestexposedo high cathode potentials and
subsequentlgeverecathodedegradatiorduring these eventgcf. Figure2.11c). Severe
carbon corrosiofis reported, whicttan leado anincreased mass transport overpoten-
tial by a loss inporosity, culminatingin catalyst layer collapsédditionally, ECSAloss
due tosecondary Pdegradatior{e.g Pt agglomeration or detachmghy carbon corro-
sion as well agpotential driven Pt dissolutiofe.g. Ostwald ripeningis commonly
observed increasing the ORR activation overpotentizie to the harsh cathode degra-
dation awide range of researan the topic oftartup/shutdownis availablefocusing
on cathode degradatiofecently for examplethe impact ofdifferent operatingpa-
rameters[78, 97] (i.e. varyingtemperature and relative humidity) as well lasaly
resolvedcathode degradatidin32] has been investigated

In contrast for SUSD induced degradatianvedigatedin literature the impact on
anode degradation is commonly not focudéowever, due to thgasbeingexchanged

in the anode, the anog®tentialcyclesfrom & 1 Vgrue (air) to & 0 Vrue (H2) during an
air/air start(seeFigure2.11c). Therefore, significant degradation can occur either by Pt
dissolution or carbon corrosion (cf. sectid1®.4. Engl et al.first reportedsignificant
anode degradation for high temperature PEFCs d8&J&D event$96]. Schwammlein

et al.recentlyobserveda significanly increasedverpotential for the HOR(fter apply-

ing SUSD event®n the respective MEf85]. However, loth studies werevestigating
Pt/C based anode designs. The introduction of an OEEatadyst to the anode, to
achieve a reversal tolerant anode, adds caoxitpléo the degradatiomechanismFor
anode catalyst layers containing Rumitigate CO poisoning from fuel gas impurities,
the dissolution of Ru and subsequentssover to the cathode compartment has been
reported Crosseebver Ru can causg@oisoningof the ORR catalys{92, 94] For an
RTA containing IrQ, Tovini et al. most recentlyevealeda comparable dissolutidior
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IrO2 as well assubsequentedepositionof Ir on the cathodeimposed by @ in-situ
SUSD AST Ir crossover was investigated via-gitu X-ray photoelectron spectroscopy
(XPS) measurement$he degradation was shown ¢go along with a significant de-
crease oMEA performance anteversal tolerancg0].

This highlights the need fan-situ characterization ethodsto investigate thelegrada-
tion of OER basedeversal tolerant anoddésr commercial applicationdue to SUSD
events consideringthe ageingimpact on the reversal toleraneed fuel cell perfor-
mancedue to transient anode conditior@nly if theseRTA degradation effects are
consideredhighly durable anodesver the entireargetedifetime of commercialPEFC
applicationscan bedevelopedwnhile maintaininga required high fuel cell performance

Stat-up/shut down itigation

Within automotive applicationsir/air startsare occurring after the vehicle had not
been used fom certain amount of timeMitigation strategiedor startup/shutdown
eventscan eitheiaim for completevoidanceof theeventsor lowering theirdegradation
impact.To avoid SUSD events${> can bemaintainedn the anode compartment as long
as possibl¢133]. Forexamplean improved sealing concept or active hydrogen purging
during idle modecan be implementedConsequently, the shdbwn mechanism is
suppressed as long ssfficient hydrogen is present in the anotempartment. Simul-
taneouslyno H-air front would be formed during subsequent staup while hydrogen

is maintained in the anodMlitigation strategies aiming fdower cathodedegradation
can target the operating conditioesy.shortening theesidencegime of the H-air front
[134] or aiming for lower temperaturef@7] and relative humidity{78] during the
SUSD Fortunately the commonlylong idle timesbeforean air/air startis performed
are also ensuring lowtemperatures (close to ambient temperatuféus, therate of
carbon corrosions most likely low[77]. Besideoperating strategiesnaterialbased
mitigation strategiesare suggesting eitherathodesupport mateals with improved
corrosion resistand®1] or the introduction on OER catalyst to the cathode5] to
promote OER over COR during SUSD events.

However,these mitigation strategies are agaiostly aligned with cathode degradatjon
thereforetheir application coulccome down to an increased amountaofair starts
permitted whereasthe anodealegradatiommight notbe consideredTo the best of the

aut hor 6 s ktigatiomIgratedge® for lomering thélOR or OERdegradation
impact on the anode hawet been reported yet.

Local fuel starvation

In contrast to gross fuel starvation events (cf. secidhnl), local H starvation in a
single cell can result in a reverserrent event similarot the mechanism observed
during SUSD eventglO1]. During a localfuel starvation, drogen is only provided to
a cerain part of the anode (e.due to water droplets blocking theannes$) whereas the
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oxygenO:; for the ORRperformedin the starved anode compartment is provide®by
crossovethrough the membrane frothe cathode sidés a resultthe same conceptual
separation of the cell into a fuel cell compartment and an electrolytiasdthr the
SUSD is valid.Consequently, high cathode potentials are obsemethe section
opposing the starved anode sideid anode potential undergoes a transition from
a 1 Vree (air) tod 0 Vree (H2) in the starved region atsabsequenmtormaloperation.

A major concern for local fuel starvatiemthe mostely unpredictableccuranceaduring
operation Thereforethe degrdation effect on the cathode is strong, i.e. due to elevated
temperaturesThis high risk for cathode degradation highlighite importance of an
elaboete flow field designand operating strategio avoid local fuel starvations.

As the controlled and prese simulation of local fuel starvation evenksading to
reversecurrent effectss difficult to implement on single cell testecal fuel starvation
impact is not studied in the framerk of this thesis. To simulate transient anode
conditions and investigate resulting anode degradation, SUSDased AS$ are
performed. These ASTaffer easycontrol of operating parameters angplementéion

while the conceptual degradation effeate comparabléo local fuel starvation events

In addition, local fuel starvation events are mainly occuring spontaneous during field
operation, whereas #air starts cannot be prevented.

This concept otocal fuel starvation leading to a revexsgren effect should not be
confused withdartiab fuel starvation eventsesulting in a cell reversal operation, as
reported by Taniguchi et §8]. The latter can occur if hydrogen is supplied at a sub
stochiometric flow to the adfted cell, leading to negative cell potentiasd
consequently to cell reversal evemts described in sectioh7.1, where the eledc
powerfor electrochemical reactions within the anaglsupplied by adjacs cells.
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3 Characterization methods

The relevant experimental techniques used in this thesis are introduced Wwighin t
chapter* The basis for the following sections can be found in comprehensive scientific
literature[21, 41, 4347, 136 138].

3.1 Electrochemical in-situ measurements

3.1.1 Cyclic voltammetry

Cyclic voltammetryis acommon electrochemicaéchniqueand can be usei deter-
mine the ekctrochemical surface arédBCSA of fuel cell catalystsn-situ on MEA
level. The ECSAis commonly used to characterize catalyst lagsrsvell as to analyze
and monitortheir degradationas catalyst layer degradation commonly coupled to
ECSAdecrease (see secti@rb.4. In cyclic voltamnetry (CV), the current response of
a voltametric cellis measuredas a function of @ appliedtriangleshapedpotential
changewith constanpositive and negativeweep rate Typical CV curves for fuel cell
catalyst layersare shown inFigure 3.1. The current response is a combination of the
constant capacitive charging currdmyt thelinearly changing voltage and tlerrents
due toelectrochemical surface reactioms a single celketup, the electrodef interest
is acting as working electrode, typically supplied witart gassuchasN. The oppo-
site electrode is acting as counter electradd pseudoeference electrode which is
commonlysupplied with H. To determine theeCSA the charge ssociated withithe
reduction or oxidation oh monolayer of ador desorbedspecies is measure&or
PEFCs typically hydrogen or carbomonoxideis usedas ad or desorbed specieas
thar ad/desorption on Pt/C is fully reversible andpeysstentcontaminatioror degra-
dation of PEFC componenitsexpected.

Prior to the CV measurement, commonly a cleaningi€performed(typically under

H2/N2 atmosphere on the counter/working electrade) c | ean t he amdat al y s
to achieve reprodugie results. During the potential cycling, the catalyst surface is
repeatedly reduced and oxidized which resulth@removal ofpresentadsorbates (e.g.

organic contaminants) and tefinedreorganization of the catalyst surface.

ExemplaryCVs of a Pt/C based PEFC electrateillustrated inFigure3.1.

1 This chapter contains excerpts from Bentele, D.; Aylar, K.; Olsen, K.; Klemm, E.; Eberhardt, S. H. (2021): PEMFC
Anode Durability: Innovative Characterization Methods and Further Insights on OER Based Reversal Tolerance.
In: J. Electrochem. Soc. 168 (&), 24515. DOI: 10.1149/1945111/abe50b.
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Figure 3.1: (a) lllustration of the ECSA evaluation method by Hipda. The anodic(|'f§ Fraae POSitive
current; greenarea) and cathodic( |'fE fn-winegative current) charge from the cyclic voltammogram
between 01 and 0.4Vrk+e is integrated after double layercapacitance(ica) correction. (b) lllustra-
tion of the ECSA determination via CO stripping method. The first cycle shows a distinct CO
oxidation peak at 062 Vrue, Which is integrated Qreen area, |'va-~5~HnF)-|after baseline correction by
the subsequent cyclic voltammogram.

ECSA determination byush

The ECSAestimation by the attlesorption of hydrogen on the electrode is depicted in
Figure 3.1a. Around 450mV the obtained current isonstant during the anodic and
cathodic potentiasweep This behaviolis indicating charging/discharging of the elec-
trochemicaldouble layer between working electrode and the electrabttger than
chemisorption.The double layercapecitanceis anadditional importantindicator ob-
tained by CV, which can be used itvestigatestructuralchanges within theatalyst
layer (.g. due tocarbon corrosion Platinum is oxidized between 650 and 800mV
during the anodic sweep:

00(/z2z00( ( A, (3.
00/ (200 ( A, (3.2)

After reaching the uppgrotential limit (typicdly between 0.850 and 1\2), the direc-
tion of the potential sweep is reversed and thgyerated species covering the platinum
arereduced at potentialsetween 900 an800mV, followed again bya double layer
chargedominated regima For potentials 850mV during the cathodic sweghydro-
gen adsorption othe surface sites of the working electragleccurring

06( A z09. 3.3)

This process is also referred to @sderpotential deposition of hydrogenughl. At
potentials close to zero high hydrogen evolution currents are meagdned. the po-
tential sweep is agaieversed, the adsorbed hydrogeox&lized and desorbathpos-
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ing anodic currentécf. greenareaFigure 3.1a). The available platinum area deter-
minedvia Hupa methodis calculatedaccording to the followingquation:

6
e

where0 is the electrical charge requiréo ad/desorba hydrogen monolayer from

(3.4)

the platinumsurface. Theconversion factor of, p #— corresponds to the required

charge to addesorb a monolayer of hydrogen fr@platinum surfacg¢139]. The elec-
trical chage 0 is calculated by integrating theorrespondingad and desorption

peaks averaged andividedby the scan rate-.
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The lower integration limits chosen carefully so as not to overestimateatt&orption
chargeby the superimposelydrogen evolution reaction

In order tocalculatethe ECSA(typically given in units of i  C ), the available Pt
area0 is commonlydivided by themass of platinun®t . The latter is equal to the
el ectr ode 6 platinyme wadieg) rCi A& la | multiplied with the elec-
trode are®

0 (3.6)
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The platinum loading is commonly determined fbe pristine electrodes, either by
calculating thetheoretical) initial catalyst laydoadingdependent othe incorporated
raw catalyst powdefassuming homogeneous distributiathin the electrodeor via
Xray fluorescence spectroscopy of the
loading can decreaseover lifetime (e.g. due to washiwyt of platinum, resulting in
gravimetric platinum logs sometimes the available Pt ar@a normalized to the re-
spective geometrical electrode area is reported, referredrtugisness factarf (com-
monly reported inl A | ):

i Q 006 YA . (3.7)

ECSA determination by CO stripping

The ECSAdetermination via desorption of C@lso referred to as CO stripping volt-
ammetry is shown inFigure3.1b. CO moleculesare showing a much higher tendency
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3 Characterization methods

to bind on platinumthan hydrogen.Besides, the adsorption is less surface sensitive.
Therefore, the CO stripping method is regardethase robust to determine the electro-
chemical surface ardar Pt/C catalystand less prone to varying fuel cell conditions
(e.g. temperature or relativeimidity) [140]. To perform the CO stripping method, &
preceding stegprior to the CV, COwithin the feed gas of the working electroie
adsorbed on platinum

00 #/0 0B/ (3.8)

The subsequer@O desorptiorby electreoxidationtakes place at higher potentials than
hydrogendesorptioncf. Figure3.1) and can be described the following equation:

0B/ 0/ z00#/ ¢ ¢cAs8 (3.9)
Due tothe two-electron transfer, the conversion factorcalculate theeCSAvia CO

stripping ist ¢ #— . The platinum area is derived iguation3.10.

0 (3.10)
A
The electrical chargé is calculated by integrating the correspond@1@ desorption
peakof the F'scan(cf. Figure3.1b) divided by the scan rate.

. Or QO (3.11)
Q0
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As integration baselindgo distinguish the CO desorption peaksubsequeng™ CV
scanis used During this 2" CV scanthe Hypq featuresare becominguoticeableagain
(cf. Figure3.1b). During the1® scan the suppressiof the H,pd featuress an indicator
for compkte platinum coverage by CO.

In contrast to Pt/(based electrodes, tha-situ ECSAdetermination for electrodes
incorporatingOER catalystsas IrG or Ptalloys is quite challenginfl41]. Ir and IrQ
speciesshow divergingHupd and CO features compared to Par metallic Iy, Hypa and
CO features can be obseryadhereas for Ir@ commonly only capacitive behavior is
observednstead of surface reactiofis42]. In addition,metallic Ir istypically electre
oxidized to IrQ within only a few CV cyclesTherefore,in-situ ECSAdetermination
methods for electrodes caming IrQc are under researcim particularfor PEMWE
applications Recently, Watzele et aintroduceda methodbased ordetermining the
adsorption capacitanad intermediatesvithin the onset potential of OERa electro-
chemical impedance spectroscdfiy3]. Alternatively, ECSAestimationof IrO, can be
performedvia double layer capacitang@nly rough estimatiordue tosuperimposed
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3.1 Electrochemical irsitu measurements

influences e.g. support materia)sor via mercuryunderpotential depositiofil42].
However, the introduction of mairry is hard to implement in single cdilel cell test
stationsand includsthe risk of contamination effext

Consequentlyfor OER based reversal tolerdrEFC anodes incorporaing supported
IrO2, commonly still Hps and CO methods are stadktheart [37, 70, 114, 125}0
determinethe ECSA Thus,this thesis alsdocuseson these ECSAmethods, predomi-
nantly determining th&CSAof the PtbasedHOR catalyst, while neglecting the OER
coc at a lEgSAtHOveever, the available catalyst area for Ol@s nevertheless
estimated via theespectivéDER activityof the electrode

3.1.2 Hydrogen crossover

The determination of hydrogen crossover can helgetectmembrane degradaticas
well as thepresencef electri@l short circuits. An increase in hydrogen crossover can
indicate chemical or mechanical membrane didafian, e.g. by membrane thinning or
pinhole formation.

o experimental data
== linear regression
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Figure 3.2: Measurement to determine the crossover current density. A single CV between 0.065
and 0.865V at a scan rate of 2nV s! was performed, with a linear regression between 0.35 and

0.6V. The linear regression intercept at OV is equal to the crossover current density, whereas the

ohmic short resistance of the membrane is proportional to the inversed slope of the linear regres-
sion. (N/H2 on cathode/anodeT=68° C; p=1 barg, RH=100%, flow rate=1 I, min'%)

The hydrogen crossover can be measuresitincomparable to the measurement of
CVs. Hydrogen flows on one side of the cell, acting as reference@muterelectrode.
Subseqantly, hydrogen crosses ovéte membran& the opposingelectrodeacting as
working electrodewhere the hydrogen gets oxidizdthe resultingoxidatingcurrent is
measured A typical measurement of thbydrogencrossover current densit@ is
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3 Characterization mbebds

depicted inFigure 3.2. The current icommonlymeasuredver a potential rarey(i.e.:
between 0.065 and 0.885, similar to a CV but at significantly lower scan rate
(<5mV s'1). After an initial increase in current density for voltage8..Vrne, aplat-

eau is reacheds the current is now limited by the hydrogen permeation rate of the
membranerather than imposed by hydmeg evolution Subsequently, a linear regres-
sion of the plateau regioftypically in the regionbetweend 0.35and& 0.6V, for up

and down swegpcan be performedrhe regression linanterceptat a current density
equal to zerod typicallyreported as therossover current densit@ at theprevailing
operating conditionsThe slope of the regression lim®rresponds to the reciprocal
value of the electrical short currewt

3.1.3 Polarization curves

Theelectrochemical performancd a fuel cellis commonly measured bypalarization
curve.An exemplarypolarization curveand theoccurringoverpotentialsdependent on
the current densitywere introducedn Figure2.1.Thef u e | powerl olt@guscan be
directly obtained from the polarization cunkolarization curves can be performed at
different operating conditions and gas supply (e.g. varyingrd Q concentratios),
commonly related to certain applicatiogievant operating windows.

As overpotentials increase due to degradattbe performance declines with ageing of
the fuel cell For commercial applications maximum threshold in performance loss is
defining the enebf-life (EOL) state Whenthis threshold is exceedegperationwithin
the initial applicationis no longerreasonableas either thesystemefficiency or the
maximum power is not sufficiemnymorefor the respective applicatiqe.g. hill climb
for heavy duty trucks)n addition secondary issues could arfee certain applications
e.g.due to thencreased overpotentials the amount of waste heat increaseeding
the cooling capacity of thiuel cell systemHowever, the fuel cell systewould still
meet the requirements for deviating applications, resulting in sdiéerapplications
as known from battery electric vehicldsl4].

In addition to application relevant insights, polarization cupresideinsightsregard-
ing the severity and type MEA degradation at the chosen operating conditiSeser-

ity can be estimatedirectly by the voltage or power logompared tgrevious opera-
tion. As different overpotentialsdominate at different current density regime&f.
section2.3), a distinction betweemctivation, ohmic or mass transport overpotential
increasecontributing to performance losan be derived

Polarization curves cam principle be performeceither in potentiostati¢voltage set-
point, monitoring currentdr galvanostatic modgurrent setpoint, monitoring voltage)
In addition a distinction is made between steadgteperformedpolarization curves
whereeach respectivpotential orcurrent densitywithin the polariation curveis held
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3.1 Electrochemical irsitu measurements

for a certain timgeriodto achieve stable valuesndtransient polarization curgeavith
constansweep rate

3.1.4 OER activity

The catalytic activity of catalysicorresponds to the rate at which a particular reaction
takes plae. The adivity of a catalyst layes towardsOER can begainedby applying
potentialswhere thecorrespondingvater splitting reactioifc.f. Eq.2.19) takes place at
therespective OERcatalyst.Thereversible equilibrium potentidD for the water split-
ting reaction is equal to 1.28:ue [39]. In acidic environment, the activity towards
OER forcatalysts as Ru, Ir and Pt arlemmonlyinvestigated at potentials betweeB 1.
and 2VrHe [145, 146] The OER activity series liquid acidic electrolytesis reported
as Ru> Ir > IrOx > Pt[145, 146] As the activity of Pt based catalystasvards OERs
significantly lower as for lor IrOx [145], the derived OER activitat potentials below
1.5V should be digure-of-merit todistinguishthe presence of Ir or ItOn the investi-
gated catalyst layer.
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Figure 3.3: Oxygen evolution reaction polarization curves recorded from the anodic sweep of a
cathode CV performed at 20mV s ! between0.1 and 1.490/, before (beginning-of-test, BOT) and
after (end-of-test, EOT) the reversal tolerant MEA was exposed to a SUSD AST. The solid line
corresponds to the mean values and the shaded area to the standard deviations of 9 subsequent CVs
(shaded regionEOT fully covered by solid line) The current density was corrected for the capaci-
tive current density observed at 1.3V to achieve a comparable baseline for different measurements.
Operating conditions: N2/H2 with a flow rate of 3.5/5l» min'* on cathode/anodeT=68°C; p=1 bary,
RH=100%.

Typically, the catalytic activity is normalized eithe®® the mass or thECSAof the
catalyst,to provide comparable parameters to results of differing materials or research
groups[147]. However, in this thesis theerivedcatalytic activityof the cathode cata-

lyst layeris investigated to evaluate tloeossoverof migratedOER catalyst from the
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3 Characterization methods

anode catalyst laydo the cathode. Thereforegither theECSAnor theOER catalyst
loading on the cathodean be determinedh this thesis but thecatalytic activity is

normalized tdhe geometricaglectrode aredn Figure3.3 an exemplanfOER polariza-

tion curve of a cathodds depicted before (beginningof-test, BOT)and after(EOT,

endof-test)an SUSD ASTwas performedvith the MEA The catalytic activity of the
electrode is estimated from the current responseleti@edpotential (i.e. 1.4&/rHE).

3.1.5 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a frequently used method in research
for charactrizing electrochemical systems. It is capable of resolving individual internal
processes of electrochemical systamghe basis adlifferent relaxation timeand thus
allowing their investigationEIS can beconsidered ason-destructive irsitu method

giving insights inphysical processes within tievestigated system.

For EIS, a sinusoidglerturbationsignal (input signal) is appliedhile the correspond-

ing system responsw the perturbation(output signal) isneasuredThes y st ®mo6 s
sponsds observedat the same frequency but different amplitude and shifted phase. The
impedance can be calculated from the relationship between the input and output signals.
When a single frequency is examined, it is referred to as impedance analysis. Imped-
ane@ spectroscopy analyzes the behavior ovenge offrequendes. The appliedper-
turbationsignal can beeither a current wave agalvanostatic ol potential wave at
potentiostatianeasurementsn fuel cell environmentgalvanostaticElS is commonly
performedunder normal operation @hir) and undeappliedload, where the fuel cell

acts as galvanic celln contrast, ptentiostaticElS is typically performed underhH>
supplied to the workingbunterelectrode.

In this thesispotentiostaticEIS was usedo determine thehigh frequency resistance
overpotential , whichadds upghe ohmic overpotentials and-— . In

additionthe effective proton resistanceverpotential- of the catalyst layers

can be derived from this measuremefiracking the temporal evolution of
overpotentiad can be used to monitor the degradation of MEA component®aadtbw
for overpotential distribution analysis.

HFR determination by EIS

In this thesis ptentiostatic EIS measurements undes/H> atmosphere where
performed to investigatehe HFR andhe proton resistancesf the electrodeA typical
Nyquist plotis shown inFigure3.4.
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3.1 Electrochemical irsitu measurements
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Figure 3.4: Exemplary Nyquist plot of an EIS measurementfor a pristine MEA (i.e. MEA-2, cf.
section 4.1). Measurement was performed with humidified N/H2 (80% RH) at 30°C applying a
flow rate of 101, min'* and pressures of lbarg on the cathode and anode, respewstly. Spectrum
was recordedapplying a 10mV perturbation (100 kHz to 10Hz) at 0.45VrHe. Experimental data
are shown in red open squares, the corresponding fitting result of an equivalent circuit modétee
Appendix-Figure 1) adopted from Makharia et al. [148] is shown as black solid line. Data were
fitted using the python library developed by Murbach et al. [149]. (a) Full EIS spectrum with
highlighted frequencies.(b) Enlarged section including=|§ ¢ nand graphical =| ¢ Fuun i 0|tgrmina-
tion.

To determine the high frequency resistari¥e , the real axis intercept of the
impedance is taken, where the imaginary impedance is equal to “Yero.
predominantly corresponds to the membrane resistance and the contact resistances along
the electric pathways (flow fields, GDLs and catalyst layerderfaces). As the
overpotentials for the membrane and contact resistances are shdwirgb@haviour,

the overpotential— is dependent on the applied current densf@and the
corresponding resistandé  (cf. Equation3.12) .

- - - DY (312

Proton resistance determination in the catalyst layer

By determiningthe effective protoronductivityin the electrodeshe voltage loss due
to proton transport within the electrodan bederived Due to the fast HOR kinetics
the platinum loading and thus tekectrode thicknessf the anodes significantlylower
thanthat ofthe cathodeTherefore, the protononductng pathways in the anode are

comparativelyshortand the corresponding overpotential is typically neglect-
ed. In contrast for MEA voltage loss analysis, the cathode effective proton conduction
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3 Characterization methods

overpotentiak must beconsideredDue to the ohmic dependence, the effec-
tive proton conduction overpotentigdn be calculatedsfollows:

Y (3.13
- () O
h DY o —
with the effective proton conduction resistan¥e , the electrode sheet re-
sistanceY and the correction facter, which is dependent on thapplied

current densitytand the Tafel slope of the reacti@far a further explanation, the reader
is referred to Neyerlin et gl150]). In the first approach; is set equal to zero assuming
smallpotential gradients within thelectrolyte phase.

The proton conduction resistance can be determwiadootentiostatic EISn Na/H2

atmosphere on the working and reference electrode, respectiVelyevaluate
Y & , the EIS spectracan befitted numerically,assuming a equivalent circuit
model including a transmission line mogdet a graphicalestimationfrom the Nyquist
plot can be performed, considering teagth of the observed 4%he (seeFigure 3.4b)

[148]. For measurements performed on the anmatalystlayer, commonly no 45fine

characteristicss observed due to the low proton resistandee resultingNyquist plot
is showinga straight90°line for frequencies lower than the frequenakiere thehigh

frequency resistands observed

3.1.6 Hydrogen pump experiment

This section provides an overview thie secalled hydrogen pump experiments which
are used for HOR overpotential distribution analysisschematicakell setup for the
hydrogen pump experiment is depictedrigure3.5a.
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Figure 3.5: (a) Scheme ofthe hydrogen pumpexperiment on a single fuel cell(b) Current density
dependent cell voltage and calculated potentials during a hydrogen pump experimewith flowing
H2 on the anode andN: on the cathode, after the MEA underwent significant anode degradation
due to a cell reversal AST(see sectiorl).
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3.1 Electrochemical irsitu measurements

During the hydrogen pump experiment, hydrogen is supplied to the anodateygen
or hydrogen issupplied to the cathode. On the anode, hydrogen is oxidiz@oy HOR
(cf. Equation3.14), whereaghe migratingorotons through the membraaee reduced to
hydrogenon the cathodduringhydrogen evolution reactiotER, cf. Equation3.15).

0o c( cA (3.14)
¢c( cAoo (3.19

Besides the applicability as diagnostiprocedurdor PEFG, this procedurénds com-

mercial application in fuel purificatiorwhere hydrogen can lextracted from a pollut-

ed/diluted feed gas stream asithultaneouslycompressedin the context of PEFCs,

hydrogen pump experiments aygically used to i) evaluate the HOR/HER exchange

current density of different catalyd®5, 151]and ii) to investigate the anodes cont r i -
bution to the fuel celbverpotential35, 152] The latterenablesanin-depth analysis of

anode degradation with respect to the application relevant HOR performance.

The cell voltagedD  during the hydrogen pump experiment can be describfabhas
0 (@) - - - v o w (3.16)

According to the Nernst equatio® during hydrogen pumps dependenon the H

partial pressures on tledectrodesthe temperature and thequilibrium potential of the
HOR/HER (cf. Equation2.9). Therefore,O can show a strong current depemcie
when purenitrogen is flown on theathode, as the partial pressure of hydrogete-

pendent on the hydrogen evolution rate according to FaradaysNhike this setup
satisfies safety aspects of the fuel cell test station, the analysis bemworggone due
to the partial pressure dependency of hydrogen on the catHodever, he supplyof

(N2 diluted hydrogenon the cathode has the advantafenegligible partial pressure
dependencyf hydrogenimposed byHER. Within typical fuel cell setps, where the
cathodecatalystloading and thusthe ECSAIs significantly higherthanon the anode,

— can be neglectef®d5, 152, 153]Also 'Y is commonlyneglected due to

minor proton resistance within the anode catalyst ldyerthermore,Y was
shownto be negligible as wetluring hydrogen pump experimeri@b]. As the cathode
loading is significarly higher, asubstantiaprotonresistancevithin the cathode would
result in the cathode current distribution shifting closer to the memitameall over-
potential increasenduced bythe high catalyst loading anthst HER kineticq148].
Thus,Equation3.16 can be simplified to

o o w - . (3.17)
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The HOR overpotential subsequently can be separatddnetic and mass transport
contributiong152].

o o v - 5 - . (3.19)

'Y  can bedeterminedby the above presented Eiffethod.The kinetic overpotential
can bederivedfrom fitting the HOR overpotentiakithin a mass transport free domain
(i.e. at low current densitied)ased on aimplified Butler-Volmer approach(also cf.
Equation2.10):

0 Q06 YsQ- F QT F (319

with the symmetry factdr. Subsequentlythe HOR overpotentialistribution analysis
canbe performedThis analysis idlustrated inFigure3.5b for anMEA with a severely
degraded anode catalyst layer. Tingdrogen pumppolarization curve was recorded
after a reversal AS@at 30°C, 80%RH andp = 1 bag was performed

3.2 Ex-situ characterization methods

3.2.1 SEMEDX

Scanning electron microscop$EM) MEA crosssectionimages were taketo evaluate the
anode cathode and membrane thickne$MEAs after an AST was performeto investi-
gatethe elementompositionwithin catalyst layers angdrecipitatedband formatiorin the
membrane Energy dispersive Xay spectroscopyEDX) was performedFurther infor-
mation on these characterization methods can be found in standard text@igks
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4 EXxperimental

This chapteprovidesdetailedinformation on the experimental methods and procedures
appliedin this thesis, from sample preparatiouer single cell teshg up to ex-situ
characterization method§.his chapter contains excerpts fromm published article
(Bentele et al[40]). In particular, the accelerated strésstproceduresieveloped with-

in this thesisare introduced

4.1 Materials and MEA fabrication

Within this work different MEAs were investigated todevelop applicationrelevant
stress testsn combination withspecial eletochemicalcharacterization method$his
allows toderive further insights o the degradation of OER based reversal tolerant
anodes

A generallab-scalemanufacturing schemapplied for MEAs investigated in this thesis
is depicted irFigure4.1, from catalyst ink mixing to single cell hot pressing.

comrs
o =

Catalyst Catalyst ink Coating Drying

powder
; 1
s —— Ie———
*

)

MEA Hot press Decal process

Figure 4.1: Lab-scaleManufacturing process from catalyst powder to PEFC single cell schematical-
ly depicted. Upper row (from left to right) : catalyst layer manufacturing from ink to catalyst layer
supported on a decal foil.Lower row (from right to left) : CCM manufacturing via decal process
and MEA manufacturing via hot pressing CCM, frame (blue)and GDLs (black) to final framed
single cell MEA.

The most relevant informatioabout the usetMEAs is given in the followingsecton.
However, due to the cooperation with an industry partner, certain detailed process and
material informationcannot be pubdly disclosed As industrial processesf MEA
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production were applied within this thesiab-scale based reproducibilityould cer-
tainly be difficult.

The catalyst layers were manufactured by ink mixing of catalyst powder, solvent and
ionomer. Subsequently, the ink was coated orsupporting decal foil. The catalyst
layers were processed to a CCM via the dé@aisfer method. In a final stefhe CCM

was cut, framed and hot pressed v@BDLs on anode and cathode, respectively.

An identicalcathode catalyst laydCCL) wasused for all MEAsinvestigatedwithin
this thesis CCLs were irhouse fabricatedhcorpording commercially available Pt/C
catalystpowderand ionomer binderThe platinum loadingof the cathodeelectrods
wasfixed t0250€ g CMmelecirode® With respect to the geometrical electrode afde ink
preparatiorandsubsequennk coatingon a carrier foilwere performed according to-in
house developed procedum@sindustrialproduction linesFor the fabrication of anode
catalyst layersa conparable coating process was used. Reversal tolerant anodes were
fabricated using a®ER cocatalystbased orheat treated Ir@catalyst carried on a
metallic support Commercially available ionomer binder (equivalent weight
<900g/mol) was used. Besideslifferent carbon supported platinutHOR catalyst
were usedwhich were differing regardingthe graphitization degreef thar high sur-
face area carbon suppdgraphitization degreblOR-1 < HOR-2). The catalyst loading
of Pt and IrQ was fixed to equal valuef 50€ ghtalysitCMelectrode >, respectively. The
ionomer to carbon weight ratio (I/C) wast to be equal to onexcept for theeference
anode catalyst layer withoan OER cacatalystincorporatedFor this reference MEA
an anodel/C ratio equal to 0.8 was implementedming fora comparable ionomeo
catalystsupport surfaceatio and resulting ionomer thin film thickness The anode
catalyst layer for MEA3 was not fabricated thouse but received by a supplier as decal
supported catalyst layeAs for the other anode catalyst laydPt/C and metal support-
ed IrQ, catalysts were incorporatedny furtherinsights in catalyst(HOR-3/OER2)
and ionomer propéescannotbe provided

CCMs were manufactured via the decal transfer process by hot preassinge and
cathode catalyst layerbacked on decal fqilto areinforced PFSA based membrane
(membrane thickness: between 20 pum and 10um; high frequency re-
sistanced 63 mqcmz2at 30°C and 80%RH, cf. Figure5.12). Hereinaftey the CCMs
were cut to the required siznd subsequentlframed witha PEN foil. Afterwards
commercially availabl&DLs werehot-pressed100°C, 30 s)to the framed CCMs.

An overview ofthe differentMEA configurationsinvestigatedn this thesis is given in
Table4.1.
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Table 4.1: Investigated MEA configurations

Designation
Propert Unit MEA-1 MEA-2 MEA-3 MEA- MEA-Pt
pery PHIrO,
Pt loading [Mg CMelectrode 50 50 * 50 50
IrO 2 IOadIng [p.g Crnel(-:-ctrod(-;F } 50 50 * 50 O
I/C ratio [-] 1 1 * 1 0.8
HOR catalyst [-] HOR-1 HOR2 HOR-3 HOR-2 HOR-2
HOR catalyst
graphitization [-] + ++ * ++ ++
degree (Pt/C)
OER catalyst [-] OER1 OER1 OER2 OER1 -
GDL [-] GDL-1 GDL-1 GDL-2 GDL-2 GDL-2

* unknown or confidential properties; +: medium, ++: high

4.2 Single cell testing

4.2.1 Test station and cell setup

Single cell tests were performed onhause developedifferential single cell test
stations.Cell cooling wasrealizedusing & ultra-pure water baselijuid cooling loop

which allowed cell temperatures in the range 0f°30 90°C. To achieve the desired
operating conditionghe suppked dry gasesvere humidifiedwith ultra-pure watewvia a
combination oimassflow metes (dry gas and waterespectivelyanda humidifier. To
preventwater from condensing, piping from humidifier ¢ell inlet wasequipped with
heattubes and heating tapddie teststationswereequipped witha combinedelectrical
loadpower supply enablirg normal operation as well as reversal operation of the cell

To ensurethe targeted operating conditions, several sensors (e.g. temperature, pressure,
humidity, current, voltage) on multiple locations were included within the test station.
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Single cell tests were performed usinghouse developed cell hardware with an active
area< 50 cn?, schematically depicted Figure4.2.

Housing Flow field oL Current collector

H2 supply
Air supply

/, / \
CCM
Seal Frame

Figure 4.2: Exploded drawing of the cellhardware setup.

The framel MEAs were sandwiched betweegraphitebasedflow fields with parallel
gas channels in eftow arrangementincludinginternal cooling channel§ he metallic
current collectorsvere attached to the flow field$o prevengas andccoolantleakage,
siliconebasedsealswere incorporatedand a physical leak testf the cell setupvas
performed prior taany test performedrhe cell voltage wasnonitoredby conducting
the flow fields directly via sense cables, wherd¢las current was monitored vehunt
measuementwithin the load cabl@ext tothe cathodeurrent collector.

4.2.2 Polarization curves

Pristine MEAs weretreated by an knouse developed conditioning procedure pte
each characterizatioifhe fuel cell performance was evaluatgdcertainpoints during
the test proceduresa polarization curvesinder H and(compressedair. If not stated
otherwise, a recovery procedureluding an air- and H-soak(10min each)has been
performedprior to the performancevaluation During the polarization curveempera-
ture was kept constant at 6&vhereas presswseRH and gas flow rate@H2/air) were
varied with current density accordingTable4.2.

The fuel cell was allowed to stabilize for @bn for each current densjtywhereas data
wasaveraged from the last &The first investigated current density within {halari-
zation curve was allowed to stabilize for additadrBOmin to ensure consisterand
stable testing conditions and MEA humidificatidha cell voltagesmaller than 0.V
was observede.g. due to severe degradatiotije measurement was aborted floe
investigated current densisg well as for possible subsequent higher current densities.
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Table 4.2: Current density dependent g@erating conditions for polarization curves performed at
68°C

Operating conditions during PEFC performance evaluation at 68T

Current density [A chf] 0 0.1 0.6 1.0 15 2.1 2.4
Pressure anode [hr 0.25 0.25 0.6 0.9 1.27 1.7 1.9
Pressure cathode [Rhr  0.07 0.07 0.3 0.59 0.92 1.31 15
RHanode [%)] 79 79 75 80 85 94 97
RH cathode [%] 52 52 70 69 67 70 71
Anode fow rate[l,min"Y] 0.7 0.7 1.7 2.8 4.3 6.0 6.8
Cathode flowate[l, min'Y] 1.3 1.3 4.1 6.8 10.2 14.3 16.4

4.2.3 Cyclic voltammetry

Cyclic voltammograms (CVsyere acquired using Id6 potentiostat/galvanostaZéh-
ner-Elektrik Ingeborg Zahnegchiller GmbH & Co. KGGermany).

If not stated otherwise, CVs were performed at 1609 1 baig and flow rates of
11, min'! on working (i.e.PEFC cathodefor cathode CY and reference (i.eanode)
electrode, respectivelyCell temperature was set to 60° or @°CVs were recorded
block wisefor each electroda.e. first CO stripping, Hpa measurementd, crossover
and OER performancen the cathodevere performed, followed bthe correspoding
measurements on the anodiior to performing CVs a pre-conditioning was per-
formedat t he corr espondi RHFoQCVDrecorted withie seet ur e
tion 1, MEAs were conditioned by supplyingAdir (reference/working electrodépr
15 minutes at 0.¥, followed by purging the working electrode with nitrogen dddi-
tional 15 minutes Prior to CVs performed within chapte8, Ho/N2 (reference/working
electrode)was supplied fo©30 min to allow the MEA to equilibrateAll potentials for
CVs are reported with respect to the reversible hydrogen electrode (RHE).

ECSAdeterminatiornvia Hypd

To evaluatehe ECSAvia Hupd the working electrode (i.e. PEFC anode for anode CV)
was flushed with N whereasthe counter/reference electrode (i.e. PEFC cathode for
anode CV)was flushedwith H.. Flow rates of 1, min'! at 1 bag and 100%RH were
achieved during the CVBr both electrodesThe working electrodewas cleaned by
four CVs scanned between 0.1 ah®Vgrwe at 100mV s L. Subsequentlyfour CVs

with a potential rangérom 0.065to 0.865VrHe at 100mV s * were performed to eval-
uate theECSAvia Hype. The hydrogen deand adsorption charges between 0.1 and
0.4Vrue Were averaged from thé'€£V cycle after correction fathe capacitive charge

A conversion factor of 218 @&m' ? was assumed.
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Double layer capacitance determination

Double layer capacitandgs was evaluated from théV setused forECSAestimation
via Hupd (potential range of 0.068® 0.865VrrE, 1L00MVS ! scanrate). The capacitive
chargewas evaluated from thé"£V cycleat a potential of 0.4Y re.

ECSA determination vi@O striging

CO stripping CVs were performadhder H/N2 (reference/working electrode) atmos-
phereat 68°C at 100%RH and 1bar on each electrod&.o evaluate the cathodCSA
flow rates of3.5/51, min'! (anode/cathode)ererealized, whereas anode CO stripping
was performed at flowates of 1/1, min'! (anode/cathode)These operating conditions
were implemented for allsubstepswithin the respectiveprocedure.Prior to theCO
stripping CV, two cleaning C\$ were performed between 0.1 and M2xe at a scan
rate of 20mV s'%, to achieve reproducible results and remove possible contaminants
present on the catalyst surface. Subsequethiyywaking electrode wasuppliedwith
1% CO in N on the working electrodéor 3 minutesat a potential of 0.YrHe while
maintaining theabove statedlow rates To remove CO from théow field channels,
the working electrode was flushed min with pure N afterwardsFinally, CO strip-
ping measurements were perfornisdmeasuring two CVat a potential rangieom 0.1

to 1.2Vrue anda scan rate of 20V s't. ECSAwas calculated bintegrating the CO
desorption chargetaking the second C\performedas baseline for integration and
assuming 42@ @m'? as conversion factor.

Precedingany further measurementge.g. CVs or polarization curvesyn additional
purging procedure was implementecettsurehe removal oinyresidual CO from the
test station piping.

4.2.4 Hydrogen crossover

Hydrogen crossover measurements were performittda IM6 potentiostdgalvanostat
(ZahnerElektrik Ingeborg Zahnegchiller GmbH & Co. KG Germany)directly after
recording thecathodeHypd CVs. Therefore, no additional cleaning procedure inas
plemented Hydrogen crossover measurements were recorded by performing a single
CV with a potential rangdrom 0.065to0 0.865Vrre at2 mV s L. Operating conditions
were the same as during ttethodeHupd CVs. (H/N2 on anode/cathode #ow rates of
1lnmin'! 100% RH and 1bag). The hydrogen crossover current density deter-
mined by performing a linear regression flioe up and down sweepf the CVbetween

0.35 and 0.6/RrHE.
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4.2.5 OER activity

The OER activitywas acquiredby a IM6 potentiostat/galvanostaZ#@hnerElektrik
Ingeborg ZahnesSchiller GmbH & Co. KGGermany)via cyclic voltammetry Preced-

ing the measurementhd already equilibrated MEAvas flushed with H/N2 (refer-
ence/working electrode) forr@in. The same operating conditions as for the CO strip-
ping measurements were chosen: 68100%RH and 1bar for each electrode-low
rates 0f3.5/51, min'! (anode/cathodeyere appliedto evaluate cathode OER actiyi
whereas flowrates of 1/1, min'! (anode/cathode) were appli¢ad investigateanode
OER activity. Ten contiguousCVs, eachranging from 0.1 to 19VgrHg, Were per-
formed at a scan rate of 20V s 1. If the uppercurrentlimit (3 A) of the potenti-
ostatgalvanostat waexceeded within the chosen potential rarnige,CV wasnterrupt-
ed,andthe CVs were repeated with a decreased upper potential automaifiballfirst

CV performedwas considered as a cleani@y, ensuring a clean catalyst fage and
reproducible resultsThe OER activity was determinefiom the anodic scans of the
subsequent nin€Vs at a potential of 18Vrxe. TO achieve comparable results, the
current densities were corrected for the predominantly capacitive charges observed at a
potential of 1.3VRrHE.

It should be noted that the reported current densities should be regarded as first approx-
imation of the OER aatity of the electrode, rather than the exact OER activity. As the
investigated electrodes in this thesis contain Pt/C catalysts (for HOR or ORR) beside
OER catalysts, it must be assumed that the measured current densttgolely corre-
sponding to the BR activity of the OER catalystt is highly likely thatthe current
densitymeasureds superimposed by the OER activity of platinum as well as by the
oxidation of carborto a certain extendrhis applies in particulafor cathode catalyst
layers, whereno OER catalyst was introducédring manufacturingndonly traces of
migrated OER catalyst should be preserio distinguish the order of magnitude of
superimposed currentaused by Pt/C catalysta MEA without an incorporated OER
co-catalyst on the anode was investigated.

4.2.6 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy was performed wusing a potenti-
ostat/galvanostatiNI6, ZahnerElektrik Ingeborg Zahne&chiller GmbH & ©. KG
Germany).EIS wasperformedwhile supplying the cell with BHN> (reference/working
electrode), keeping cell voltage @45Vrye and applying a 10nV perturbationfor
frequenciesangingfrom 100kHz to 10Hz.

Operating conditions and pretreatmeregres dependent on threspective purposand
implementation EIS measurement was included in a standard characterization block,
including Hypa CVs and hydrogen crossover measurementserefore the operating
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conditions were identicab the latte(100%RH, 1 bay, flow rates of 1, min') and no
additional conditioning was performedn addition EIS was usedo evaluateHOR
overpotential distribution. Thus, the same operating conditions as dsubspquent
hydrogen pump experiments were appliecvaluate thélFR and proton resistanad
the CCL at these operating conditions. In advarfoe,these testa preconditioning
phase was appliedror sectiorb this preconditioning included a recovery step {and
H>-soak, 10min each),normal operation (klair, anode/cathode) at a cell voltage of
0.6V for 10 min andfinally a Hx/N2 (anode/cathde) purge forlO min. For sectior6 at
each investigated temperatune iaitial recovery step was performenhcluding three
SUSD cycles, h normal operation at 0.8 (H2/air) anda H2/N2 (anode/cathode) purge
for 1 h. Prior toEIS measurementgerformed at the same temperature but a |dir
solelya H/N (anode/cathode) purge foihlwas performed.

4.2.7 Hydrogen pump experiments

Hydrogen pumpneasuremenis the context ofeversal ASTs (sectidl)

To quantify and investigate the anode agethe to repetitive, shoterm reversal
events,HOR overpotential distribution analysis via hydrogen pump measuremasts
performed at comparable operating conditions as during the applied reversal AST. Thus,
anode and cathode were constantly flushie80° Ccell temperaturegpplyinghumidi-
fied gases (809%RH) and pressures of 1 barg, respectivéllp. enable high limiting
current densities, the gas flow ratdd\> (cathode) and Hanode)were increased tb0

I, min'* with respect to the reversal ASHolarization curves were performed between 0
and 3.75A cm' 2 with a sweep rate of 2/A cm'2s' 1. The measurement was stopped if
the cell v 0 | tVaogpeevent ¢ha MBAeathd cellOharBware from severe
damage. This setup, with no active ftbw on the cathodewas choserto enable hy-
drogen pump measurements withbaving to adpt the test statiopiping (e.g.linking
anode outlet to the cathode inletccording tosakty regulations The measurements
were performed subsequent to therrespondindgzlS measurement§recedng recov-
ery included see above Therefore, no additionalonditioningwas appliedrior to the
hydrogen pump polarization curves

To account for thecharge in equilibrium potentialO due to atransient hydrogen
partial pressure on the cathoi®, wascalculaed by the Nernst equatig¢af. Equation

2.9). The partial pressure change on the cathode wadataidbythe evolving hydro-

gendue tofaradic current. The impact of hydrogen crossowar diffusion was not

considered

The overpotential distributioranalysis wasdeterminedby applying Equation3.18,
consideringthe correspondingelS results('Y ) and the calculation 0® . Subse-
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quently, the activation overpotential  was derived bya nontlinear least squase
fit to asimplified Butler-Volmer approach (cf. Equatid19).

Hydrogen pump measuremeirtghe context of SUSBSTSs (sectioB)

To further improve theesolutionand accuracyf the HOR overpotential distribution
analysisin section6, the abovedescribedchydrogen pumpprocedure wasdaptedDue

to hardware adjustments on the test station, the dilution of hydrogen with nitrogen was
implemented as well asnplementingthe paossibleflow of (diluted) hydrogen onhe
reference electrode (cathodBjlute hydrogen allows moresophisticatedesolution of

H> mass transport resistanitereaseat small total HOR overpotential85], which in
particularis important fordecrease@node degradation during SUSD events compared
to reversal eventsThe possibiliy of flushing the reference electrode (cathode) during
the experiment wittan identical (diluted) hydrogen géew was expected to increase
accuracy of the experiment. Asr the differential single ceetup high stoichiometries
areimplemented The partial pressures on anode and catlmmaesequenthare facing
only small gradients due toydrogen crossover induced faradic currentaind thuscan

be regarded as constaftonsequently,O T can beassumedwhich simplifies
Equation3.18.

To investigate the HOR overpotentilydrogen pump measurements were performed at
various temperatures, Hconcentrations and relative humidifyhe investigated condi-
tionsare shown iMable4.3.

Table 4.3: Investigated operating conditions for hydrogen pump measurements

H» pump operating conditions

Temperature RH H> concentrations(dry gas)
[° C] [%] [vol. %]
35 100 75 100, 50, 30, 10, 5
70 100, 75, 50, 35 100, 50, 30, 10,5
86 90, 75, 50, 30 100, 50, 30, 10,5

For allinvestigatecbperating conditions, presssref 2 bary andtotal dry gas flow rates
of 10 L min'! were appliecon anode and cathode, respectivieRo achieve the aimed
hydrogen concentrations, dry hydrogen was diluted withctireespondinggas flow
rateof dry nitrogen Subsequently hie dry gas flowvashumidified.

2 For 100% H the gas flow ate on the cathode was limited ténBnin'* due to mass flow controller limitations. But
due to the still achieved high stoichiometry for this flow ratd.6>at 3.75A cm' ?) and the flowindependent hy-
drogen partial pressure at the cell inlet, a chang®eirtan be regarded as negligible.
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Temperatures were investigated in ascending order (35 t€)8&H was kept stable
while varying the respectivéd> concentrationsRH and H concentratiorwereinvesti-
gatedin descending orderespectively(i.e. first 100%RH at 30°C for 100,50, 30, 10

and 5%H> wasinvestigated, followedy 75%RH at 30°C for 100,50, 30, 10 and 5%
H>). For each temperature a prenditioning step was performedifter heating the cell

to the specifidemperature, three SUSWvere performed to clean and recover the cata-
lyst surface Thenthe MEA wasconditionedundernormal operation (kair, 100%RH)

at 0.6V for 1h. Subsequently, EIS was performed at each investi§diddnd temper-
ature)to determine the correspondifgrr. Prior to each EIS, the MEA was equilibrat-
ed for 1h underH2/N2 (anode/cathodeggndtwo SUSD cycles were performes recov-
ery procedureSubsequently, the hydrogen pump polarization curves at the respective
temperature anBH were recordeavith descending kconcentration.

Prior to each polarization curve, the MEA washedwith (diluted) H/H> atthe corre-
spondingtemperatureRH and H> concentration for 5 minPolarization curves were
recordedbetween 0 and 3.78 cm' 2 with a sweep rate df0mA cm'2s L. The polariza-
tion curve was aborted if the voltagell belowT 0 V ©r a stoichiometry 0D2 was
achievedto prevent MEA and cell hardware damage

Overpotential distribution analysis wasrformedby applying Equatior3.18, consider-
ing thecorrespondindzIS results Y ) andassumindgO T. The activation over-
potential-  was derived bya nonlinear least squares fit tosamplified Butler-
Volmer approach (cf. Equatidhl9).

4.2.8 Reversal ASTs

For durability estimations and investigations of certain degradation phenomena, so
called accelerated stressts (ASTSs) for differential cells have been established within
fuel cell research and developmg¢hb5, 156] On the one hand, by applying only a
certain degradation stressor intensively within the AST (commonly aiming for solely
stressing a specific MEA component), the degradation phenomena and its impact can be
investigated more isolated as during lifetime testing. The latter can suffer from signifi-
cantly increased complexity, e.g. by increased gradients on higher integrads lev
(e.g. stack) or mutually influencing stressors (e.g. transients imposed by system compo-
nents). Simultaneouslyhe reduced test complexity of ASTs on differential cells often

is concomitanwith simplifying and improving test comparability. On the othand,

ASTs enable a fast and efficient material and degradation evaluation due to low material
and testing costs (e.g. small active area in differential cells resulting in low media and
energy consumption).

Within this thesis two different acceleratedess test$or reversal eventaere investi-
gated A stateof-the-art acceleratedtress test, applying a prolonged reversal eaént
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4.2 Single cell testing

constant currenaintil cell voltagefalls below a certain threshqlas referred toas nor
cyclic reversal (NCR) ASTFor the NCRAST investigationsa constant current of
0.62A cm' 2 is drawnunder H/air condition.Subsequently, the hydrogen supply on the
anode isswitched to N2, resulting in fuel starvation conditions @air on an-
ode/cathode)This reversal state wa®ept until the cell voltage reached a threshold of
T 1 V.5rheperformed test scheme and resulting cell voltage is depicteigume 4.3a
and b ComparableASTs are reportedh literature to investigate the reversal tolerance
of OER caocatalyst based reversal tolerdEAS [37, 39, 100, 103, 106, 118, 128]

Non-cyclic Reversal AST Cyclic Reversal AST
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Figure 4.3: Test procedures for noncyclic reversal (NCR) AST and cyclic reversal (CR) AST
(a) Schematic MEA testing procedure for NCR AST. (b)Schematic cell voltage profile for NCR
AST due to a prolonged reversal event. (c3chematic MEA testing procedure for CR AST.
(d) Schematic representation ofcycled operation during CR AST including ACL reactions and
failure criteria defined for each operation. (e)Schematic CR AST cell voltage profilevithin one CR
AST cycle alternating normal and cell reversal operation.

In this work a cyclic reversal (CR) AST was developafternating normal anetversal
operation(cf. Figure 4.3d). ASTs with shortterm reversal eventare mimicking field
operation more realistidut are rarelydescribedn literature[114, 120, 157]Normal
operation, N-purge, rever operation (two current deties) and open circuit voltage
were cycled within CR AST (cFigure4.3e) until a failure criteriorwasmet. For nor-
mal operation the failure criterion was setell voltages 0.1V, whereas cell voltages
<711.5V were chosen as failure criteri@luring reversal operatiarNormal operation
(180s) was implemented by flowingH2/air (anode/cathode) and &rimg a current of
0.65A cm' 2. During thesubsequent Npurgethe cell was flushed with Mair for 120s
while no current wadrawn Reversal operation was performaiD.17 and 0.62 cm' 2
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for 120s respectively, whilsupplyingN2/air. OCV was held for 6@ while switching
back to H/air supply.

Both ASTs were performedt the following operating conditions: 3@, 80/80%RH,
5/121, min'! gas flow and pressures of 1.7/1.5g@m theanodeand cathode respec-
tively.

The testing conditions were chosen to simulate degradaiemo cell reversal events in
the context othe automotive startiyphase where fuel starvation eventanoccurdue
to blockageeither by icing (during freeze starps) or(residual)liquid water attemper-
atures close to ambient temperaturBse chosen temperature of 3D°simulateshoth
cases satisfactoril\During a fuel starvation event caudseyicing, stacktemperatures
of 30°C can be achieved before tlve blockage is removed by heapurt (coolant loop
or waste heat)At higher temperaturasing and consequently blockage of the flow field
channels within the stackecomeshighly unlikely, whereg at lower temperatures
(<20° C) anodedegradation issignificantly deceleratedy sluggish carbon corrosion
rates[118]. In addition,lowertemperature$<20° C) would require a more compleast
setupdue to thetest stationrequirementge.g. cooling loop. Besides simulatinduel
starvation evemstdue to icing, e blockage of flow field channelsy residual liquid
water during a regularstartup is also possibleat the chosen temperatuad 30° C.
Residual water could condense during cooling down in idle modecamid subse-
guentlycause blockagddowever,at elevatedgtacktemperaturesfter startup, residual
liquid water becomes unlikely due amincreasingdew point.

Within this study, reversaolerance is referring to the amouwftappliedtime or cycles

in reversalmodebefore a failure criterionvas met for the respective MEAHowever,

when comparing botperformedreversalASTs among each otheit should be noted

that within CR ASTtwo reversalcurrent densiés wereinvestigatedwvithin each cycle
whereas for the prolonged reversal events during NCR AST only the higher current
density (0.62A cm'2) wasdrawn

To further analyze the failure oliwed during CR AST, additional characterization
methods as CVs, EIS and hydrogen pump experiments were performed. The overall test
schemsfor both reversal ASTaredepicted inFigure4.3alc.

Within this work, no repeating measurements for the investigated MEA designs were
shown. However, during intensified testing of various M&#l ACL designs, a sam-
ple-to-sample variation 0D4% regarding reversal tolerance was found for CR AST.
The high reproducibility is also dependent on MEA processing. All investigated MEAs
were produced using an industrialized production line and industrial processing, leading
to highly reproducible MEA.

78



4.2 Single cell testing

4.2.9 SUSD ASTs

Within this thesis, two SUSD ASTs wedeveloped to investigate ttenode ageing
during transient conditionr reversal tolerant anode concepts based @ER co
catalyst The main purpose/as thedevelopment of éime- and costeffective ASTon
single cell levelto simulate anode agingnd investigate theccurringanode degrada-
tion and imposedegradation effectsn otherMEA components

The performed ASTs were embeddedaireries of procedures further characterize
theachieveddegradatiorand ensureeproducible results. The correspondawgralltest
procedure is depicted Figure4.4a.

Testing procedure P&ID
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Figure 4.4. (a) Test flow chart for the SUSD AST investigations. Two SUSD AST variations were
investigated. After EOT characterization eithe CR AST or performance evaluation/H
pump/imaging was performedwith the respective MEA End-of-test (EOT) the OER activity on the
cathode was evaluatedwo additional times after performing a recovery procedure (black box).(b)-
(c) Simplified piping and instrumentation diagram for the anode gas switchArrows indicate active
gas flow of hydrogen (red) and air (blue).

First the MEA was conditionedAfterwards normal operationpolarization curves
(H2/air) were recorded to evaluatestPEFC performancé characterizatioprocedure
was performed tanvestigatethe properties of theMEA and itssultomponerg. This
characterization procedure includdgCSA determination via k¢ and CO stripping
method, hydrogen crossovereasurementElS and OER activitydetermination First
the cathode was analyzed followed ttwe correspondinganodecharacterizationsAll
steps within the laracterizationprocedure wergerformed at 68C, 100%RH and
1 bar (for further informatiorseecorresponding sectioraove)

To simulate anode ageinga the develope@dST, 1200 SUSD cyclesvere performed,
switching the anode gas supply from air to(BU) and vice versa (SDpuring SUSD
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events ell temperature was set to 35 while fully humidifying the supplied gases
(100'100% RH) and apfying pressures of 1.42/1.05 pand flow rates 5.87/14 min'?
(anode/cathode)The anode gas supply was switched everg. 3lhe corresponding
simplified piping and instrumentation diaamn of the test stationuring SUSD statesis
depicted inFigure 4.4b-c. The PEFC performanceat 68°C was evaluated initially
(beginningof-test, BOT) as well asecurrently after 30@onsecutiveSUSD cyclegcf.
Figure4.4a) via aHo/air polarization curvéoperating conditions sekable4.1). Transi-
tion between SUSDBperating conditions (at 3%) and performancevaluation (68C)
wasimplemented byapplyinga N2/N2 purge To revealany possible reversible perfor-
manceimpact norecovery procedure was performed prior to each performance evalua-
tion.

The abovedescribedcharacterization procedure waepeated=nd-of-test (EOT) Devi-
ating fromthe initial procedure, EOThe OER activityfor the cathodevas additionally
evaluatedwice subsequent to a recovery proced(afe Figure4.4a). As recovery step,
normal operation underir for 1.5h was performed, applying current density of 1.5
A cm' 2 andthe correspondingperating conditions according Table 4.1. Deviating
from Table4.1, the first hour was performed at 1006l on both electrodet® facilitate
wastout of volatile species (e.g. cationshfter finishing the EOT characterization
procedure, either CR AST (cf. sectid?.§ was performed toanalyzethe impact of
anode aging on reversalerance or the endf-life (EOL) performance was evaluated
via additionalpolarization curveand B pump experiments (cf. sectidn?.?). After the
latter, imaging via SEM and TEM was performed to validdieexpected degradation
indicated byin-situ results.

Two varying SUSD ASTs were developed within this thesis, depictdégure 4.5.

Due to the realistic simulation of the electrochemical processes appearing during field
operation, a HAIr front based SUSD AST was preferred over a voltage cycling AST.
However,the main irtention was to suppressHAir front induced cathode degradation

to better resolve anode degradation anfisequentiegradatioreffectson other MEA
componentsThus,high gas flow rates aiming fervery short residence timé Q.014s,
estimated via thequation provided by Schwammlein et[85]) wereimplemented. In
addition, cell temperature was set to 85fo minimize theampact of carbon corrosion
while still maintainingan automotive relevant operating window for stapt events at
mediocre to elevatedmbient temperatures. Both SUSD ASTs were performed at iden-
tical operating conditions (see above), differing solelyhi dpplication ofn external

load bank For the AST referred to as SUSiot, the cell voltage during the AST was
kept O0.5V via potentiostatic controlled load mode. tiis mode, the load bank is
drawing a corresponding curretiat achieve 0.%, if the cell voltage would exceed the
voltage setpoinin OCV condition However, if the voltages lower as thesetpoint, no
current is drawn. Both, duringztdir as well as during dair state potentiostatic mode
was maintainedo avoid cell voltages 8.5V, arising froma time delay between
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switching the supplied gas at the corresponding valve and the time when-&ie H
front passs the flow field. The cell voltage and the expst corresponding hatfell
potentialsfor the SUSDpot aredepicted inFigure4.5a-b. The half-cell potentialswere
taken fromliteraturevalues[35, 131, 158]

Cell voltage duringSUSDpot AST is cycling betweed 0V (air/air state) ané 0.5V
(Ho/air state)Voltage clipping via potentiostatic mode was shown to decreasedeat
potential during SUSDresulting in decreaserhthode degradatidi59]. Furthermore,
drawing load under Hair atmospherdor 30s might impact crossover of anode-co
catalyst species to the cathqgationic migration proportional to the transferred charge
in the electric circuit) or the redeposition ofrosseeover speciegby varying cathode
potentials)70].

SUSD-pot AST SUSD-OCV AST

'd N 4 A
()R — - : (c) : - .
154 Ho/air SD air/fair SU H/air 154 Hy/air SD air/fair SU H./air
= 1.0 > 1.0m
LLJ 05_ sassEEEEsEsEEEmEEEEE LU 05_
30s \ 30s ’ s 30s 30s 30s
0 ? L t 0 L £ Ik t
- A A
'd N 7 N
(b) : - : (d) : - :
1.5 H./air SD air/air SU H./air 154 Hy/air SD air/fair SU H,/air
> 1.0— > 1.0— /\ />
w Ecathode EJ- "
0.5+ 0.5 Eorose
0 77 ? t 0 77 — f
L A - A

Figure 4.5. Schematic presentation of time dependent (half)cell potentials during a SUSD cycle
within the investigated SUSD ASTs. All voltages should be considered as hypothetic guiderails
rather than exact values, repreenting averaged voltages across the whole electrode area. Left
column: SUSDpot AST. Right column: SUSDOCV AST. (a)/(c) Cell voltage (black) during the
corresponding SUSD steps. The dashed line is indicating potential limitation t®0.5V. (b)/(d)
Corresponding anode (red) and cathode (blue) potential during the SUSD step4alf-cell potentials
based onliterature values[35, 131, 132, 158]

The second\ST is referred to as SUSDCYV, as no load israwnand the cell is kept at
OCV conditionduring the gas switching@ he cell voltage and the expected correspond-
ing halfcell potentials during SUSIDCV AST are depicted irrigure 4.5¢c-d. Cell
voltage during this AST is cycling betweér® V anda 1V (cf. Figure4.5¢c). However,

as the transient anode potential frér@ to & 1 Vrue during SUSDis induced by th@as
switch between Hand air the predominant stressor for the anode catalyst layer should
be similarfor both develope®@USDASTs
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4.3 Ex-Situ characterization methods

4.3.1 SEM/EDX

Scanning electron microscog$EM) imagesweretaken on &U8030(Hitachi, Japan)
investigating MEA crossections.From eachinvestigatedMEA six different cross
sectionsampleswere manufactured, distributed over tleatire active areaPer cross
sectionsample5 SEMimages wergecorded, providing 425um field-of-view. There-
fore, for each MEA 30 SEMmages were recordedo assurereliable results Layer
thicknes of respectiveCCM components were evaluated usingagePro 7(Media
Cybernetics In¢.USA) software executingl00 individual thickness measuremerfts
each SEM image.

Elemental identification byEnergy dispersive Xay (EDX) spectrawas performed
using attacheflashand QUANTAX FlatQUAD(Bruker Corp, USA) detectors Per

spectrum 1 million counts were recorded maacelerating voltage of BV, providing a

penetration depth o 100nm. EDX spectra were evaluatersing Espirit 1.9 (Bruker

Corp., USA) software. A coating correction for carbdmas beermperformedto improve

the EDX analysis with respect to additional carbon originating fronrstraple prepara-
tion process.
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5 Reversal tolerance of OER based
PEFC anodes

In this chaptethe reversal tolerance of PEFC anodes containing an OkRtalyst is
investigated and discusseiifferent accelerated stress tests ahd impactof the in-
corporated HOR catalystre discussedn addition, insitu characterization methods are
presented to further investigate the failunedesof MEAs due to shofterm reversal
events>

To achieve competitivenesamong other technologies such iasernal combustion
enginesandbatterypowered electric motorslurability is a key lever for PEFC systems

[34]. Amongst other degradation phenomena, MEA degradation caused by hydrogen
fuel starvation is recognized as major lever for durability and recently gained much
attention in scientific researd37, 38, 70, 10Q]In stack configuration (gross) fuel
starvation can lead to smlled cell (voltage) reversalventsin the affected cell(s)The
mechanism of cell reversal events, root causes and possible mitigation strategies are
discussed in detail in secti@i7.1

high

Likelihood

o
o ' - high

Degradation impact

Figure 5.1: Schematic classification of cell reversal events within dsk matrix .

As outlined in sectior2.7.1 anddepicted inFigure5.1, thedegradationmpact ofa cell
reversal event is higlReversal intoleranMEA designs carfail within (milli-)seconds
if no mitigation strategy is applie®n the other handhe likelihoal of reversal events

3 This chapterincludesresultsof my former published workBentele, D.; Aylar, K.; Olsen, K.; Klemm, E.; Eber-
hardt, S. H. (2021): PEME Anode Durability: Innovative Characterization Methods and Further Insights on OER
Based Reversal Tolerance. In: J. Electrochem. Soc. 168 (2), S. 24515. DOI: 10.1149/1894be50b.
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5 Reversal tolerance of OER based PEFC anodes

can vary from low to mediurhigh and isdepenénton the specific fuel ceystemits
componentsand operating strategieBhe risk of reversal events occurrirogn be min-
imized to a certain extend the operating conditions of &uel cell system and stack
designchoicesare adapted and optimized for the aimed applicationo#imel boundary
conditions(e.g. allowed staitip temperaturesr allowed system dynamics)

Accelerated stress tests (ASTs) for differential cells have been established within fuel
cell research and developmeatgaininsightsin durability and degradatigphenomena

[155, 156] To investigae the degradation impact of cell reversal egean reversal
tolerant anodes (RTAs), an AST variant drawing constant current in the absence of
hydrogen within the anode has been establiggéd39, 98, 100, 103, 106, 117, 118,
122, 124] Consequently, a negative cell voltage can be observed indicating the cell
reversal operation. The measurement commonly is continued urgtdjaive voltage
threshold, typically 1.5V or 12V, is met. The time spent in reversal is used as figure
of-merit for the reversal tolerance of the investigated RTA.

Non-cyclic Reversal (NCR) AST Cyclic Reversal (CR) AST

(7 h (7 4 N
@ OER (b) ~ [HOR] OER
7] COR : COR] ;=
Ecell Ecell ~ :
0 T -~ S
© O
______ GQ =
0— =« g 5 ‘_;
Reversal operation ! = S & g.
1.5 o= - -~ - EC :
Reversal time 15 22 ;
0 154 RS SooeE
L ) L +«— 1cycle —— )

Figure 5.2: Schematicrepresentation of the(a) non-cyclic reversal (NCR) and(b) cyclic reversal
(CR) AST. The operating modeg(italic) and respective acurring electrochemicalreactions (boxes)
on the anodeare depicted oxygen evolution reaction(OER), carbon oxidation reacion (COR),
hydrogen oxidation reaction (HOR). The resulting cell voltage profilesduring the AST are illus-
trated in black lines. The abortion criteria are indicated by red dashed lines

As outlined in the PEFC Fundamentals sectinrthe absence of hydrogeither COR

or OER can cover the demand for electrons to maintain the requested withienthe
affected cells). During the abowvalescribed ASTSs, referred to as ngyctlic reversal
(NCR) AST in this work, no insights to fuel cell performance decrease can be ob-
tained during th@rolongedcell reversakvent appliedcf. Figure5.2a).

Performance decay afteneeting the voltage threshold duriNgCR AST is commonly
linked to severe carbon corrosif8v, 100, 122, 124]However, everbefore the abor-

tion criterium ismet, significant performance decay can be observed during prolonged
reversal eventgl00, 122] These observations highlight the need for additional charac-
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5 Reversal toleance of OER based PEFC anodes

terization methods and test procedures for further insight into the failure ntades.
thermore, hydrogen starvation events appearing in field operation of automotive or
stationary fuel cell systemexhibit predominanthshortandrecurringstarvation events
Consequently, degradaticevents mimicked within norcyclic reversal ASTs could
differ significantly from degradation occurrifigy reallife applicatiors. In addition the
aspect of a possible deactivation of dr€d-catalysts in the presence of carbon species
during prolonged reversal operatifitil7] needs to & consideredvithin reversalAST
design

The development of the cyclic reverg@lR) AST (cf. Figure5.2b) is trying tobridge

the gap betweenn artificially applied reversaAST andthe expectedstressor during

field operation Furthermorethe developed CR AST allows the application of recurring
reversal events on fuel cells incorporating reversal tolerant anodes while allowing nor-
mal fuel cell performance day investigation simultaneous(gf. Figure5.2b). There-

fore, distinctionbetween OER and HOR degradatismpossible Comparable degrada-

tion tests investigating raoing reversal events have been reported for high
temperature PEFCs and unsupported PEFC catdli/s%& 157] However, for low
temperature reversal tolerant PEFCs based om dokatalysts, the investigatioof
thesecharacterization methods are rarely seen, but their necessity was addressed most
recently[40, 114]

To account for the interactions tiie anode components on reversal tolerance, two
differentMEAS, solely differing regarding their incorporated HOR catalysdre inves-
tigated within thischapter Apart a differing HOR catalystgraphitization degreedenti-

cal MEA componentandcatalysts loadings/ere incorporatedcf. Table4.1). It is well

known thata low onset potential of the incorporated OER catalysts prevents the anode
from reaching highhalf-cell potentialsand consequently increases reversal tolerance
[100, 125, 126, 128, 160 Consequently, improving this OER characteristic is under
intensified researci.he impact on reversal tolerancethg otheranodecomponents as

well as crosslinks and interactions between these components appear to be less in focus.
Theinvestigation of two differing RTAatalyst layergnsures the validity of the gained
results for varying MEAbased on OER eoatalsts.

This chapteraims torevealinsights regarding MEA failure during CR AST, which is
considered more realistic with respecteixpected degradatioturing field operation
caused by reversal events:situ diagnostic proceduresere developedio enabé an
HOR overpotential distribution analysaisd validatiorvia exsitu imaging.
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5 Reversal tolerance of OER based PEFC anodes

5.1 Electrochemical in-situ results and discussion

5.1.1 Reversal AST conparison

In Figure 5.3, a comparison between CR and NCR AST is depicted (for details see
Experimental section)For both investigated ME#\the cell voltage during reversal
operation at 0.62 cm 2 is shown.A pristine beginningof-life (BOL) sample after

conditioning was investigatddr each test
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Figure 5.3: Cell voltage during reversal operation at 0.62A cm'2?, 30°C, 80% RH, 1.5/1.7 bag

(anode/cathode) for MEA1 and MEA-2. Cell potentiak during NCR AST are depictedas dashed
lines. Accumulated reversal time at 0.6 cm'? during CR AST is shownas solid lines (averaged
from the last 30s within each cycle). Triggered failure criterion:cell voltage <1 1 V Buring rever-

sal within NCR AST; cell voltage <0.1V during normal operation within CR AST (not shown).

The voltage profile during NCR AST corresponds to reported characteristics during
prolonged fuel starvation events while drawingamstant currenf39, 98, 100, 103,
128]. For both MEAs initial cell potential drops to values &9V for reversal opera-

tion during NCR AST. Subsequently, a potential platsateached, also referred to as
water electrolysis platea@dfterwards cell potential decreases ¢a 1.5V. Cell voltag-

es during reversal in the range of Oith.6V are considered to be dominated by the
OER reaction. Severe carbon corrosion due to Cadbleen reported to occur at more
negative cell voltages, presumably initiated by the onset afde@ctivationby carbon
specieg§100, 103, 117]
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5.1 Electrochemical irsitu results and discussion

The cathode potential was shown to remain almost congdtatmtg reversaloperation
[100, 161] Therefore decreasing cell voltages during reversal operations at non
freezing conditiongan beattributed to increased anode potentials.

As a consequencéigher anode potentials for MEA are indicatedduring prolonged
reversalevents with respect to MEA? (cf. Figure5.3). A decreased reversal tolerance
for MEA-1 isstrongly indicatinganincreased arde potentiaduring reversal operation
which in turn could cause an increased COR [a@®]. As both MEAs vary solely
regarding the incorporated HOR catalyst,HOR dependencgn anode potential dur-
ing reversaloperationis likely. Theimpact of the HOR catalyst on thesultinganode
potentialduring reversal operatiois corroboratedy the results for theyclic reversal
AST (cf. Figure5.3, solid lines) MEA-1 shows a comparablewer cell voltageduring
recurring, shorterm reversal events within CR ASdmpared to MEA2.

In conclusion an increased anode potential for MEAIuring reversal eventsan be
assumed, independent of thppliedreversal durationithin the AST Most likely the

i ndi vidual K@nRrabittya to earbgns doréosionduring fuel starvation
events is significantly affecting the anode potential as well as the reversal tolerance of
the respective MEABesides illustrating the effect of the chosen HOR cataip rever-

sal tolerancethis observation is highlighting the necessity of a complementary consid-
eration of all incorporated anode componeatsl their interactionsvith respect to
reversal operatianTo achieve an optimized reversal tolerance, the composition of all
incorporated anode componest®uld bdailored.

Besides thenaterialinduced differences in voltage sign&ds both investigated MEAS,
a substantial difference between NCR and CR AST dgcated byFigure 5.3, inde-
pendent of the investigated MEA.

NCRAST

A significant time dependent cell voltage decreaaa be observedtculminatingin
triggering MEA failure byachievinga cell voltage of € 1.5V during reversal opera-
tion. After reachinga cell voltage of 4 1.5V, commonly severe carbon corrosion,
irreversible MEA degradation and furthermore insufficient subsequent reversal mitiga-
tion capability are reportgd 03, 124]

CRAST

Cell potential duringreversal operatiomxhibits minor change(cf. Figure 5.3). MEA
failures during normal operation (8.1V, H2/air) are observed instead of triggering
cell voltages of € 1.5V during reversal operatioi he voltage profiles during reversal
operation are indicating amaffectedOER activity. This behaviors indicatingarepeti-
tive OER catalyst recovery effect during cycled sHertn reversal operation and nor-
mal operationThe OERrecovery effecpotentialy affectsMEA degradation caused by
reversal operatiorAs outlinedabove the ability for mimickingreal occurrenceof fuel
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5 Reversal tolerance of OER based PEFC anodes

starvation within automotive applications is more realisticedigresentedalternating
normal operation anghortlived reversal eventshan by a single prolonged reversal
event. Consequentlydue tothe absence o&n OER recovery effectest procedurs
comparable to NCR AST might overestimate OER catalyst deactivedimpared d

field operation.Thus, the degradation of RTAs with respect to field applications could
be overestimated by respective NCR accelerated stress test procedures.

This highlights the importance @pplying ASTs which are mimicking fieldeversal
characteristics as realistic as possuntel simultaneously achieve further understanding
on degradation phenomenacurringduring these ASTs. Therefordéyet comprehensive
test results during CR AST are illustrated and discussed in the folloWiragidtion,
theobservedVEA failure modeand degradation phenomesua investigatestia further
characterization methods
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5.1 Electrochemical irsitu results and discussion

5.1.2 Cyclic reversal AST

5.1.2.1 AST Voltage Profiles
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Figure 5.4: Cell voltage for the investigated MEAs during CR AST at 30°C, 80% RH, 1.5/1.7 bag
(anode/cathode). Cell voltage is averaged from the last 80within each cycle. (a) Normal operation
under H/air atmosphere at 0.65A cm'2. Failure for both MEAs observed within this step (falure
criterion: cell voltage <0.1V). Threshold of 0.1V is not attended in this graph due to averaging. (b)
Reversal operation in N/air atmosphere at 0.17 (dotted) and 0.62 cm'?(solid).

To further analyze degradation fagcurringshortterm reversa events, more compre-
hensive results are depictedrigure5.4. Normal operation at 0.65 (dfigure5.4a) and
reversal operation at 0.62 and 0Am ? (cf. Figure5.4b) areshown

Both investigated MEAdail because ofperformance decrease in normal operation
mode A cell voltage below 0.Y was set as failure criterion within normal operation.

Further insghts can be provided on voltage degradatiamsed by reversal operation as
a function of the applied number ©fcles correspondinglsoto the number of reversal
eventsapplied. First, the normal operation cell voltagedscussedFor both MEAs
normal operation voltage decreases exponentiallg B¢ mV within 10 appliedrever-
sal eventgcf. Figure5.4a). Subsequently, a voltage decrease witlapproximatdinear
progres®on can be observedVith exceeding 28ycles, MEA-1 is showing an in-
creased voltage decay compared to MEA heinterposecEIS and H pump measure-
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5 Reversal tolerance of OER based PEFQdas

ments, performed between cycles 51/52 and 102/i®3nable HOR overpotential
distribution analysis, lead toaltage increasen normal operation for both MEA#
recovery procedure was perform@deceding EIS measurements (cf. Experimental
section4.2.6 for details).Consequently,hte voltage increase duringormal operation
canpotentiallybe attributed taeversible losses being recoveredtbg performed air
and hydrogen soalkdowever,voltage increase not expected to have a positive effect
on the overalreversal time for the respective MEA, as withire following reversal
events a shanmitial voltage decay is observéd. cycle 52 to 6Figure5.4a). Thereaf-
ter, cell voltage losshows a lineabehavioragain For bothMEAs, the linear voltage
decrease is succeeded bslaarpvoltage decrease withithe last 10 cycles before the
EOL criterion is metFor MEA-1 the EOL criterion is met after 102 cycles, whereas
MEA-2 can withstand 244 cycles before cell voltage drops below @udring normal
operation.
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Figure 5.5: Last 15 steadystate normal operation cycles before EOL criterion is met during CR
AST at 30° C, 80%RH, 1.5/1.7 barg in H/air (anode/cathode) at 0.65 A cit. Voltage peak indi-
cates cycle start. Subsequent measurements in each cycle jhrge, cell reversal operation and
OCV) are not shown.

The time dependent, naaveraged cell voltages from the last 1%®leg during normal
operation are depicted Figure5.5. Within each cyclesteadystate normal operation is
performed for 3nin. Each cycle is initiated bg OCV potentiala 1V, followed by a
voltage drop due to the drawn current (0466m'2). The @Il voltage shape changes
from a predominantly linear decrease within eachdststate cycle (mean value550

to 500mV) to a transient cell voltage shape. For the lastytles, cell voltage drops to
<400mV followed by a drop belovtOOmV in the last cycle. This cell voltage charac-
teristic indicates a substantial degradatiothimi the MEA, which makes a subsequent
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5.1 Electrochemical irsitu results and discussion

stable steadgtate operation at these operating conditions no longer possible. Despite
the significantlydifferentreversal tolerancandreversal cycles, both MEAs are show-

ing comparable timeesolved voltage signalfor normal operation within the last cy-
cles. This characteristic is indicating, the observed failure mode is independent of the
investigated MEA.

As mentioned abovandin contrast to the HOR performandke OER catalyst exhibits
stable performancesrfd®oth MEAs (cf.Figure5.4b) within the CR AST A stable cell
voltage plateau is reacheghon reversal operatioffior both investigated current densi-
ties and MEAswith minor fluctuationg< 50mV) most likely induced byhe performed
EIS and H pump measurements (between cycles 51/52 and 102/TR8)OER per-
formancecan be maintained until the EOT criteria is met.

This stable OER voltage m@teau during reversal operati@ in contradiction tathe
reversal voltagelecreasaluring a prolonged reversal evénf. NCR AST Figure 5.3)
which is commonly reportedin literature [37, 39, 100, 103, 118, 128The voltage
decrease duringrolonged reversal operatias typically attributed to OER catalyst
deactivatior{103, 117] Therefore, the conasht OER activity during CR AST is indicat-
ing an OER catalyst recovery effedtie to alternating normal and reversal operation.

Two possiblanechanismsould explain th@bservedOER recovery effect:

1 Suppressioof OERdeactivation
1 Surface reduction frorfrO> to metallic Ir (higher OER activity)

As proposeddy Joo et aJ carbon oxidatiorproducts(from the HORcatalystor GDL)
can potentiallycause a OER catalyst poisoning and subsequ@iR deactivationfor
RTAs containing IrO2 during prolonged reversal operati¢hl?7]. Carbon oxidation
productscould be reducedduring each normal operatiods the anode potential is
cycling between >1.3Vgrue (N2/air, reversal operationd n d0 Vaue (Hz/air, normal
operation)during CR AST carbon oxidatiorproductscould be reduceeélectrochemi-
cally. Additionally, the reductiveatmosphere of hydrogen during normal operatian
result in chemical reductionf carbon oxidatiorproducts The hypothesis would be
consistenivith most recent resarch.Maril et al.found ahigherratio of surface oxide
formationon thecarbon supponvith increasing uninterrupted reversal time. Epcled,
shortterm reversal events the amount of surface oxide formation was found to be de-
creased114]. This would lead to a decreased OER catalyst deactivatroshfirtterm
reversakvents compared to prolonged reversal stress tests.

Alternatively, the OER recoveryeffect canarise at least partiallyfrom a mechanism
recently proposed by Tovini et §70]. During normal operatioof a fuel cel) the IrQ
co-catalystsurfacewithin the anode catalyst layaranbe reducedo metallic Ir in the
presence of hydrogeAs metallic Ir exhibits a higher activity towar@ER [146], the
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5 Reversal tolerance of OER based PEFC anodes

anode potential within a subsequent reversal esedécreasedThis cancompensate
OER catalyst deactivation by carbon atidn productswhen reversal and normal
operation are alternated.

The observed OER recovery efféximostlikely acombination of botlproposednech-
anisms.Furthermore, the OER recovery aligns witie tabsence of increasing OER
mass transponphenomena during CR ASThe onset of OER mass transport limita-
tion, e.g. due ta loss of active OER catalyst sitwsd subsequently increased diffusion
pathwayswould be indicated bwn increased OER overpotentslincreased current
(cf. section2.3). Thereforethe onset ofncreased OER mass transport with increasing
reversal events wouldresult in an increasingcell voltage gap between higar
(0.62A cm'?) andlower (0.17A cm' 2) reversakurrentdensity
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Figure 5.6: Last 15 reversal operation cycles before EOL of each MEA during CR AST at 3@,
80% RH, 1.5/1.7 bag (N2/air on anode/cathode) at 0.62 cm'?2. Voltage peak indicates new cycle.
Subsequent measurements in cycle (OCV, normal operation,2Nurge, and reversal operation at
0.17A cm'?) are not shown.

The proposed OER catalyst recovery during CR AST is corroborateldebyme de-
pendent cell voltages during reversal operation depictédgure 5.6. The last 15 cy-

cles for reversal operation at 0.8 2 are depicted éfore the respective test failure
criterion during normal operation was met. Each cycle is indicated by an initial vertical
voltage drop, due to the reversal current increase from/Adid 2 to 0.62A cm 2. As
illustratedin Figure 5.6, after equilibrationduring thefirst couple ofsecondsthe cell
voltage during a reversal evesiightly decreases within the 120of reversal operation.
The cell voltage decrease can beomered for each subsequent cyalgicating a
constanOER activity.
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5.1 Electrochemical irsitu results and discussion

OER based reversal tolerant MEA®re shown to fail during normal operatiamen
performing CR AST, whereas the OER catalyst simultaneously exhibits good function-
ality evenduringthe last cycle This observation was valid for both investigated MEA

independent on the incorporated HOR catalysts. To the best of titeraud s

no such behavior has been repoiteliteratureso far.

knowl edc

To furtherinvestigatethe MEA failure modesduring CR AST additional characteriza-
tion methods werg@erformed These methodsan alsohelp to better understand the

HOR

c a tirdluenycs anGeversal tolerancks the observe®EA failure occurred

during normal operatignmass trasport, activation overpotential and/or ohmic re-
sistance increase fdhe anode (HOR)ould be responsible for MEA failurén addi-

tion, cathodecatalystdegradatioror ohmic resistance increase (e.g. increased contact
resistancgsinduced by other MEA coponents coulatontribute toMEA failure. Con-
sequently EIS, CV and hydrogen pump experiments were performed to investigate the
corresponding overpotentiad$ all MEA components

5.1.2.2 Cyclic voltammetry
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Figure 5.7: Cathode CVsprior (BOL) and following (EOL) CR AST at 60°C, 100% RH and rec-
orded with a scan rate of 100mV s'%: (a) MEA-1 and (b) MEA-2

To analyze ORR and HOR catalyst degradation, anode and caf@8Ameasure-
ments based on theytd method were performed. Consequently, anode and cathode
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5 Reversal tolerance of OER based PEFC anodes

CVs were recorded before and after finishing the cyclic reversal stress tesCaff60°
further detds see sectio.11). The corresponding cathode CVs are depictdeigare
5.7.

Peak characteristicghich are typicafor Pt/C catalystsvere achieved for the cathode
CVs: hydrogen addesorption features at a potential range betwe&nand 0.3/rHe

and Pt oxidation/reduction peaks at potentials abov&/ .6 [48]. The applied cyclic
reversal ASTdoes not induce any significaBCSAloss or change in double layer
capacitanceAs both platinum dissolution and carbon corrosion would cause a signifi-
cantchange in the kg4 featureand/or double layer capacitandasignificant cathode
degradation is assumed during CR ASMhe absence of cathode degradatsocorrobo-
rated by the conant cell voltagse observed during reversal operation within CR AST.
During reversal operation ORR takes place on the cathode and OER on the anode
Therefore a decrease in cathogetential would require aompensatin@ER activity
increasdo maintain costantcell voltage during reversal operation
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Figure 5.8: Anode CVs prior (BOL) and following (EOL) CR AST at 60° C, 100% RH and record-
ed with a scan rate of 100nV s'%: (a) MEA-1 and (b) MEA-2

The corresponding anode CVs are depiatedrigure 5.8. As for the cathode CVs,
typical Pt/C electvde characteristics are exhibifedespite the present Isatalyst.
This observation aligns with former results by other research groups investigating
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5.1 Electrochemical irsitu results and discussion

parablereversal tolerant electrodescorporatingan IrQ co-catalyst[37, 100, 103,
114] After reaching the EOL state within CR AST, the anode CVs exhs&igraficant
decrease in hydrogen-adesorptiorand platinum oxidation peaks.

As depicted irFigure5.9, anodeECSAdecreases during CR AST by 59% and 49% for
MEA-1 and-2, respectively. Commonly, Hlesorption/adsorption is not observed on
IrO2 catalysts[142]. Assuming the ratio of metallic Ir species on the OER catalyst
surface is minorECSAIloss is presumably dominated by a loss of the Pt base’ HO
catalyst.Tovini et al.found minor metallic Ir inasreceivedsupported Ir@ OER cata-

lyst powder However, he ratiowas found tancreaseunder hydrogen atmosphere and
elevated temperatures (120) [70].

BesidesECSAloss, the CVs recorded EOL are showing a shift to lower currents across
a wide potential range (dfigure5.8), indicatingchangs in hydrogen crossovgi41],

and corroborated by the performed hydrogen crossover measuremefigye.5.9)
determining the crossover current den¥y The latter showed a decrease in hydrogen
crossover by 2.8% and 5.7% for MEJAand MEA2, respectively. This difference is
likely a result of varying membrane water content caused by the potentiostatic precondi-
tioning performed prior to the CV and hydrogen crossover measurements (15 minutes
normal operatiorat 0.6V, cf. section4.2.3. Consequently, membrane water content
could vary between BOL and EOL state, resulting i#rctdssover change€ommonly,

H> crossover increasesith increasing water contefit41]. In addition, the decrease in
hydrogencrossover is indicating the absence of chemical (or mechanical) membrane
degradation with membrane thinning or puncture, which would increase hydrogen
crossover.
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Figure 5.9: Change in anodeECSA anode double layer capacitanc&€a and hydrogen crossover
current density i due to CR AST. Standard deviationis calculated from the corresponding last

three Hupa CVs performed within each CV set For hydrogen crossoverno repeatedmeasurements
were performed, therefore no standard deviationis reported.

Furthermorea significant decrease double layer capacitanc& caused by CR AST
can be observed (dfigure5.8 andFigure5.9). The double layer capacitance decreases
by 33% and39% for MEA1 andMEA-2, respectively. This effechdicatesa loss of
carbon surface arda62], due to carbon corrosion at the ACIhe decrease in double
layer capacitancés in contrast to findings from other groypsommonly reporting
hydroquinonequinone peakafter performing reversal stress tef23, 100, 103]These
hydroquinonequinone peaksare a result othe formation of surface oxideon the
carbonand are also indicating carbon corros|88, 163] Within this work, no hydro-
quinonequinone peaks are found during cleaningr subsequent CVs. This behavior
can be caused

1 by thepreceding recovery steps performed

1 or duethe suppressed formation sfirface oxide$or shortterm reversal events,
most recently reported byla r i dl [114].t

Summarizing the results shown above, MEA failure during normal operdtiento
cathode degradation can be neglected the absence ahembrane degradatiois
indicated Severeanode degradation is observed, indicated by a loggathumcatalyst
and carborsupportcorrosion.To quantify the impact of the observed Pt loss eadbon
corrosion on the anode overpotent@h HOR overpotential distribution analysis was
performed.
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5.1.2.3 Electrochemical impedance spectroscopy
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Figure 5.10: Impedance spectra comparison of (a) MEAL and (b) MEA-2. Measurements were
performed prior (BOL), during and following (EOL) CR AST at 30°C, 80% RH and 1barg. Poten-
tiostatic EIS was performed at0.45 \kre. The highlighted frequenciesat the real axis intercept and
100Hz are annotatedfor orientatio n purposes

PotentiostaticEIS measurementander H/N2 atmospheravere performed preceding,
during and subsequent C&RST to quantify the high frequency resistari¥e . The
high frequency resistancgas obtained by the real axis intercept of the Nyquist plot.
The correspnding Nyquist plotsat hydrogen pumpoperating conditions 30°C,
80%RH and 1barg are shown inFigure 5.10. Flow rateswere set tol0l, min'! as
during the hydrogen pump experiment¥ shows a minor increase with increasing
number of reversal events applieBolely for MEA1 EOL a sligth increase is
observable X1 mq cn? BOL vs. EOL), corresponding to an ohmic overpotential in-
crease equal to 7.18V (at 0.65 Acm ?). Therefore, MEA failur@luring cyclic reversal
AST camot be attributed to an increased high frequency resistance, as the increase only
has a negligiblémpact on voltage egradation during normal operatioks outlined in
the fundamental sectipiY  is summarizinghe menbrane resistance and
contact resistancey . Consequently, theegligible high frequency resistance
increaseis corroboratingthe absenceof membrane degradatipalreadyindicated by
hydrogen crossover measurements

TheperformedEIS measurementdlow for estimation of theffective proton resistance
Y oq and the corresponding overpotential . within the investigated
electrode(for further details sesection3.1.5. As depicted irFigure5.10, a increase in
effective proton resistance on the cathode, , IS indicated by the extsion of
the 45°line after reversal operatioffhe intrinsic air/air stamvithin eachreversal cycle
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5 Reversal tolerance of OER based PEFC anodes

could be responsible foné¢ observegrotonicresistance increase. During each reversal
event oxygen is evolvedithin the anode. The subsequent reintroductibhydrogen is

causing an air/air start event (section3.1.9. The observed increase'M is

resulting in an corresponding overpotential incres€e65 Acm 2 of 19and 23mV for
MEA-1 and-2, respectivelyConsequently, th@verpotentialincrease cannot be ac-
counted for MEA failure (3600mV, cf. Figure5.4). The minor resistance increasan
alignment with the prior discussed negligilidathode degradatioAs outlinedin sec-
tion 3.1.5 the proton resistance within the anadealsonegligible due tothe small
catalyst layer thickness. Commonho 45°line is observed within the Nyquist pltadr
potentiostatic EIS performed on the anotleerefore only measurements for the cath-
ode catalyst layer were performed.

5.1.2.4 HOR overpotential distribution analysis

In conclusion MEA failure during normal fuel cell operation can be mainly attributed
to anode kinetic and mass transport resistance increase¢tbn2.3 andFigure2.1).
These overpotentials can be quandfiesing hydrogen pump measuremefit52).
Hydrogen pump polarization curves were recorfiech 0 to 3.75A cm 2 prior, during
and followingthe reversaktress testThe obtained polarization curves were corrected
for high frequency resistanc&’ . As outlined in sectior3.1.6§ the effective proton
resistance of anode and cathodeerenot consideredor the hydrogen pumpnalysis

Following the argumentation of Makharia et al. for determifihg; via EIS,a

significant contributioror increaseof 'Y would result in shifting the cathode

current distributiorcloser to the membranEor the incorporatedathode catalyst layer
with a significant higher Pt loading as the anode, ihi®siting in negligible céhode
overpotential during the hydrogen evolution reac{i48]. Therefore, the assumptions
for Equation3.17 are still validand'Y  -corrected cell voltage is solely dependent on
O and-
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Figure 5.11: =|E ¢ scorrected hydrogen pump polarization (H2/N2 on anode/cathode)urves during
CR AST at BOL and after 51, 102 and 244 reversal events.

The correspondiny  -free polarization curves are depictedrigure5.11. The tem-
perature is kept constant during the measurement, consequently only hyplaotign
pressuresontributeto changes ir©O . The occurringhydrogen partial pressures are
most likely not affected by occurring degradation effects or increased overpotentials
(anode: high stoichiometry; cathodeydrogen partial pressure is dependentH&R,

but negligible cathode degradatia observed).Consequently, alecrease inY -
correctedcell potentialcan be fully attributed to an increase in the HOR overpotential
— . Thepristine MEAs are showp comparablegolarization curve8OL, indicating

a comparable HOR performandes the Pt loading is equal for both MEANnd only the

Pt support varies, this resultasexpeced Even for high current densities3 A cm' 2,

no change of the linear voltage decreaseliserved Thereforethere is no indication
for HOR mass transport limitations the pristine catalyst layergfter 51reversal
eventsMEA-2 still exhibits a linear voltage decrease charactensgitic a small HOR
overpotentiaincrease compared to BOIn contrast MEA-1 is already showing mass
transport limiting behavior for current densities above 2¢i' 2. The polarization
curvesafter 102 cycles are showing mass transport limiting behavior foribogisti-
gated MEAs.The overpotential for MEAL is significantly increased@dompared to
MEA-2, indicating a significantly highddOR catalyst degradation for MEA at this
state.The strongncreaseén HOR overpotential for MEAL is corroborating the previ-
ous observation of the strong HOR catalyst contribution on the resulting reversal toler-
ance of the anode catalyst layer.

The hydrogen pumpolarization curvesdicatethatHOR mass transport overpotential
might be responsible for MEA failure during normapesationindependenton the
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5 Reversal tolerance of OER based PEFC anodes

incorporated HOR catalyst in tle@ode catalyst layeifo verify the above stated as-
sumption,an HOR overpotential distribution analysisas performed. As outlined in
section3.1.6 thetheoreticakinetic overpotential can be estimated and calculated based
on asimplified Butler-Volmer approachEquation3.19).

As shown by previous researchother groupsvery low platinum loadings are required

(in the order of 1 to 1Qge: CMelecirode2) to determinethe exchange current densigyof

a catalysbn MEA level[95, 151] High catalystioadings lead to small total overpoten-
tials for HOR/HER. Consequently, the estimatiori®®becomesextremely sensitivéo

small inaccuracies within the performed measurerteegt’Y  determination) There-

fore, in this work the values for the exchargggrent densityQ are solely derived for
validating the experimental approachhey should be regarded as apparent values
which are not describing the exact catalgsietics. Beside HOR polarization curves,
ECSAmeasurements are mandatory to calcuthte exchange current density To
prevent unintended catalyst layer recovery and cleaning within the @%3§ wereonly
performed before andfter the CR AST For MEA-1 and -2 values of 103 and
93mA cmef 2 for "Q are derivedBOL by a nonlinear least squasefit. A symmetry
factor of 0.5was assumeend onlycurrent densities belowA cm' 2 were considered.

At BOL the chosen upper current density is below the onset of mass transport limitation
(cf. Figure5.11). The experimentally determindflCSAvalues(see aboveyvereusedto
estimate the Pt surface area. The resulting exchange current densities are consistent with
literature results for Pt/C electrodes 80 °C [151], validating the experimental ap-
proach.The numerical ButleWolmer fitting resilts for all polarization curves ae-
pictedin the AppendiXcf. AppendixFigure2).

Considering tht the kinetic overpotential can be estimated via thosen Butler
Volmer approach, all terms iquation3.18 can be determined\ resulting overpoten-
tial distribution for the polarization curve of MEA after 102 cycles is depicted in
Figure 3.5b. The measured cell voltagé.i, the cell voltagecorrected for the high
frequency resistanc® | , the reversible cell voltag® and the derivedinetic
Butler-Vollmer voltageO are depictedin addition, the corresponding overpotentials
areshown: the HFR overpotential , the activation/kinetic overpotentiat  and

the mass transport overpotential . From Figure 3.5b further insights in the
failure modeof MEA-1 afterthe CR AST can be derived. Thadividual overpotential
contributions for the ohmic, kinetic and mass transport losses are in the samef order
magnitude for current densitiesl<A cm 2. For current densities exceedinghm ?,

the mass transport overpotential is significantly inadagEA failure during CR AST

for MEA-1 therefore can benainly attributed to an increased HOR mass transport
resistance
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Figure 5.12: Overpotential contributions for 0.15A cm'2 (first row), 0.65 A cm'? (second row) and
1A cm'2 (third row) obtained by H2 pump polarization curves during CR AST for MEA -1 (first
column) and MEA-2 (second column)The EOL corresponds to102and 244cyclesfor MEA -1 and
-2, respectively A current density of 1A cm'2 could not be achievedor MEA -2 EOL.

To validate this assumption and gain further insights,citveesponding overpotential
distributionanalysisfor all hydrogen pumpolarization curves recordede depicted in
Figure5.12. This enables further analysis of the failonedeobservedduring CR AST

as well as quantitative comparisdrhe high frequency resistanogerpotentia  is
dominating theoverpotential losses for both MEAs during HOR/HER operafidns
appears reasonable abmic resistances from all MEA components are summed up
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5 Reversal tolerance of OER based PEFC anodes

within the high frequency resistance.g. the membrane resistance and all ohmic cell
resistances alonglectric pathways (e.g. across GDLs, flow fields, current collectors)
This is in alignment with commonly reported negligialeode overpotentials for MEAS

in an undegraded stassd compaably high Pt loading (O50 pget CMelectrode ) [95].
Figure 5.12 illustrates thathe recurring application of reversal events only leads to a
minor increase in the high frequency resistamté.as discussed above, tinerease is
small compared to thgereral overpotential increase. For MEA where the highest
increase forY  EOL is observed;  only contributes 9% to the total overpotential
increase observedt 1 A cm' 2 (seefirst cloumn, last row inFigure 5.12). Therefore,
increasing ohmic resistances during stierin reversal eventsannot be accounted for
MEA failure during normal operation.

As illustrated byFigure5.12, the kinetic HOR activation overpotential  exhibits

a significant increase during the applied CR Ag8dused by the recurrirggll reversal
events. TheHOR activation overpotentiaincrease aligns with the above discussed
ECSAIloss observed for thanode and is simultaneously confirming the assumption,
thatthe measure@CSAloss can bdinked predominantlyto a loss inplatinum rather
thanbeinginduced by a loss isurface areaf the IrQ; co-catalyst or resulting species
from IrOz (e.g. metallic Ir) During the applied cyclic reversal stress test,atigvation
overpotential exhibits an approximately linear increaséth slopes o0f0.24 and
0.17mV/cycle at 0.65A cm' ? for MEA-1 and-2 respectively

In contrast to the ohmic and kinetic overpotential, the HOR mass transport overpotential
—  exhibitsan exponential voltage increager current densities 0.15A cm' 2.

Lower current densitieare commonly assigned tahe kinetically dominated current
density regime (cfFigure 2.1). Within the first investigateéghcrement between 0 and

51 reversal cycleshe HOR mass trsport overpotentidlor MEA-1 at 1A cm'? in-
creases by a factof three. Within the subsequent increméoin 51 to 102 cycles, the

— i Increass by a factor of eightillustrating the exponential overpotential in-
crease. For MEA the samepattern can be recognized 0.65A cm' 2, which corre-
sponds to the respective EOL limiting current density for this MEARigfure 5.11)

after 244 cycls. A current density ofl A cm'2 cannot be achieveBOL for this MEA.

The HOR mass transport overpotential increases by factors of 1.3, 1.2 and 10.3 within
the investigated incremeng® to 51, 3 to 1®, 102 to 244 cyclesConsequently, the

HOR masdransport increase also exhibits an exponential increase.

However, a quantitative discrepancy between the overpotential inotesseed during
CR ASTO6s nor(m@0mVpch Egurai.4) ancthe respective overpotential
increase determined withinahhump polarization curvelsecomes apparerithis can at
least partly be explained hjiffering operating conditiond'he applied pressuresd

gas flow rateson anode and cathod#ffered between hydrogen pump polarization
curve and normal operatiprnvhich can have a significant impact on mass transport
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5.1 Electrochemical irsitu results and discussion

losseq[164]. During hydrogen pump experimentsetpressure waset to lbarg on the
anode and cathod® minimize cross pressures between anode and catloocead-
ment duringthe polarization curvedn addition,higher flowrates were choseduring
hydrogen pump experiments allow for the investigation of higher current densities
while still achieving high stoichiometrieBurthermore membrane humidification and
consequently the resulting HFRffers between normal operation ahgdrogen pump
modedue to the produced water on the cathode during normal opei@basequently,
the ohmic resistance between bagberatingmodes most likgl differs. In addition,
hydrogen pump polarization curves were recordgplying a transient curremthereas
normal operation during CR AST was performed at steady state operating conditions.
The steadystate normal operation exhibited @ime-dependent véhge lossEOL (cf.
Figure 5.5) while the reported cell voltageim Figure 5.4 are averaged within each
cycle. All these differencescontribute toa difference inoverpotential.Additionally,
catalyst layer treatment by performing recovery procesimight also contribute for the
misalignmentPrecedinghe H> pumpexperimentsAir- and H-soaks were performed.

Consequentlythe overpotential deviations are not contradicting the general findings
regarding MEA failure obtained hyydrogen pump polarization curvea. conclusion,

the increase of the HOR mass transport can be identifiathagor contributor to MEA
failure during cyclic shorterm reversal events, independent on the M&Aant

But the question remains, where the increase in HOR mass transport overpotential is
originaing from. The observed exponential increase in HOR m@asssport increasis
strongly irdicating a substantial structural change withinaghede catalyst laye&turing

CR AST.Schwammlein et ahavereported that an HOR mass transport increase with-

in the anode is most likely caused by carbon corrosion and a consequential loss of void
volume within the catalyst laydB5]. Therefore,the loss of void volumavithin the

ACL or even complete ACL collapsturing CR AST is indicatedn addition to the
findings within the HOR overpotential distribution analysis, shbstantial decrease

double layer capacitance by-80% (seeFigure5.9) is corroborating the assumption of
severe carbon corrosion and ACL collapsenagor failure mechanism during C&ST.

It shouldbe highlighted, that significargarbon corrosioroccurs even though a low
temperaturavas applied at the chosewgclic reversakestingconditions, resulting in a
kinetically suppressed carbon oxidation rafeirthermore, severe carbon corrosion
induced by reversal events g@mmonly attributed tocell potentials 4 1.6V during
reversal operatiorf37, 100,103, 117] In contrast, the cell potentialfuring cyclic
reversal operation were shown to be constant and above a threshaly ¢&f. Figure

5.4).
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5 Reversal tolerance of OER based PEFC anodes

5.1.2.5 Performance loss during normal operation
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Figure 5.13: Normal operation polarization curves for (a) MEA-1 and (b) MEA-2 prior and pro-
ceeding CR AST (BOL.: filled markers; EOL: empty markers). Circles and squares represent
normal operation performance at 68°C, whereas triangles represent performance at 3QC. If
current density cannot be achieved, a cell voltage equal to zero is depictéar detailed operating
conditions see Experimental section (68C: see Table 1; 30° C: operating conditions of CR AST
were applied).

To validate the previous resultturing CR AST, steadystate polarization curves at
68°C wereperformed BOL and EOL for o MEAs. The operating conditions are
described in the Experimental section (€able 4.2; but only thecurrent densities
shown inFigure5.13 wereinvestigatedl The resultingpolarization curves are depicted
in Figure5.13. The polarization curves were recorded with increasing current density. If
the cell voltagalips below 0.1V the corresponding steadyatestep was aborted, and
subsequent higher current densities were not investigated. As illustré&ieaiia5.13b,
MEA-2 cannot achieve current densitidslaA cm'? and higher afteits EOL state has
been achieved within CR ASThis is in alignment with theesults observed at 3@
during steadistate normal operation (CR ASTf. Figure 5.4) and hydrogen pump
polarization curvegcf. Figure5.11). In contrastfor MEA-1 normal operation &8°C
up to 2.1A cm'? was possiblewith a comparably smalperformancedecay.At 2.1 A
cm' 2 a voltage loss o78 mV was observed(cf. Figure 5.12). The observed cathode
proton resistancand HFR increasecause a estmatedoverpotentialof 38 mV at this
current densityConsequentlyan HOR overpotentiiresistance increase of 4@V can
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5.1 Electrochemical irsitu results and discussion

be estimatedThis comparativelysmall HOR overpotential increase clearly contra-
dicting the resultof both CR AST and hydrogen pump polarization curves, where
MEA failure due to an HORnass transporverpotential incease was found. There-
fore, a subsequent steashate polarization curvat the operating conditions of the
cyclic reversal stress te€30°C, 80%RH) was recordedor MEA-1. This additional
polarization curve is depicted Figure5.13a (open triangle marke@nd exhibits MEA
failure for current densitiesf 1 A cm' 2 or higher. This failuralignswith failure during
normal operation at a curredensity of 0.65\ cm'? (cf. Figure 5.4 and Figure 5.5).
Thisis validating MEA failure triggered and observed during CR AS7n if a subse-
guent recovery procedure is applied (air and hydrogensah&ut loadpreceding the
steady state polarization curvédditionally, this result is corroborating the collapse

the anode catalyst layeAt a higher temperature water condensation becomes less
likely, induced by the nctinear saturation vapor pressutependency on temperature.
Consequentlyat lower temperatures water condensatiofe@ling to more dominant
mass transport limattions caused bg collapsed anode structurié.the catalyst layer
collapses due to carbon corrosion, only f@enpores remairnn the catalyst layerAt
lower temperatures these remaining pores are riiicely blocked by condensed eat
Thus, the suppliedaseoushydrogenis no longer able to diffuse to the active HOR
catalyst sitesThis substantial temperature dependence on perforntagickghts cata-
lyst layer flooding Simultaneously the substantial temperatulependences weaken-

ing the hypothesis dbcal Pt loading decrease being mainly responsible for the sharp
HOR mass transport overpotentiatrease.Suchlocal Pt decreasphenomena was
reported byWeberet al [165]. Certainly, this effectalso contributes to the observed
mass transport in this study, indicated by the substda@&lAloss on the avde.How-
ever, the intensetemperature dependencessongly indicating ACL collapseas the
major lever foHOR mass transport increase and MEA faildueing CR AST.

Additionally, the severe performance dependence temperatureis highlighting a
possibleunderestimation otlegradation for reversal stress tegésformed at higher
temperatees. Whereas the performance results at@&te indicating a low MEA
degradation level for MEA, substantial performance decay at lower temperature is
observedHowever, br automotive applicationthe low temperaturguel cell perfor-
manceis crucialto ensure a robustold-start ability, e.g. aftedong idle timeswhich
occur periodically. Besides, aollapsed anode structure within a dellan automotive
stack would have a seléinforcing effect reversal eventsvould become more likelin

the affected cedldue tomass transport limitations

The indicated ACL collapse contrilagmainly to MEA failure during CR ASTThis
highlights the advantage stichASTs, applying shorterm reversal eventlternating
with normal operationcompared to nenyclic reversal ASTs where a single, prolonged
reversal event is applied. During nroyclic reversal ASTgredominantly the activity of
the oxygen evolution reaction is monitoredhile simultaneously the COR contribution
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5 Reversal tolerance of OER based PEFC anodes

to the total faadic currentis masked due to itsmallerreaction rates withimeversal
events[100, 114] However, the results for CR AST have proven #nagnwhen the
anode structure collapsed alreahd sibstantial HOR overpotentials arj$2ER can be
performed without significant overpotential increa@d#. Figure 5.4). OER mass
transportis more likely dependent on ionic pathwdimomer)within the ACLthan on
diffusive gas transporh thecatalyst layed s  p(eg.défigsive transport of oxygen to
the activeOER catalystsites) Consequently, OER could still be performedring a
single prolonged reversal event (roytlic), whereassignificantmass transport limita-
tions and catalyst layer collapsare already preseninhibiting the HOR. This is high-
lighting that cell voltage monitoring during reversal operation, mainly indicating OER
activity, is insufficient to evaluate thategrity of the anode catalyst layer. In contrast,
monitoring the fuel cell performance onregular basis is crucial to evaluate MEA
degradatiorcaused by reversal evenBreferably fuel cell performancés evaluatedat

low cell temperaturego reveal substantial structural changes in the ACL at an early
stage.

5.1.2.6 OER recovery effectat elevatedtemperatures

In literature, reversal tolerance is commonly determined via NCR ASTs at temperatures
between60 and 8CC and a current density of 0&2cm'2. For CR AST development
operatingconditions representative for a stapg procedure occurring ortagk level
wereapproximatedReversal events in automotive applications most likely occur due to
icing on a cell inlet and appear at stack temperatuf@®£<ice blockages can still exist
during warmup but becoméighly unlikely at stack temperaturedove30 °C. There-

fore, 30°C is regarded as a woishse scenario for gross fuel starvation events caused
by icing. In addition reversal events due to liquidater accumulatiorduring starup
events above freezing temperatures are covered igyoferating point. The current
density of 0.62A cm? was introduced asurrent densities of 0.& cm' 2 are probably
exceeded before the fuel starvatiamot causds mitigatedin field operation Conse-
quently, the successiveincrease of the investigatecurrent densityfrom 0.17 to

0.62A cm' 2 during CR ASTis realisticallysimulating current densies occurringdur-

ing stack startup procedurgin field operation An additional positive side effect of the
second current density is the ability to determine the onset of OER (or COR) mass
transport increase during reversal operation.

To illustrate and further valida the discussed OER recovery effect, two identical and
pristine reversal tolerant MEAMEA-3, cf. Table4.1) based on a Ir@co-catalyst were
investigated The incorporated cathode catalyst layer, and membrane were identical as
for MEA-1 and-2. The pristine MEAs werénvestigatedwithin an adoptedNCR and

CR AST experimentwhere during CR ASTniy a single current density was investi-
gated In addition, the operating conditions were customized to represent commonly
applied temperatures ariRH in literature. Both ASTs were performed at a reversal
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5.1 Electrochemicaln-situ results and discussion

current density of 0.2 cn2. Consequentlywithin each cycle 248 of reversal opera-
tion at 0.2A cm? was appliedvithin the adapted CR AST. Cell temperatwasset to
60°C at 100%RH and gas flowrates of 2/12 Imin™ on anode/cathode respectively.
All other operating parametersere not varied (cf. Experimental section). The results
are depicted ifrigure5.14.

=== NCR —— CR| air/N; CR | air/H3

1.0 A /i = 0.65 A cm™
0.5 A
0.0 A
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Cell voltage / V
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Figure 5.14: Two identical, pristine MEAs (MEA-3, cf. Table 4.1) were investigated within an
adapted NCR (dashed line) and CR AST (solid lines). Both ASTs were adapted to the following
operating conditions: 60°C, 100100% RH, 2/12 Inmin’, 1.7/1.5 barg é&node/cathode). CR AST
was modified investigatingsolely a reversal current density of 0.2A cm? for 240 s within each cycle
applied.

Due to the OER recovery effect, the reversal t{oretolerancebefore a failure criteri-

on was triggered is ld increasedor the cyclic reversahST. Cell voltageprofiles

are comparable t&igure 5.3. During NCR AST a rapid cell voltage decrease is ob-
served triggering MEA failure forcell voltages< -1.5V. For CR ASTthe cell voltage
during reversal operation is formingstable plateawpona few cyclesbefore failure
criterion is triggeredduring reversal)Normal operation during adapted CR AST is
showing minor decrease upon a few cycles beforedhersalfailure criterion is trig-
gered At theEOL state severe performance decay during normal operation is observed

In contrast, &r regulartCR AST (30° C, tworeversal current densitieS)EA failure was
triggereddue to normal operatiowhereas during reversaperationno OER perfor-
mance decay was obseryeyen EOL(cf. Figure5.4). For the adapted AS@at 60 °C
(cf. Figure5.14) undetectedanode collapse beforefailure criterionis met shouldbe
consideredas the increased temperatuie most likely conceahg severe HOR mass
transport increas@iscussedbove) This aspectmight explainthe differing EOL fail-
ure criterion for the adapted CR at @D (reversal failure)where HOR s still possible
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5 Reversal tolerance of OER based PEFC anodes

with a collapsed anode structugmpared to the regular CR AST at ED°(HOR
failure).

5.2 Ex-situ imaging analysis

To furthervalidate theassumednode collapse via 4igitu measurements on MEA leyel
cross sectioal imagesweretaken via SEMprior and after CR ASTrom MEA-2. The
acquired imagesepresentative for the anode thickness decrease and degradation are
shown inFigure5.15.

Pristine MEA (BOL) After CRAST (EOL)

«<— Membrane:
masked

— Cathode

Figure 5.15: Cross sectioml SEM images for MEA-2 to investigate anode degradation and thick-
ness.(a) pristine, asproduced CCM. (b) MEA -2 after CR AST was performed SEM taken with an
acceleration voltage o kV. The membrane crosssectiors cannot be disclosed, and therefore were
masked.

SEM imagesllustrate how the anode thickness decreadasng the applied reversal
stress test homogeneously along the anodeysatidyer. Anode collapseafter the
cyclic reversal ASThecomespparentThe average anode thickness decreases By 27
(BOL standard deviatian9%). For the CCL and membrane no significahiange in
layer thickness change could be observed.tiognesschangewascalculatedrom 30
locationswithin 6 crosssections(evenly distributed over the active area) pEA.
End-of-life disconnection of the anode from theembranecan beobservedWhether
the disconnection iriginating froma sample peparation artifacor a disconnection
caused by the ASEannot be evaluated

The results obtained via-situ measurements are corroboratgdmaging

1 No cathode catalyst layer and membramening observed

9 ACL collapse is the major contributor MEA failure. This results irsubstan-
tial increased HOR mass transpa@amnplified at low temperatures.

1 HOR catalyst is still preserfOL, leading to te measurable performance
high temperatures
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5.3 Conclusion

1 OER catalyst is 8t presentEOL (bright spots inSEM images) However,
gualitative comparison is complicatdde todiffering image contrasts.

5.3 Conclusion

The reversal tolerance of PEFCs based on OE&atalysts can be attained ddferent
AST approaches. A novel cyclic reversal (CR) AST was deve|opeigh is alternating
shortterm reversal operation and normal operation at low temperaturesAShas
used toapproximag the occurrence ofealistic cell reversal eventsccurring during
field operation.Predominantly, the develope®ST procedure is aimed at mimicking
degradation caused by reversal events within freezeugiaxf automotive applica-
tions The degradation caused by CR AST was compared teddttte-art noncyclic
reversal (NCR) ASTscommonly applied for determining the reversal tolerance of
reversal tolerant anodeRTASs) based on OER coatalysts

Further insightsn degradation mechanismeere obtained by combining the developed
cyclic reversal stress test with additional characterizatiothoassuchas cyclic volt-
ammetry, EIS and hydrogen pump polarization curves.

Cyclic reversal AST:The possibility ofMEA failure during normal operatiowas
observed At the same tim®ER activitystays intacduring reversal operation for the
investigatedMEAs. Consequently, this resulhdicatesan OER recovery effedor
recurring shorterm reversal operatiomhereascommory OER deactivation is report-
ed for noncyclic reversal ASTs. The OER recovery effect was validattedlevated
temperatures as welhd was shown timcrease reversal tolerance significantly

The occurring failure mode was analyzedoy further investigating the observed in-
creased overpotentials during normal operatidre increase of ohmic resistan@ex
cathode overpotentialas proven to be negligible for MEA failure due to the reversal
stress testin contrastnormal operatiorfailure was attributed to a significant increase
in HOR overpotential on the anodBespitea significant increase in kinetic HOR over-
potential, HOR mass transport overpotential increase was idenafsechajor contribu-
tor for voltage lossluring normal opration and subsequent MEA failure. The increase
in mass transport overpotentstongly indicaésa substantial change in the ACL struc-
turewith increasing reversal eventapst likelydue toACL collapsecaused by carbon
corrosion.Additional in-situ results of EOL polarization curves and anode CV meas-
urementscorroboratethese assumptionsSevere performance decay was observed
amplified for low temperaturedhe structural change and anode collapse indicated by
in-situ measurementseane confirmedvia SEM imaging. Consequently, the presented
characterization methods were proven to allow fast and cost efficisittiidetermina-
tion of MEA failure during CR ASTwhich can be easilynplemented during the testing
of reversal tolerant anodes
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5 Reversal tolerance of OER based PEFC anodes

The reversal tolerance of RTAs based on IBER cocatalysts was shown to be signif-
icantly dependent on the HOR catalyst, despite introduaimgdentical, highly active
OER catdyst. Two MEAs differing solely in the incorporatédlOR catalyst were inves-
tigated. For both MEAs platinum supported on graphitized canasusedwith vary-
ing graphitization degreéAn increase in reversal tolerance by a factoa @f4 due to
the differingHOR catalystvas observetbr bothinvestigated ASTs

FurthermoreOER can be performed without significarttitage loss in the presence of
a strongly corroded and collapsed Adrhis highlightsthat OER activityis not suffi-
cient evidencédor intactanode catalyst laygrConsequently,tateof-the artnon-cyclic
reversal stress tests, predominantly monitoring OER actiaity,a fast and effective
testing methodo screen multiple OER catalysts or concepts for RTH®vever,dif-
ferent testing methodsnd further scientific researcis necessaryto invegigate the
reversal tolerance of AQrealisticallyand toobtain further insighten complementary
intrinsic degradation effectwithin the ACL as well asderiving correlationsbetween
incorporatedACL componentge.g.HOR and OER calgst). The reportediependence
of reversal tolerancen HOR catalyst used within the anode exemplifies this aspect
Whether this ishased on a primary effedue to HOR catalyst properties itself or a
secondary effect, for example dueaa@hanged ACL structurés beyond the scope of
this thesis.

The developed cyclic reversal AST in combination with hydrogen pump experiments
set anoptimal frameworkto allow for investigationson OER based RTAsvhich are
crucial for PEFC durability and thusommercialimplementationof the sustainable
PEFCtechnology across all sectors.
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6 Durability of OER basedRTAs
under transient co nditions

In this chapter thageing of PEFC anodes containing an OERatalyst during regular
fuel cell operation is investigated and discussed. In the absemeeen$al eventghe
anode catalyst layer can be exposed to significant degradatised by transient con-
ditions. Beside ageing of the incorporated HOR catalyte OER cecatalyst can
degrade substantially inducing additional degradation effectsTwo varying start
up/shutdown ASTsweredeveloped to simulateanode degradation. In addition;situ
characterizatioomethodswere developedo allow for in-depth analysisf the resulting
degradatioreffectson the anodeatalyst layeand MEA

Anode dgradation duringstartup/shutdown (SUSD) transient conditionsr local fuel
starvation events is believed to be mainly induced by the anode potential cycling from
a0 to a1 Vree [35]. Probably he most efficient way tgperform potential cycling on
single cell level iy applying potentiabn the working electrode (i.e. PEFC anobg)
an external power supply under inert gas atmosphere, while the counter el@attode
PEFC cathodeacts as reference electrode in hydrogen atmosphhremaintairs the
respective electrodpotential close to zeratHowever, ASTs imposing a cycling @ae
potential cannot reproduc&USD events as they would occur durifigld operation
Potentiostatidests maysimulate the degradation of the HOR catalyst suffibyef35].
But in areatworld scenariothe impact of chemical reactiomy reactant gases (e.g.
reduction of IrQ in hydrogen atmosphera¥ well as ionic andlectricpathwayswithin
the MEA most likelyimpact the dissolutigmrmigrationand redepositionf OER cata-
lyst. Therefore,more realisticSUSD ASTsbased on cycling the anode gas supy
tweenhydrogenandair are used within this work.

Besides HOR inducednade degradatignthe SUSD degradation b anode catalyst
layersincluding IrO2 basedOER caocatalystswasrecentlyinvestigated 70, 128]. Due

to the reductive hydrogen atmosphere during normal fuel cell oper&at@npon the
anode can be reduced to metallic iridium on the catalyst syi#@geburing thechemi-
cal reductionfrom IrO; to Ir, according to the respective Pourbaix diagfa66], solu-
ble IP* can be formeds an intermediat&Subsequently, these solublé*icanmigrate
to the cathodereferred to asridium crossoveryesultingto reduced reversal tolerance
by a loss of OERactivity on the anodeand detrimental effects othe cathodeORR
performancg70, 128].

Moore et al. investigated the dissolution of dr€atalysts during aovel exsitu stress
testand thestabilizingimpact ofOER support$128]. The dissolutiorof IrO2 during the
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6 Durability of OER based RTAs under transient conditions

developed essitu AST was investigatey determining the dissolved specigsthe
electrolyte viainductively coupled plasma mass spectromeiitye measuredlissolu-

tion of IrO. correlated witha loss in reversal toleranadter SUSD ASTTovini et al
investigated thehemicalreduction of supported Ir0catalysts to metallic iridium in
hydrogen atmodpere and showed th#t crossoverin MEAs canbe caused by SUSD
events leading to redeposition of Ir species on the cathode and a decrease in fuel cell
performancd70].

However, thedevelopment oin-situ SUSD ASTspased on gaswitching andocusing
primarily on anodeinduceddegradationn the presence of IfOco-catalysts hasnot
beenreportedyet. Furthermoreto the best of the auth@rknowledgein-situ character-
ization methods to investigate Ir crossoward its comprehensive impact on MEA
degradatiorhave not been reported so.far

Therefore, the degradatiaiue to transient anode potentigsinvestigatedvithin this
thesisvia cycling the anode gas supply betweenaHd airto mimic SUSD events as
they would occur during regular field operatioh major scope during the AST devel-
opmentin this workwas to sippresghe simultaneously occurringathode degradation
duringgas switcheso highlightthe effect of thenodestressarTypically, SUSD inves-
tigations are focused on cathode degradation dtigetbighcathode potential®1.4V
caused by the reversarrent effectresulting insevee carbon corrosiofi3d8, 97] How-
ever, recentesults are considering anoHR catalystdegradatioroccurringduring
SUSD eventsis an streorwhich should beconsideed [35, 96] Applying this stressor
onreversal tolerant anode concepts containing OERatalysts, characterization meth-
odsto investigatethe comprehensive degradation of PEFC anadesd to kb devel-
oped. Furthermore, e observeddegradation shouldistinguish between degradation
induced bythe HOR catalyst (activity and mass transport overpotential) and the incor-
porated OER ceatalyst (Ir crossoveand reversal tolerance)

To implementreduce cathode degradatioduring the developed SUSD stress tests
induced by theeversecurrent effectthe residence timef air/hydrogen frorg in the
anode compartmemas reduced to a minimummwhile simultaneouslytesting atlow
temperatues 6ee Experimental section for detail§hereby the reversecurrent in-
ducedcathode degradation should be reduced significgda8fly allowing for a better
resolution of anode degradation (e.g. HOR overpotential) aathode degradation
induced by Ir crossoveihe lattethasbeen reported most recentty reversal tolerant
anodes containing Ir0co-catalystg70, 128]andwasalsoreported for Recontaining
anode concept@ming forincreasedCO tolerancg92, 94]

To vary the stressafor possible Ir migration andl redeposition, two varying SUSD
ASTs were developed. During the-salled SUSDpot AST, cell voltage was kept
below 0.5V by potentiostatic load controlhis is expected toesult in an increased
andbr fastermigration of IP* speciesfrom the anode across the membrane, asrihe
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6 Durability of OER based RTAs under transient conditions

gration of protons depends on the charge balancing of the external electrical Tiveuit.
potential load controimight alsoimpact the electrochemical state lofspecieson the
cathode The cathode potentiadluring SUSDBpot AST cyclesbetweena 0.5V (H2/air
operationyanda 1.5V during theSUSD even({cf. Figure4.5).

2.0

1.5 4

1.0

E/V

0.5

0.0 4

-0.5 4

Figure 6.1: SchematicPourbaix diagram for the electrochemical equilibria of iridium in aqueous
electrolyte according to literature (corresponding toan Ir concentration of 106 M at 25°C) [166,
167]. The water stability window is shown in grey dashed line.

According to the Pourbaigiagram(cf. Figure6.1) in acidic media (p+h 0) a thermo-
dynamically stablenetalic Ir phaseon the cathodshould change to a thermodynami-
cally stable IrQ phase at voltages abo@e).8V (and vice versa)166, 167. Voltage
clipping during SUSD eventsiight further decreasthe occurringcathode degradation
inducedvia reversecurrent effec{159]. During the AST variation witoutdrawing any
current, referred to as SUSDCV, the migration of ¥ across the membrars ex-
pected tobe reducd due to the absence of charge transfer via the exteteetrical
circuit. In additionthe cathoddalf-cell potential should ndiall belowal V (cf. Figure
4.5) during the AST Therefore,a phasechange froncrosseebver IrO> to Ir, whichin
turn mightdissolveagainon the cathodes not expected.

For bothASTs the anode stressuia gas switch inducednodepotential changeis
identical (also compard-igure 4.5). Degradationfor the two ASTsshould vary solely
regardingsecondary MEA degradatioeffects inducel by possiblelr crossoverand
subsequent Iprecipitation or depositiowithin the membrane athe cathodecatalyst
layer. For both AST variatios two identical OER based reversal tolerant MEAs were
investigated
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6 Durability of OER based RTAs under transient conditions

To analyze theSUSDinduced degradatigrseveralin-situ characterization procedures
wereappliedbefore and after the AS(Ef. Figure4.4 and sectio.2.9:

1 H2/air polarization curve@EA performance logs
1 Cyclic voltammetry
0 Hupd (electrochemical surface anea
o CO stripping(electrochemical surface ajea
o OER activity(OER degradation and Ir crossover)
1 Hydrogen crossovédmembrane degradatipn
1 EIS (ohmicand protorresistance increase

Furthermorehydrogen pump experimentgere performedto assess HORerformance

lossand evaluate possib$tructural changewithin the anode catalyst layérhe impact

of SUSD induced degradation on reversal toleranceanalyzed by performing cyclic
reversal ASTsFinally, imagingwasperformed to validate thebtainedn-situ results.

A MEA without an OER cecatalyst was uskas a baseline sample for better context of
the observations during SUSD testing
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6.1 Electrochemical results and discussion

6.1 Electrochemical results and discussion

6.1.1
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Figure 6.2: (a)-(c) Performance loss at 68€ for varying current densities during the respective
SUSD AST compared to BOL performance. SUSD eventsO: BOL performance during condition-
ing and prior to characterization procedure; SUSD events 0: BOT performance after characteri-
zation procedure and before SUSD AST.Data points: mean valuesShaded region:divergence of
two repeated measurementswith pristine MEAs . For Pt-MEA only a single MEA was investigated.

To evduate the impact of SUSD induced fuel cell performance decrease, polarization
curves at 68C were recorded after MEA conditioning, preceding the BOL characteri-
zation measurements and after each consecutive 300 SUSD events (see Experimental
sectionFigure 4.4). In Figure 6.2 the respective performance losses with increasing
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6 Durability of OER based RTAs under transient conditions

SUSD events are depext for varying current densitieSurrent densies arechoseno

be representative for the activation, ohmic or mass transport overpotential dominated
regime of the polarization curve, respectively (cf. sec2d@). All investigated MEA
designs were solely differing regarding the incorporated anode catalyst layer, whereas
the employed cathode electrode and membrane were idefteateversal intoleant

ACL, solely containing FC HOR catalystis referred to as FMIEA and was aged
usingSUSD-pot AST. The reversal tolerant MEAs, referred to as PYHIEAS, were
investigated withirboth AST variants

Table 6.1: SUSD degradation rate derived by linear regression (not considering initial conditioning
effects before 300 SUSD cycles).

Voltage loss Voltage loss Voltage loss
MEA AST at 0.1 Acnm? at1Acm? at 2.4 Acm?
[uV/cycle] [uV/cycle] [UV/cycle]
Pt SUSDpot 3.32 0.76 0.85
Pt/IrOx SUSDpot 1.37 1.12 7.83
Pt/IrOx SUSDOCV 5.49 8.08 9.31

Pt-MEA // SUSDpot AST

During SUSDpot AST the anode gas supply is switched from air to hydrogen and vice
versa every 38 while the cell voltage is cycling betwed0.5V (air/Hz on cath-
ode/anode with potentiostatic load control) an@V (air/air). ThePt only MEA is
showing an increasdPEFC performance after 300 stap/shutdowns. Subsequently, a
more or lessstable cell performance is obtained with increasing SUSD events. The
performance after 1200 SUSD events still exceeds the initial BOL performance. These
observations are valid for all three investigated current densitidsgafe6.2 a-c).

The performance increase can most likblg explained by a conditioning effe¢also
referred to as breaik) of the cathode catalyst layaithin the first300 SU®s [168].

At the chosemperating conditionandHOR catalyst loadingghe anode overpotentials
for unaged MEAsarenegligible (even asubstantiallydegraded and collapsed A®tas
showing minor performance decaythis operating conditionsf. sectionl). Therefore,
performance increase laystructural change of tleathodecatalyst layer rather than by
an anode iduced effect is indicated There is ample literature present describing a
cathode catalyst laygrorosity increase due to carbon corrosion during SUSD and ex-
ternal cathode potential cycling evef@ig, 91, 133, 169, 170]
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6.1 Electrochemical results and discussion

While carbon corrosion is generally associated with severe performance degradation,
the initial effects on performance are often positive in nature and can be summarized as
follows:

1 Improved diffusive gas transport and better permeability for product water
[169, 171]

1 New pathways to previously ineessible Pt catalyst cluster within the pores of
the carbon suppof168].

1 redistribution of ionomer resulting in @&cdreased mass transport resistance for
oxygen[169, 172]

The assumption that an increased porogtgausing the initial performance increase is
corroborated by an increased double layer capacitborcthis MEA after the AST
whichwill be discussedn section6.1.3

Furthermorethe resultsareillustrating theachievedreduction incathode degradation
for the developed SUSD ASThe voltage degradation rates deriveal linear regres-
sion not considering initiaconditioning effectawithin the first300SUSD cyclesare
listed inTable6.1. For the kinetically dominated voltage loss regiragoltage lossof
3.32uV/cycleis observedcf. Table6.1). For the 120@ycles applied thisvould lead to

an overpotential increase 8f98mV if a conditioning effect is notonsideredAssum-

ing this overpotential loss mainly dominated by mincrease in ORRactivationover-
potential on the cathoden ECSAloss induced kinetical overpotential estimation can be
derivedby the Tafekinetics(cf. Equation2.11) [97]:

Y3Y, .06 'Y8 (6.1)
| OO0 06 Yo

30

where| =1. Forthe apparentathodeECSAIloss of 104% (mean loss for ks and CO
stripping with respect to the BOL valuea kinetical ORR overpotentiahcrease
30 of 3.22mV would beachieved which is in good agreement with te&peri-

mentally derived voltage loss in the kinetically dominated current regigng@A cm?)
of 3.98mV.

However, thigs indicatingthat the overpotential increase induced by kinetierpoten-

tial is mostlikely compensated via decreased ohmic or mass transport overpotantials
high current densitiesAt a current density of 2A cm? a degradation ratef
0.85uV/cycle is achieved (cfTable6.1, adjusted for conditioning effedtdeading to a
total voltage loss of D2mV after 1200 cyclesThis results in alower performance
degradatiorthan expectedby ECSAloss and performanceat 0.1A cm?. Additionally,

the total performance increase byrBY is an order of magnitude higher as the degra-
dation rateshot considering tk initial conditioning effect.Consequentlythe degrada-
tion behavior of thé/IEA containing only Ptatalyst on the ACldemonstrateghat the
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6 Durability of OER based RTAs under transient conditions

developed SUSIpot AST has a minor impact oreversecurrent inducedcathode
degradationThis characteristiavill allow for a precisamonitoringof cathode degrada-
tion induced bylr crossover

Pt/IrOx-MEA

SUSDpot AST:

The SUSDpot AST wasalsoapplied on a MEA containinglrO, as OER cecatalyst
The absolute BOL performanckeviationfor this MEA designwas comparable to the
PtMEA (O15mV). However, theperformancedegradatiorprofile differs significantly
when an OER ceatalyst is introduced to the MEM®espitean identical cathode cata-
lyst layer,no conditioning effectan be observefdr this MEA within the initial cycles
In contrast,an initial performancedecrease can be observedpst pronounced within
low current densitiegcf. Figure 6.2). Subsequentlythe degradation rates are higher
compared to the MIEA (cf. Table 6.1), except forthe performanceat 0.1 A cm2.
Especially forthe high current density the degradation rate is increased factor of
& 9 compared to the IMEA, indicating a cecatalyst depereht degradatiobehavior

The differing performance degradatiaturing SUSDpot AST canbe either explained

by a suppressed conditionieffector by aOER cocatalyst inducedliegradation effect
superimposingMEA conditioning The significant increased degradation rate at
2.4A cm? is leading to gpronaunced linearvoltage loss with increasing SUSEents

(cf. Figure 6.2c). Consequentlya continuous and superimposed degradation eiffiect
the presence of Irds observedThe crossover of Ifdiscussed in sectiof1.3 has the
potential to stronglycontribute to the continuous performance loss with increasing
SUSD eventsThe cell performancafter 1200 potentiostaticSUSD eventsis lower as
the initial performanceat all investigated current densitjeshich is in contrast to the
PtMEA results However, thecomparablyhigh divergence between repeated measure-
mentsshould be notedvhich could resulfrom sampleto-sample variations

SUSDOCV AST:

For theAST variationSUSD-OCV the anode gas supplyas alscswitched from air to
hydrogen and vice vers#n contrast tahe potentiostatiSUSD no load was applied
during the gas switchesesulting in the cell voltageycling betweeré 0.95V (air/H:
on cathode/anodeo load applieflanda 0 V (air/air). As outlinedbeforg this could

1 decreasdr crossover ¢ationic migrationacross the membramkepends on the
charge balancing of the external electrical cijcuit

1 impactir redeposition(cathode potentiahot below thermodynamically stable
IrO2 phase)

1 impactcathode degradation (no voltage clipping).
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6.1 Electrochemicalasults and discussion

The anode stressor should be similar within both AST variatiims.anode stressor is
induced by thgas switch on the anod®sulting in cycling the anode haiéll potential
betweend 0 Vrue (Hz2) and d 0.95Vrue (air). Consequently, a differing performance
degradatiorbetween both ASTis an indicator fom differing cathode degradation.

For SUSD-OCV, the performance dgradation is again showingcamparablédehavior
as for the potentiostatic ASNo initial performance increasethin the first 300 SUSD
cyclesis observedHowever,a performance decreage indicative ofa negligible or
superimposed conditioning effaatthe presence of OER -@atalyst

The performance decreasend degradation ra@rehigheras for potentiostatic SUSD
events emphasized especially for current densities wheretic and ohmic overpoten-
tials are dominating (ckigure6.2 andTable6.1). This substantiatemcreased cathode
degradation

1 eitherby higherprimary cathode degradatigoarbon corrosionflue to the ab-
sence of voltage clipping during the SUSD events or

1 due toincreasedcathodepoisoninginduced bya change ifr crossover anr
redepositioron the cathode electrode

However, he higher degrdationratesat 0.1A cm? and 1.0A cm for this AST varia-
tion is indicative oflr poisoningbeingthe major contributorAt the chosen operating
conditions (low residence time and low temperats®)ere carbon corrosiaon the
cathodeshouldbe suppressed, even in the absence of voltage clipipisigad, rmor
acceleratedarbon corrosiotin the absence of voltage clippiig expected tancrease
MEA performance due to increased CCL porasilpwever, at 2.4\ cnmi? no signifi-
cant performancencrease fothis AST variantis observedAt high currentdensitiesa
porosity increases anticipatedo have the highest performamonpact

To resolve thalifferencesobtainedin performancealegradation dependent on the incor-
poratedirO2 co-catalyst and the AST variation, furthelnaracterizatioomethodswere
performedto investigatethe occurring degradation.In the following, degradation is
discuissedior each CCM componeseparately

6.1.2 Membrane degradation

The performed SUSD ASTs were not expected to have a significant impact on mem-
brane degradation.

However, the membrane degradation was monitored via hydrogen crossover and HFR
measurementsThe results observedithin EIS and CV measurementshowed no
significant change ilmydrogen crossover nor HFR&Rter 1200SUSD events(cf. Appen-
dix-Figure5 and AppendixFigure 6). The observedninor changesn HFR can, there-
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6 Durability of OER based RTAs under transient conditions

fore, be explained byarying membrane humidificatioresulting from potentiostatic
pre-conditioning The minor changes in hydrogen crossover mighginate from the
sameeffect and in addition forrthe Pt bandformation foundwithin the membranafter
SUSD AST (discussed in sectiof.2), which is knownto impact hydrogen crosso-
ver[173]. Congquently negligible membrane degradatiotean be assumedhis as-
sumption is furthecorroborated byhe obtainedpostmortemex-situ results in section
6.2

6.1.3 Cathode degradation

In the following the cathode degradation is furthevestigated and discussethe
sectionis structured by the performed characterization technidglies.significantly
increasegerformance degradatiom the presence dfO; is stragly indicating cathode
poisoningby crosseebverIr speciesas majorcontributor

The Ir crossover mechanishas beerreported as followind70, 128] Soluble Ir3*
speciesare formed on the anode and subsequeanityrate within the ionomerphase
across the membranghe cationtransportacross the membramedriven bytheelectric
field andthe concentration gradier{tiffusion). Subsequentedeposition on membrane
or cathode is then determined by local chemical and potential conditions within the
respective layerfl28]. Solublelr®* speciedfor IrO, based ACLare originating either
from thepristine OER atalyst(e.g.residuesrom catalyst or MEAmanufacturing)or
are formed byredudion of Ir** (IrO;) speciesduring operatior{128]. The reduction
from Ir** to Ir** speciess most driven by the scalled transient dissolution, which is
also known from common Pt based cataly&#®1]. Transient dissolutiodescribes the
anodic or cathodicatalystdissoltion originating by applyinga transientelectrical
potential. Thereforeransient dissolutiors substantiallyamplified by potential cycling.
In the case of trammt dissolution of Ir, the squakeave like voltage cycling during
SUSD events are believed to mainly promote Ir dissolyi@n 175, 176] During an
air/air start, the anode potentjgmpsfrom & 0 Vrre (H2) to & 1 Vree (air) in astep
wiseform. For a shutlown event, thanodepotentialjumpsvice versa.

To evaluatehe possiblelr crossoveifrom the anode catalyst layer to tbethodean in
situ method is developed evaluatitite OER activityin the cathode catalyst layer
Former worls alreadyproved Ir crossover viax-situ methods.The research group of
Tovini et al. most recentlfound evidence of Ir species present on the cathoddysa
layer after 500 SUSD events applied XBS measuremen{g0]. Moore et al.devel-
oped an essitu AST to simulate Idissolutionof reversal tolerant anodesalistically. Ir
crossoverwithin the exsitu AST and an #situ performed SUSDvere subsequently
quantified via exsitu measurements of the Ir concentration in liquid electra@gtevia
EDX analysisafter the insitu SUSD[128]. However,the application of measurements
ex-situ before/after the electrochemical characterizatim™EA levelis challengingn
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6.1 Electrochemical results and discussion

terms oftestingtime, resourcesand tesing complexity. In contrast, Hsitu measure-
ments can beasilyimplementedusing single celtest statiorequipmentn the absence

of external sampl@reparation. In addition, igitu characterization metho@dow for
intermittent non-destructiveinvestigatios during ASTs Therefore analyzing the OER
activity was implemented as-Bitu electrochemicatharacterization methad detectr
crossover. As the OER activitg acidic media should decrease in thedaihg order
Ir>1rO2] Pt[146, 177] the crossoveand redepositin of Ir speciedo the cathodén

any form (Ir or IrQ) should increase the OER performance on the cathode significantly.

6.1.3.1 OER activity
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Figure 6.3: (a) Cathode OER polarization curves extracted from the anodic sweep of 9 subsequent
cathode CVs at 20 mV ¢ between 0.1 and 1.4¥, before (BOT, solid lines) and after (EOT, dashed
lines) the respective SUSD AST. Identical pristine cathode catalyst layers, solely incorporating Pt/C
as ORR catalyst, were used for all MEAs. The current density was corrected for the capacitive
current density observed at 1.3/. For the Pt/IrO x-MEA sthe averaged valus from two samplesare
depicted. Operating conditions: N2/H2 with a flow rate of 3.5/5 In miri! on cathode/anodeT=68° C;
p=1 barg, RH=100%. EOT the red and greendashed linesare overlapping (cf. blue insertand see
Appendix-Figure 3). (b) Cathode OER activity change after the performed SUSD AST extracted
from OER polarization curves at 1.48Vr1e With respect to BOT. Error bars represent standard
deviation derived from investigating two similar MEAs, respectively.

In Figure 6.3 the cathode OER activity before (BOT) and after (EOT) SUSD AST is
depicted.

Pt-MEA:

If no IrO. catalystis embeddeds anode ceoatalyst, no distinct OER onset potential for

the cathode is observed within the investigated potenti@1o049Vrue. Consequently,
neither before nor after the performed SUB& AST a significant OER activity can be
observed. As the cathode ORR catalyst investigated consists of Pt supported on carbon,
the absence of a distinct OER onset activity is in alignment Mattature where the

OER onset for platinurim acidic environmentvasreported for potential®1.7V [177].

The very smallapparenDER activityobservedor the PtMEA extractedat 1.48VrHe

even slightly decreases after the applied SUSD A%3%, cf.Figure6.3b). This can
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6 Durability of OER based RTAs under transient conditions

potentially be explainedyy the observedcathodeECSAIloss which will be discussed
later. An ECSAloss of Pt wouldaccording to the kineticgjcrease the OER overpoten-
tial.

Pt/IrOx-MEAs:

WhenlrO: is introduced to the anode layer to achieve reversal taeydme OER activ-

ity on thecathode is increaseelven beforghe stress test was performgad. Figure
6.3a). Commonly, the OER onset potential of Ir in acidic media is reported to be in the
region of 1.45 to 1.5YrHe [146, 177] which aligns with the obseed OER onsefor
Pt/IrO-MEAs (cf. Figure6.3a).

As similar pristine cathode catalyst laygmwere used forall investigated MEASs, the
increase in OER activitis strongly indicatinghe crossover ofridium. The OER ac-
tivity increasebeginningof-test compared to thét+MEA design is remarkable The
incorporatedOER catalyst consists @f heat treatettO» catalystcarriedon a metallic
support(see sectiod.1). One would expect, thahis combinationshould lead tovery
low Ir dissolutionrates[128]. However, tle increased¢athodeOER activity BOT for
the Pt/IrQ-MEAs compared to the fMEA is strongly indicatinghe presence of Ir or
IrO2 catalyst on the cathoddready at this stage of the testing proceduitghout pro-
moting transient dissolution of Ir by SUSD eventherefore, Ir crossovgaresumably
occus alreadywithin MEA conditioning and initial polarization curvésf. Figure4.4).

Conditioning and performance evaluatiprocedures includetbur air- and hydrogen
soaksas recovery procedurgés ensure reproducible measurements andysdtéayer
recovery prior to any performance measurementing eachair-/hydrogen soak com-
binationan air/air startlike behavioris performed leading to a anode potentiatycle
from & 0 Vrue to @ 1 Vrue in a squaravave form This causedransient Ir dissolution
as discusseth the introduction ofsection6.1.3 However,the remarkablyincreased
cathodeOER activityBOT, afteronly four air/air startsjs corroboratingir dissolution
by chemical reduction of Ir@to Ir in the presence of hydrogas significant contribu-
tor. Intermediatesolublelr®* speciexanbe formed during this chemical reductidr28,
166]. Sucha behavior was reporteduring electrochemicasurface oxide reduction of Ir
at potentialsa0 Vrue [145], whichc or r esponds t o t heell pbtene | cell &6
tial during normal operation in the presence of hydrogen

Beddes the increase of OER activitafter SUSD AST is significantFor both AST
variations an OER activity increase by a factor®fl.5 © a 2 is observed (cfFigure
6.3b), indicatinga significant amount of Ir crossover and redeposition during the SUSD
ASTs. As described abovdy redepositionon the catbde after SUSDASTSs was al-
ready reportedhy other groupsnd validatedisingex-situ characterization methodsgia

XPS measurementf/0] and EDX [128]). However, to the best of the authors
knowledge nan-situ characterization method to investigate Ir crosstwes been re-
ported so far.
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6.1 Electrochemical results and discussion

The electrochemical state of the OER catalyst surface should be comparable between
BOT and EOT statsince a cleaning CV was performpdor to the measurementn
addition, the OER activity for each sample was determined from 9 consecutive CVs
between 0.1 and 1\r+Ee to increase reproducibilityConsequently, an increase in OER
activity on the cathode should correlate direetith the roughness factor (produci
ECSAand catalyst loading, cf. Equati8tv ) increase of theresentr speciesWhether

the presentr is in metallic,hydrous or oxiddorm cannot be answered by thesitu
measurements. Howevdhe low onset potential EOT imdicative of highly active
metallic or hydrous speci¢$46, 175, 178]

The kind of AST(SUSDpot or SUSD-OCV) has a minor impact on the OER activity
increase The activity changélustrated bythebar plot(cf. Figure6.3b) is predominant-
ly arising by a differencein OER activity beginningof-test As the same MEAs and
testing procedureprior to the AST were usedthis is most likelyoriginating from
sampleto-samplevariations. Assumingidentical electrochemicalridium species -
sent on the cathode after the respective stressthéstshouldindicatea comparable
roughness factoof the OER catalysafter both ASTs Therefore, he impact on Ir
crossover and Iredeposition by the AST variatiseems to be minpdespite thedif-
ferentcathode potentialandionic charge transfer across the membrane induced by the
externalelectricalcircuit. Theminor impact of charge transfeould be explained by the
periodic polarization curvegperformedafter each 300 SUSD cycleSoluble Ir species
still present on therede could migrateduring thee polarization curvesindependent
on theperformedAST.

A comparable Ir crossover and redeposition for both AST variatoakl imply, that
the observedifference inperformance decreaseoriginatingfrom another degradation
mechanism. Foexample,one could speculate @rficreased cathode degradation by the
reversecurrent mechanism in the absence of voltage clippiisgdiscusseah section
6.1.3 In addition,the OER activity measurememiight be todmpreciseto resolvesuch
small degradation differencesiantitatively
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6 Durability of OER based RTAs under tréarst conditions

6.1.3.2 Cyclic voltammetry

To further analyzecathode degradatioand theimpact of theperformedAST, ECSA
measurementsereperformedvia Hupa and CO stripping

mmm Pt/ SUSD-pot
mmm Pt/IrOx // SUSD-pot
mmm Pt/IrOx // SUSD-OCV

20

10

0—. I
10
T

ECSAco ECSAH,,, Cal

Deviation / %

Figure 6.4: Observedchangesin cathode ECSAby CO stripping and Hupa as well as in double layer
capacitanceCq after SUSD AST was applied. Operating conditionsT=68° C; p=1 barg, RH=100%.
Cua was estimated from the Hpas CV at a voltage of 0.45/rHE.

The observedhangesn cathodeECSAand double layer capacitandaringthe ASTs
are illustrated inFigure 6.4. For all investigated MEA and AST variationscathode
ECSAloss is observed, both for CO stripping angcdHHowever, theECSAloss ampli-
tude for Pt/lrQ-MEAs seems to be dependent on BE@€SAmeasuremenand the per-
formed AST Furthermore a double layer capacitan€& increaseis observed after
SUSD AST.The duble layer capacitance was estimated from tfg EVs at a poten-
tial of 0.45VrHe. The increased cathode degradation ECSAloss for the SUSEpot
compared to SUSIDCV is in contrast to thebserved degradation rate during normal
operation.The observedossesin ECSAandCq arefurther discussedn the discussion
of the respective cyclic voltammograms.

Hupd

The cathodeCVs obtained via khq prior and after the AST are depictedRigure 6.5.
The observegeak characteristics are typical for Pt/C catalysgsirogen addesorption
features at a potentishmge between 0.1 and 0/&we and Pt oxidation/reduction peaks
at potentials above 0\rHe [48].
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Figure 6.5: Cathode CVs prior (BOT) and succeeding (EOT) the respective SUSD AST. After a
cleaning CV four contiguous CVs were recorded aT=68° C; p=1 barg, RH=100% with a scan rate
of 100mV s'%, from which the last cycle is depicted. For the Pt/IrQMEAs the current density is
averaged from two investigated samples, respectivelftach CV was corrected by the respective
capacitive charge observed at 0.48r1e to improve visual comparability. For better illustration of
the double layer region seédppendix-Figure 4.

Pt-MEA:

Most distinctis the decrease inys featuredfor the PtMEA after SUSDpot AST.The
resulting peak decreasein alignment with the determindeiCSAdecrease (cfrigure
6.4), most likely caused by a loss of PBESAduring SUSD AST97]. In addition the
double layer capacitance increasestier visializedin Figure6.4). An increase ofCq
can be attributedo theonset of carbon corrosigi79]. Commonly, the double layer
capacitancevithin a SUSD AST initiallyincreases due to increasing porosity in the
cathodecatalyst layer SubsequentlyCq decreasesvith contiguousSUSD events ap-
plied. The decrease is arising frooontinuouscarbon corrosion leading tstructural
change withporosity loss andcatalyst layer collapsgl79]. Therefore, lhe observed
ECSAloss andCq increasgcf. Figure6.4 andFigure6.5) are indicatingminor cathode
degradation originating fromcarbon corrosior{(inducing al® secondary Pt degrada-
tion) and Pt dissolutionThis is corroborated by the mindegradation rates observed
during performance evaluatiofmhis highlightsthat the developed AST Buppressing
cathode degradation by the revecserent during SUSIBycles.

Pt/IrOx-MEA:

If IrO2 is introduced to the anode, tigeneralpeak characteristoof the cathode CVs
are notsubstantiallyaffected,neither beforenor after SUSD AST. Howevetwo Hypd
featuresarechangng for these MEAsfter the stress testhe double layer capacitance
in the region 0.45 to 0.7M8rHe iNcreases, predominantly at higher potentidlsis is
again corroborating the crossover of Ir to the cathodl, @sdes arecommonlyshow-
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6 Durability of OER based RTAs under transient conditions

ing increaseddouble layer cagcitancewithin this potential region$142, 147] Fur-
thermore hydrogen desorptiorddsorption featureare showing a slight decreagd.
Figure 6.5), resulting inthe respectiveECSAdecrease of 7 to 10% (cf. Figure 6.4).
SUSDpotseems to causa higher ECSAloss whereas the &increase is lowe(cf.
Figure6.4). This contradicts the observed performance lodsesiever, as khdis not
solely possible on Pt, but also on metallicitris very difficult to determine the real
ECSAIloss ofthe Pt base®RR catalystafter Ir crossoverThis couldexplainto the
discrepancy between performance and app&€ESAloss.

COstripping

Therefore, the seconBCSA degemination method, CGstripping, was appliedCO
stripping is commonly regarded as the more robust metivoBCSAdeterminatiorof

Pt based catalystbeingless prone to changes in temperature Rricand allowingto
determine theeCSAof smaller crystallitesizes[140, 141, 180, 181]Similar to Hpg,
metallic iridium was reported to allow chemical adsorption of CO species and subse-
qguent electrochemical desorption during the stripping @Vcontrast,ridium oxides
were foundo be inactive for CO aftlesorptior{142].
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Figure 6.6: Cathode CO stripping measurements prior (BOT) and succeeding (EOT) SUSD AST.
After two cleaning CVs, CO was adsorbed on the cathode catalyst sites for 3 minutes. The subse-
guent stripping CVs at T=68° C; p=1 barg, RH=100% and a scan rate of 20V s'! are depicted.
The second cycle after the stripping CV gpproximately horizontal lines) was used as integration
baseline. For bettervisual comparison the CVs were corrected for the capacitive charge obtained
at 0.45Vrre during the second cycle.

CathodeCO stripping results are depictedhmgure6.6. For eachMEA//AST combina-
tion only one sample was investigated via CO stripping.
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6.1 Electrochemical results and discussion

Pt-MEA:

In the absence of Iron the ACL, theCO peakshifts to lower potentials after 1200
SUSDcycles. Boththepeak potential as well as the CO onset potentialinteesection
between th@nset of CO desorption and thaseline CV from the"d cycle, aremoving

to lower potentials after the ASTurthermore EOT a comparable peak shape is ob-
senedas BOT but with a lower maximum current densitie shift in the CO peaks
concomitantwith an ECSAdecreasda 10%), which is in alignment with théoss ob-
served for Hpq (cf. Figure 6.4) for this MEA. The CO peakshift to lower potentials
could originatefrom the observed cathode degradati®8] or slight change# hydro-
gen crossover and/ohmic resistance (cAppendixFigure6).

Pt/IrOx-MEA:

If IrO2 is introduced to the anodthe cathode CO pedbeginningof-testis shifted to
lower potentials. As theesting proceduteapart from the SUSD ASWwassimilar, the
BOT deviationfor the two Pt/IrQ-MEAs is mostlikely induced byreproducibility
issues osampleto-samplevariations(the absoluteECSAdeviation for both MEAsvas

40.26— BOT). However, due to the stress test performed, the shape of the CO peak

changesignificantly after both stress testhe cathodeCO peak becomesider and a
shoulderat lower potentials (0.54 to 0.5&wg) is formedEOT (cf. Figure 6.6). Fur-
thermore the CO onset potentiabs shifted to lower potential$\ comparable behavior,
acathodeCO peak shift to more negative potentials, was repatied Ru crossover to
the cathodefor CO-tolerant PEFC anodegontaining Ru[92, 94, 182]and direct
methanol fuel cefl containing RRu anode$183].

As the OER activityneasurementgaindicatingthe presence of Ir species EOT, these
Ir species most likely have a significant impact oneleztrochemicaCO desorption
This effect couldriginate fromthe following mechanisms:

1) Ir species are weakening the &®bond
i) The presence of etallic Ir speies on the cathode.

A weakening of the C@t bondis commonlyreported forPt catalysts withincreasing
temperaturegl41] or relative humidity[140]. However,CO peak shifts havalsobeen
reported forPt nanoparticles deposited on Ir supg@B4] and Pt/Ir bifunctional cata-
lysts[147] if the mass ratio of Ir was varie@onsequently, a comparable effecto-
ceivable for migratedral redeposited Ir species on the Pt/C cathddhe. secongbossi-
ble mechanismwas also reported in literaturehemical CO adsorption on metallic
iridium andsubsequent CO desorption duritinge stripping CV[142, 185] This effect
would superimpose the CO-adesorption on Pand affect theorrectECSAdetermina-
tion for the ORR catalystt is difficult to conclude which of the proposed mecharss
is responsible for the observed cathode CO peak shift B@EN IrQ was introduced
to the pristine anodeHowever, the ofervation is corroborating Ir crossover and re-
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6 Durability of OER based RTAs under transient conditions

deposition on the cathoadter the SUSD ASTsvhich wasndicated by the OERctiv-
ity increase.

6.1.3.3 Impact of iridium on ECSA determination

The assumed presence of Ir species on the cathode induced by the SUSE2&ET $0
havea significant impact oCSAdetermination. Whereas the obsen&dSAloss for

the PtMEA aligns forthe Hpg and CO stripping metho(& 10%), the ECSAlosses

deviate significantlyfor the Pt/IrQ-MEAs (cf. Figure6.4). The ECSAloss derived via
CO stripping $ lower compared tthe ECSAloss derived via khg, regardless of the
kind of SUSD AST applied
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Figure 6.7: Correlations between OER activity andECSA measurements. Besides the investigated
MEAs within this work, additional MEA designs are included on which one of the presented SUSD
ASTs was performed.All MEA designsuse idential CCLs and membranes Solid line: linear fit;
shaded region: 95% confidence interval. (a) OER activity at 1.48 against respective CO onset
potential for the MEA. BOT (before SUSD AST) and EOT (after SUSD AST) values are depicted.
R? of linear fit: 0.69. (b) Correlation between the SUSD AST induced change in OER activity
againstthe change inECSAratio (ECSAco/ECSAupd). R? of linear fit: 0.83.

To further corroborate Ir crossover to the cathode arglibsequent impact dBCSA
determination, correlations betweeathodeOER activity and theyclic voltammetry
results ardllustratedin Figure 6.7. Besides theMEAs investigated within this wér
additional MEA designs were includéal further validatethese correlations. All MEAs
were characterized prior and after one of the here presented SUSRrASHad the
same CCL and membrane incorporated as the MByestigatedwithin this chapter.
Except for the PRMEA, all MEASs incorporated an Ir£based cecatalyst on thenode
to achievereversal tolerancelhe data inFigure 6.7a is strongly indicatie that an in-
creased OER activity is concomitanith a shift in the CO onset potential to lower
potentials.Furthermore for all investigatedMEA designs an increasezhthodeOER
activity was achieved@¢ompared to th@t-MEA, evenBOL. This corroborag¢sir crosso-
ver canalreadyoccurduring the initial conditioning and performance evaluapooce-
dures.
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6.1 Electrochemical results and discussion

Figure 6.7b showsthe impact of Ir crossover, indieat byincreased cathode OER
activity, on theECSAdetermination. Increased OER activity on the cathode is concomi-
tant with a increased ratio 0ECSAJECSAiwpd On the cathodeThis correlation is
highlighting thatOER ageing antt crossover significantly impact tHeECSAdetermina-
tonnTo the best of t h euchabahtviools besn réportedisb fard g e ,
As a consequenc@r IrO2 based reversal toleraREFCsSECSAdetermination via kg

and CO strippingcommonly attributed solelyto Pt surface area, should betically
reviewed This is valid forPt/C baseaathode catalyst lay@fter (possible)lr crossover

as well as for Pt/lrO, basedanode catalyst layer§he degradation of the analyzed
catalyst layer coulde misinterpreted However, vhich of the twoECSAmethodsis
resulting ina physically more corredCSAafter OER aging and crossover cannot be
resolved within this work.

Moreover, the correlatiabetween cyclic voltammetry and OER activity on the cath-
odecorrobora¢ that both,the CO onset potential as well as the OER activity measure-
ment arepromising insitu characterization methode monitor Ir crossoverdue to
transient anode potentialds the CO aeddesorption isfully reversible this method
could be prefered over the OER activity methadThe latterincludes the risk ofrre-
versible carbon corrosion in the investigated catalyst layer due to the high potentials
applied(01.4VRrue).

6.1.3.4 Reversibility of Ir crossover

To analyze the reversibility of Ir crossover to the cathode, the OER activity measure-
ments were repeated twice after a respective recovery procedure. As recovery procedure
the cell was operated for 1t5at normal operation 8°C) and 1.5A cm (cf. Table

4.2). Ir species on the cathode could become soluble again at normal operating cathode
potentials & 0.6t0 0.8 Vrue). To promote Ir wasout of soluble species, the cells were
operated for the first 6Min at 100¥%RH on anode and cathode. The operating condi-
tions were adjusted accordingTable4.2.
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Figure 6.8: Ir crossover recovery. (a) Cathode OER polarization curve extracted from the anodic
sweep of 9 subsequent cathode CVs at 20 m\* between 0.1 and 1.4¥, after SUSD AST (EOT,
dashed lines) and #er performing a recovery procedure twice (EOL, dotted lines). Recovery
procedure included normal operation for 1.5h under increased humidification ldentical pristine
CCLs, solely incorporating Pt/C as ORR catalyst, were used for all MEAs. The currentehsity was
corrected for the capacitive current observed at 1.3. For the Pt/IrO x-MEAs the averaged values
from two MEAs are depicted. Operating conditions: N/H2 with a flow rate of 3.5/5 In miri on
cathode/anode, T=68° C; p=1 barg, RH=100%. (b) Cathode OER activity change after the per-
formed recovery procedure, extracted from OER polarization curves at 1.48rue With respect to
EOT. Error bars represent standard deviation derived from investigating two similar MEAs,
respectively.

The OER activities ardepictedin Figure6.8. The EOT curveslemonstratéghe OER
activity after the SUSD AST, whereas the EOL cumeszesenthe OER activity after
the recovery procedure was performed twidee OER activity decreasey 7% to 14%
(Figure 6.8b), dependent on the MEAST combination. In contrast to the incredse
> 150% after the SUSD(cf. Figure 6.3), the OER activity decreashuring the chosen
recovery procedure iminor. This is a strong indication for the irreversibility of Ir
crossover to the cathod€rosseebver iridium speciescanrot be washed out easily
during normal operatiorin addition the OER activity decreassdter the recovery pro-
ceduremost likelyis imposed byconcomitantcarbon corrosiomnd Pt los®riginating
from the high cathode potentials during &R activity measuremest(cf. PEMEA
OERactivity losg.

6.1.3.5 Proton resistance

In order to investigate the protomesistancechange in the cathode catalyst layer, EIS
measurements were performed. Thaegponding Nyquist plots are depictedrigure
6.9. The length of the 459tne is representative for the proton resistance €xperi-
mental section)All MEAs have the same pristine cathode incorporated.
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Figure 6.9: Cathode impedance spectra prior (BOT) and succeeding SUSD AST (EOT) fasne
exemplary sample ofeach MEA//AST combhnation. Measurements were performed at 68C,

100% RH and 1baryg.

For the PAMEA, proton resistance isiinor due to the absence of a clear #B6&. In
contrast, as soon as k@ incorporated to the CCM, the proton resistance seems to
increasesignificantly,and the spectrieature a45° line From this behavior two conclu-

sions can be drawn:

1 Ir crossover is corroborated
1 Crosseebveriridium speciesignificantly increas@rotonic resistance

The latter could be explained by tttemporary)chemical bond o§oluble I?* species
to the sulfonic acid groups within the ionomer phase of the catalyst layer.

During aging, the change in protonic resistaisg®t as significantFor the RMMEA the
spectrum is shifted to loweZ 6 most likely originating froma differing membrae
hydration (cf. sectior6.1.2. The proton resistanceeems to be unaffectefor the
Pt/IrOx MEASs the observediecrease in proton resistarafeer the AST is imposed by
the significant BOT variation (cFigure6.9) as well as énuge standard deviation for
the repeated measurements (not shoWonsequentlythe impact of SUSDAST on
proton resistance cannot be futlarified.

In conclusion,strong indication for Ir crossover to the cathode could be found via in
situ characterization methodsor both SUSD AST variationsomparable Ir crossover
was found. In contrast, the cathode degradation for the SMBBST seems to lead to
higher ORRECSAlosses and carbon corrosidandicatedby double layer capacitance).
But thecyclic voltammetryresults should be considered wahution due to the previ-
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6 Durability of OER based RTAs under transient conditions

ously discussed influencing factas§Ir crossoverThe indicated higher cathode degra-
dation for SUSBpot, found byECSAandCqyi, is contradictory to the performance deg-
radation rate, which propose a higher degradation ratedd@WsDOCYV.

6.1.4 Anode degradation

Beside cathode degradatjanode @gradationnduced bySUSD eventss significant
for PEFC durability and performancgs outlined before, the SUSD stress testthis
work were designed to minimize cathode degradation wéniphasizing anode degra-
dation both for the HOR and OER catalyst

6.1.4.1 Cyclic voltammetry

Emm Pt// SUSD-pot
B Pt/IrOx // SUSD-pot
mmm Pt/IrOx // SUSD-OCV

Deviation / %

ECSAco  ECSAy,, Cai

Figure 6.10: Observed changes in anode ECSA B8O stripping and Hupa as well as in double layer
capacitanceCq after SUSD ASTwas applied Operating conditions: T=68° C; p=1 barg, RH=100%.
Cua was estimated from the Hpas CV at a voltage of 0.45/rHE.

In Figure 6.10 the losgsin anodeECSAand Cq for eachMEA//AST combinationare
depicted. All combinationshowsignificantECSAlosses and decrease in double layer
capacitancafter 1200 SUSD event3hese resultsdicate a substantialoss of HOR
catalyst as well aseverecarbon corrosiortoncomitant withACL porosity loss How-
ever,there is asignificant difference betweelCSAloss obtained via CO desorption
compared to hydrogen ddesorption. e results are further discussedhe following
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Figure 6.11: Anode CVs prior (BOT) and succeeding (EOT) SUSD AST. After &leaning CV four
contiguous CVs were recorded aff=68° C, p=1 bary, RH=100% with a scan rate of 100nV §'?,
from which the last cycle is depicted. For the Pt/IrQ-MEASs the current density is averaged from
two investigated samplesrespectively.Each CV was corrected by the respective capacitive charge
observed at 0.45/rnEe to improve visual comparability.

In Figure6.11 the anodecyclic voltammaramsfrom hydrogen underpotential deposi-

tion are depictedThe observed peak characteristics are comparable to the cathode CVs
and commonly reported for Pt/C catalysts: between 0.1 an¥/s3hydrogen ad
/desorption featureare foundand Pt oxidation/reduction peakscur at potentials
above 0.6/rHe [48].

Pt-MEA:

The significaniower double layer capacitanoecontrast to the ACL containing [e@s
drastic Most likely the capacitivebehavior ofthe IrO2 co-catalystis causing this effect
[142]. The difference in absolut€q vaues should be considerechendiscusang the
respectiveCq losses after 1200 SUSD events (efgure 6.10 and Figure 6.11). The
decrease irCq is indicating carbon corrosiof85, 179]as no IrQ is present in the
MEA. However, the absolute loss in capacitive charge compared to the ACLs contain-
ing IrO2 is low. After SUSD AST, the yddrogen addesorption features ashiftedto

lower currentssignifying HOR catalyst loss/hich leads to & CSAloss.

Pt/IrOx-MEAs:

As disaussed above loss of IrQ catalyst within the ACLis assumed to be the major
contributorto Cq lossafter 1200 SUSD cycles for the PY/IF®EASs. As thelosses in
Ca are comparablemost likely the degree of Ir disdution between both AST varia-
tions isequivalent These observations ae alignmentwith the indicated Ir crossover
discussed within theathodecharacterizatiorsection However, simultaneouscarbon
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6 Durability of OER based RTAs under transient conditions

corrosionof theHOR catalysshould not baeglectegdas observed for theREA. But
considering theabsolute contribution to capacitantkis effectcan be consideredsa
minor contributor.

Hydrogen addesorption features for all investigated MEXST configurations are
decreasing to lower cumts, indicating HOR catalyst loss. However, tB€SAloses
determined via khg aresignificantly smallerasthe respective loes measured vi&€LO
desorption(cf. Figure6.10). For the PAIMEA a similar behavior is observedespiteno
OER catalyst present in the MEAvhich could impact th&eCSAmeasuremenfsee
section6.1.3. Lindstrém et alreportedthat an increasing overlap of hydrogen evolu-
tion and hydrogen adsorptiaran decrease tHeCSAaccuracy viaHupds method[140].
As the hydrogen adsorption/evolutideatures are only slightly shifting with anode
ageing (cf.Figure6.11), overlapping hydrogen evolutiacould result in B overestima-
tion of Hypa charge(charge wasletermined via integration betwe@rl and 0.4/rne Of
the ad/ and desorptiomfter double layer correctipnConsequentlypne could specu-
late the ECSAloss viaHupd could underestimate trenode aging herd-or the cathode,
such asignificantdiscrepancy irECSAloss between CO stripping andigdlin the ab-
sence of Ir@was not overserve@f. Figure6.4).

When comparing the two AST variations applied onzli@@ased anodegnly minor
differencesin anode degradationan be observedlhe change in kg featuresand
concomitantECSAIloss variesonly slightly (cf. second addesorption peak EOT at

4 0.25VRhg, cf. Figure6.11), whereas the double layer capacitance is showinggao si
nificant difference.As the anode stressor is expected to be idenficaboth ASTS,
these results meet tipeesumeckxpectations.

CO stripping

Beside Hupd measurements, CO stripping has been performed to ezl&#msses.
TheresultingCO stripping CVs are depicted igure6.12.
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Figure 6.122 Anode CO stripping measurements prior (BOT) and succeeding (EOT) SUSD AST.
After two cleaning CVs, CO was adsorbed on the cathode catalyst sites for 3 minutes. The subse-
quent stripping CVs at T=68° C; p=1 barg, RH=100% and a scan rate of 20nV s'! are depicted.
The second cycle after the stripping CV gpproximately horizontal lines) was used as integration
baseline. For bettervisual comparability, CVs were corrected for the capacitive charge diained at
0.45Vrue during the second cycle.

Pt-MEA:

The CO peak is decreasing significantly EOT, whereas the peak is slightly shifted to
higher potentials. Tése findings are in contrast to the cathode CO peakd-{gtire6.6)

and could indicate that the CO peak staftower potential®n thecathode EOTWwas an
outlier (cf. Figure6.7). The decreang anodeCO peakillustratesthe severe HOR deg-
radation due to th&200 SUSD cycles. TheECSAIs decreased by456, indicating a
significant loss oHOR catalysinducedeither bycarbon corrosiormandbr Pt dissolu-

tion. The potential cycling of the anobetweend 0 Vrre (H2) anda 1 Vrue (air) dur-

ing each SUSD cyclés commonly consideretb be causing Pt dissolution, e.g. via
Ostwald ripening (cf. PEFC Fundamentals). However, Schwammlein et al. reported,
SUSD are also causingsignificant carbon corrosiof85]. This can also be observed
within this work through theanodedouble layer decreagef. Figure6.10).

Pt/IrOx-MEA:

BOT the CO peaksare showinga different peak shape and a shift to lower potentials
with respect to the IMIEA. When IrQ is present on the anode, two distinct peaks are
formed,and the CO onset potential is in the rangé 6f5Vrre. This effect is corrobo-
rating theobservecdeffect discussed for the CO peak shifer Ir crossoveon the cath-
ode. The presence of Ir speci@s the ACL is either lowering the P€EO bond oris
indicaing the presence of metalliddium, whichis commonly reported tbe capable

of CO ad/desorption.Da Silva et al reported comparabldormation of two distinct
CO desorptiompeaks for Pt/Ir@bifunctional catalystsvhenlrO, wasintroduced147].
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6 Durability of OER based RTAs under transient conditions

The aging of the ACL during SUSD AS®r the reversal tolant anodess shiftingthe

CO peak and CQonset potential to higher potentiala addition the corresponding
peaksdecreaseThe peak decrease is corroborating the loss of HOR catalyst, in align-
mentwith the Hipq results Following the argumentation for the cathode CO peak shift
after Ir crossoverone could speculatheincreasingCO onset potentiain the anodés
demonstratig theloss of Ir speciesThe los of OER coecatalyston the anodés further
corroborated byhe decrease of double layer capacitance and aDB&eactivity.

Besides the potential shift afteanode agingthe general peak shape is maintaifed
the Pt/IrQ-MEAs, forming two distinctCO desorptiorpeaks.But, depending orthe
performed ASTpne of the peaks i®und todecreas to a shouldetike shape whereas
the other peals still distinct After SUSDpot AST, the second peak at highergmot
tials remains Thepotential regime is indicating this peak is predominaattsibuted to
CO desorption orPt (cf. PtMEA Figure6.12). After SUSD-OCV, this corresponding
peak almostlisappearssimultaneously leading toraarrowerCO peak.Da Silva et al.
reported theevolution of CO peaks with different characteristics etefent on the
respectivePt/IrO, mass ratioof bifunctioral catalysts[147]. Consequentlypne could
speculate based on tpeak characteristiahat during SUSDOCV theloss of Pt area
on the anode is more dominanthereas th@ER cocatalyst is simultaneously facing
lower degradatiorwith respect to SUSIpot However,the exactdistinction of HOR
and OERimpact on the CO peaks difficult due to the previously discussed interfer-
enceof Pt and Ir with respect to CO and hydroger@desorption

But in alignmentwith the observed Ir crossoveECSAand double layer lossevere
anode degradatioduring the developed SUSD ASTppeas evident. Therefore, the
developed ASTs are promisitgenable the investigatiasf anodeageing

6.1.4.2 OER activity

To further analyze anode degradation, anode OER activity was investigated. This
should provide further insights in degradation and loss of OE€atalyst in addition to

the ECSAmeasurementdiscussed abovd-urthermore, insights in the reversal mitiga-
tion capability of OER based reversal tolerant anodes should be derived, aftes anod
were exposed to transient anode conditioassing substantial anode degradation.

In Figure 6.13 the anode OER activity BOT and EOT as well as the respective losses
are depictedin alignment withthe cathode results, tisarbon supported platinubased

HOR catalyst is showing a negligblOER performance in the absence ofzJrQoth

prior as well as proceeding the performed SUSD AST. In contrast, for the MEAS incor-
porating an OER ceatalyst a significant OER activity is observed, both BOT and
EOT. This observation validates Ir crossosletection via monitoring the OER activity

on the cathode, as the pristine OERcatalyst on the anode is showidgtinct OER
activity within the investigated potential regime.
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Figure 6.13: (a) Anode OER plarization curves extracted from the anodic sweep of 9 subsequent
anodeCVs at 20 mV $! between 0.1 and 1.4¥, before (BOT, solid lines) and after (EOT, dashed
lines) the respective SUSD AST was performed. The current density was corrected for the capac
tive current density observed at 1.3V. For the Pt/IrO x-MEA s averaged values from two samples
are depicted. Operating conditions: H/N2 with flow rates of 1/1 In miri* (cathode/anode) T=68° C;
p=1barg, RH=100%. (b) Anode OER activity change after the performed SUSD AST extracted
from OER polarization curves at 1.48Vrxe With respect to BOT. Error bars represent standard
deviation derived from investigating two similar MEAs, respectively.

In context withthe cathode OER #uity it should be considerafiatthe absolute OER
activity was found to benigher for the cathodes for the anodelectrodeEOT (cf.
Figure 6.3 and Figure 6.13). Consequently, either the OHRCSAandbr theintrinsic
OER activityof the crossedver and redepositelt speciescouldbe higherasthe intro-
duced IrQ catalyst on the anode.

The anodeaging during the SUSD AST s resulting in anodeOER activitydecrease
by 22% (SUSD-pot) and 39%(SUSD-OCYV; cf. Figure 6.13). Assuming theexchange
current density of theristine OER cocatalystdid not changeluring ageing, thedOER
activity decreases indicative ofsignificant IrQ dissolution As the anode potentialas
cycledidentically for both AST variantghe transientlissolutionof Ir and the respec-
tive OER speciegpresent on the anodeOT should badentical However a higher IrQ
losson the anodafter SUSBDOCYV is indicatedoy the OER activity This contradicts
previoudy discussedesults, whichnduce eithei) a lower (ACL CO stripping) orii)
comparable ACL double layer decrease aodthode OER activity) Ir distution rate
for the SUSBOCV AST. Therefore quantifyingthe comprehensivér dissolutionof an
OER cocatalyst via irsitu measurements st unambiguousespecially as th©ER
aging couldaffect the oxidation state of the-catalyst This wouldinfluencethe appar-
entOER activity(e.g.OER activityof Ir > IrOx [146, 177).

Neverthelesspoth AST variants seem to induce sfgrant IrO, dissolution within
conditionsexpectedduringfield application of fuel cell systemb.the ECSAand/or the
activity of the OER cecatalyst issubstantiallyreducedthef u e | totearcéd ayainst
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6 Durability of OER based RTAs under transient conditions

reversal eventwill decreaseThe respective impact is criticidr durability and of great
importance for theassessment andevelopment ofreversal olerant anodesRTAs
shouldnot only be optimized regardind3OL reversaltolerance bushouldalsoensue
reversal tolerancever the entire targeted lifetime. Thereforgéhe importance oDER
co-catalyst stabilityduring transient anode conditionshigihlightedand can be investi-
gated via thénereproposedSUSD ASTSs.

6.1.4.3 Reversal tolerance
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Figure 6.14: Cell voltage for two Pt/IrOx-MEAs during CR AST at 30°C, 80% RH, 1.5/1.7 bag
(anode/cathode). Cell voltage is averaged from the last 30within each cycle. Pristine MEA: grey,
MEA after SUSD-pot AST: red. Failure criteria are shown in black dotted lines. (a) Normal opera-
tion under H/air atmosphere at 0.65A cm'?. Failure for both MEAs observed during normal
operation (failure criterion: cell voltage <0.1V; threshold of 0.1V is not attended in this graph due
to averaging). (b) Reversal operation in Nair atmosphere at 0.17 (circles) and 0.6& cm'? (trian-

gles).

To correlate the observed anode ageing and anode OER activity decrease after the
SUSD AST with the respective reversal tolerance, cyclic reversal (CR) AST was per-
formed after SUSEpot AST. Deviating from the tesprocedurewithin sectionl (for

details see sectioh2.8, no H pump polarization curves, EIS and CVs were performed
during the CR ASTNormal operatiorat 0.65A cni ? (3 min) and reversal operation at

two different current densitiege alternated during CR AST.
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The resultdor two identical PirOx-MEAs are depicted ifrigure6.14: a pristine MEA

after conditioning (grey linesAindan MEA after SUSBpot AST (red lines). Both in-
vestigated MEAs are ilang within normal operation after 171 and 355 cycles, respec-
tively. Therefore, the anode ageing induced by SUSD AST is causing a decrease in
reversal tolerance by 51%. This behavior correlates with the substambidé OER
activity decrease after SUSIt AST (21.6%,cf. Figure6.13).

During normal operatioat 0.65A cm' 2 (cf. Figure6.14a) the previously aged MEA is
showing a decread cell performancalong the entire ASTompared to the pristine
MEA. The performance ifurther decreasing witheach reversatycle applied There-
fore, the overpotentidlor the aged MEAis higher peginningof-testa 61mV) and
increass at higherrates.

During reversal operation (dfigure6.14b) the cell voltageof the aged MEAs slightly
lower at CR AST start(0 cycles:& 43 anda 55mV at 0.17 and.62A cm'?, respective-

ly). However, with increasing reversal events applied, the cell voltage difference be-
tween the aged amatistineMEA is decreasingFor the higher current density after 171
cycles the cell voltage of the agtEA even exceeds the teloltage of the pristine

ME A bl#mVan reversal mode

During the SUSEpot AST the HFR remaineapproximatelyconstant(O3 mq cn?¥ at
68°C). In addition,the proton resistanaacreaseon the cathodés minor (cf. section
6.1.3. Consequentlythe increased overpotentsatluring normal operation can be at-
tributedto ORR and HORuctivity andbr mass transpoaverpotentialsDuring reversal
events ORR and OER are taking place the cathode and anodespectively The
cathodeECSAloss at 30T would induce an ORR activity loss equal to 2018 (cf.
Equation6.1). Consequentlythe lower cell performanaguringnormal operatiofORR
and HOR taking placeyithin CR AST for the aged MEA can be attribut@dst likely
to an increasedHOR overpotentiahnddegradation ratéAs shown within sectiob, the
CR failure during normal operationcould be attributed toan increagd HOR mass
transport overpotentiariginating from ACL collapse. iBwultaneously the OER per-
formance for the MEA isinaffected from the ACL collapse

In conclusion, te anodeaging originating from thel200 SUSD eventsausessignifi-
cantageing of theHOR and OER co-catalyst Furthermore,a significant increasin

HOR overpotentialis highlighted by the reversal tolerance decrease measured by the
CR ASTand OER activity measurememtter SUSD inducednode ageing

6.1.4.4 Hydrogen pump experiments

To providefurtherinsightsin the HOR overpotential increase af&dSDAST, hydro-
gen pump experiments were perfornadarying temperature@5, 70, 86°C), relative
humidity, andhydrogen concentratien(100, 50, 30, 10, ¥l% of dry ga$. For further
information,the reader is referred to secti2.7and3.1.6 As the cathode degradation
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6 Durability of OER based RTAs uedtransient conditions

after SUSD ASTis assumed to bdew (ECSAlossO10%andCq increased 17 to 22%),
the requiredassumption ohegligible HER overpotentias still valid (BOT andEOT

1 "Q @Oi "Q ).In addition,a change improtonresistancavithin the catalyst
layerscan beneglected (for discussion ssection5). For better comparisoran identi-
cal pristineMEA was investigated after conditioning. decreasing cell potential after
HFR-correctionfor the hydrogen pump polarization curwegh respect tathe BOT
MEA is indicating an increadeHOR overpotentiabriginating fromSUSDaging

As the anode degradation after SUSD AST is expected to bewitwrespectto an
MEA after a reversal stress te@.g. CR AST, cf. section5), polarization curves with
lower H> concentrationgdiluted with nitrogen) were investigatéa better resolvélOR
mass transporssuesDue to the high exchange currel@nsityof Pt for the HOR reac-
tion, weakstructural changeanddegradation are hard to distinguissing pure hydro-
gen during polarizatian
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Figure 6.15: Hydrogen pump experiments at 35°C, 100%RH and 5vol% H 2 concentration (2barqg
on the anode/cathode). Measurements performed for a pristine PY/IrOMEA after conditioning
(BOL) and similar MEAs after an SUSD AST was performed. (a) HFRcorrected polarization
curves representing the total HOR overpotential (activation and mass transport). (b) Respective
HOR mass transport overpotential against current denisy, considering the HOR activation overpo-
tential by using asimplified Butler-Volmer approach.

To illustrate the HOR overpotential increaskuring therespectiveSUSD AST, the
HFR-corrected polarization curvest 35°C, 100%RH and 5vol% H» are depicted in
Figure 6.15a. For theMEAs previously exposed tcanodeageing viaSUSD AST a

decreased cell voltageser the complete current densigngeis observedAs pressure,
flow rateandhydrogen concentrationgereequalizedor anode and cathodethin this

test procedureheequilibrium potentiald  should bea 0 V.
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