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Abstract

In a world facing climate change, the application of low temperature polymer electro-
lyte fuel cells (PEFCs) for automotive and stationary applications gained major atten-
tion recently. In particular, commercialization advances are being made for their usage
in medium and heavy-duty vehicles. Durability is a key aspect for commercial success
of PEFCs. To resist reversal events originating from gross fuel (i.e. Hz) starvation in
affected cells, the introduction of oxygen evolution reaction (OER) co-catalysts to the
PEFC anode has been established as material-based mitigation strategy. This work
focuses on the development of test protocols and characterization techniques on single
cell level to investigate iridium-based reversal tolerant PEFCs regarding performance
and degradation.

The first part of this thesis aims at techniques which are providing insights into reversal
tolerance of OER based PEFCs. An accelerated stress test (AST) was developed inves-
tigating short-term recurring reversal operation to meet the expectations of automotive
field application. An OER recovery effect, indicated by unaffected OER activity, was
observed for short-term reversal events while normal operation caused PEFC failure. In
addition, a significant dependence between hydrogen oxidation reaction (HOR) catalyst
and reversal tolerance was found. Using further characterization methods such as hy-
drogen pump polarization curves, PEFC failure for short-term reversal events could be
ascribed to hydrogen oxidation mass transfer increase originating from severe carbon
corrosion and structural collapse within the anode catalyst layer. The electrochemical
results were validated analyzing scanning electron microscope images (SEM).

The second part of the thesis focuses on PEFC degradation by transient anode condi-
tions originating from start-up/shut-down (SUSD) events. SUSD ASTs were developed
to provoke substantial anode degradation while minimizing cathode degradation due to
the so-called reverse-current effect. Advanced characterization methods to investigate
the significant degradation of the HOR and OER catalyst were developed, uncovering a
structural change of the anode catalyst layer and a substantial decline in reversal toler-
ance when PEFCs were exposed to SUSD events. In addition, characterization methods
are presented to investigate the crossover of IrO2 based OER catalyst to the cathode
catalyst layer, promoted by transient anode conditions. Iridium crossover was found to
significantly impact the determination of electrochemical surface area (ECSA) for plati-
num-based catalysts by state-of-the-art characterization methods. The introduction of a
voltage clipping step during SUSD events was showing to have a minor impact on
anode degradation and iridium crossover. Using energy dispersive X-ray spectroscopy
(EDX) and SEM imaging, the electrochemical degradation characteristics were substan-
tiated.
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Zusammenfassung

In einer mit dem Klimawandel konfrontierten Welt hat die Anwendung von Niedertem-
peratur-Polymerelektrolyt-Brennstoffzellen (PEFCs) fir Kraftfahrzeuge und stationare
Anwendungen in jlngster Zeit grol’e Beachtung gefunden. Insbesondere wurden kom-
merzielle Fortschritte beim Einsatz in mittelschweren und schweren Nutzfahrzeugen
erzielt. Die Langlebigkeit ist ein zentraler Aspekt fir den kommerziellen Erfolg von
PEFCs. Um sogenannten Reversal-Ereignissen zu widerstehen, welche durch Wasser-
stoffunterversorgung der betroffenen Zellen entstehen kénnen, hat sich die Einfiihrung
von Co-Katalysatoren fiir die Sauerstoffentwicklungsreaktion (OER) innerhalb der
PEFC Anode als materialbasierte Mitigation etabliert. Diese Arbeit konzentriert sich auf
die Entwicklung neuartiger Testprotokolle und Charakterisierungsmethoden auf Einzel-
zellebene, um Degradationseffekte von Iridium-basierten, reversal-toleranten PEFCs
hinsichtlich Leistung und Degradation zu untersuchen.

Der erste Teil dieser Arbeit zielt auf Testmethoden ab, die Einblicke in die Widerstands-
fahigkeit von OER-basierten PEFCs bei Reversal-Ereignissen ermdéglichen. Es wurde
ein Alterungstest (AST) entwickelt, bei dem ein wiederkehrender, kurzzeitiger Rever-
salbetrieb appliziert wird, um Reversal-Ereignisse im Feldbetrieb erwartungsgerecht zu
simulieren. Fur kurzfristige Reversal-Ereignisse trat ein Erholungseffekt des OER Kata-
lysators auf, der zu gleichbleibender OER Aktivitat fiihrte. Es zeigte sich, dass die
Brennstoffzelle hingegen wahrend des Normalbetriebs versagte. Dariiber hinaus wurde
ein signifikanter Einfluss des Katalysators der Wasserstoffoxidationsreaktion (HOR)
auf die Reversal-Toleranz festgestellt. Unter Verwendung weiterer Charakterisierungs-
methoden, beispielsweise der elektrochemischen Wasserstoffpumpe, konnte das Versa-
gen der PEFC bei kurzzeitigen Reversal-Ereignissen auf eine Zunahme der Massen-
transportwiderstdnde fiir die Wasserstoffoxidationsreaktion (HOR) zuruickgefuhrt
werden. Diese Zunahme wurde wiederum verursacht durch starke Kohlenstoffkorrosion
und einen strukturellen Zusammenbruch der Anodenkatalysatorschicht. Die elektro-
chemischen Ergebnisse wurden durch Aufnahmen mittels Rasterelektronenmikroskop
(SEM) validiert.

Der zweite Teil der Arbeit befasst sich mit der Degradation aufgrund transienter Ano-
denbedingungen durch Start/Stopp (SUSD) Ereignisse. SUSD Alterungstests wurden
entwickelt, um entsprechende Anodendegradation hervorzurufen und simultan Katho-
dendegradation durch den sogenannten Stromumkehreffekt zu minimieren. Es wurden
Charakterisierungsmethoden entwickelt, um die signifikante Degradation des HOR- und
OER-Katalysators zu untersuchen. Dabei kam es zu einer strukturellen VVeranderung der
Anodenkatalysatorschicht und eines substanziellen Riickgangs der Reversal-Toleranz,
sobald Brennstoffzellen Start/Stopp Ereignissen ausgesetzt waren. Darlber hinaus
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Zusammenfassung

werden Charakterisierungsmethoden vorgestellt, um den Iridiumubertritt des OER-
Katalysators auf die Kathode zu untersuchen, welcher durch transiente Anodenbedin-
gungen begunstigt wird. Es wurde festgestellt, dass Iridium die Bestimmung der elekt-
rochemischen Oberflache (ECSA) von Katalysatoren auf Platinbasis erheblich beein-
trachtigen kann. Die Einflhrung einer Spannungsbegrenzung wahrend Start/Stopp
Ereignissen wies lediglich geringfiigige Auswirkungen auf Anodendegradation und
Iridiumubertritt auf. Die elektrochemischen Degradationsergebnisse wurden mittels
energiedispersiver Rontgenspektroskopie (EDX) und REM Aufnahmen untermauert.
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1 DMotivation

“We are the first generation to feel the effect of climate change and the last generation
who can do something about it” [1]. This quote from the former US president Barack
Obama illustrates the urgency of political, social, economic, and technological transi-
tions to tackle one of humanity's most challenging issues: anthropogenic climate
change. The crucial need for decarbonization of vast sectors of our economies has be-
come a intended goal throughout society, politics and economy within the past decade
[2]. The economic decarbonization is mandatory to combat and decelerate the rapidly
progressing climate change.

From the first considerations in the 19" century, when Svante Arrhenius stated that coal
mines are literally evaporated into the air and he drew the connection between emitted
CO2 and an anthropogenic global warming effect [3], the research and knowledge of
anthropogenic climate change has been significantly improved until today. Within the
20" century further scientific insights have been obtained, corroborated and spread
beyond the scientific community. For example, when James Hansen, a National Aero-
nautics and Space Administration (NASA) climate scientist, stated and explained the
direct interconnection between substantial anthropogenic greenhouse gas accumulation
in the earth’s atmosphere and its impact on climate change 1988 in the United States
(US) congress [4]. In the same year the Intergovernmental Panel on Climate Change
(IPCC) was formed, whose main purpose is to review the latest findings of climate
science and to disseminate knowledge to policy makers and governments around the
globe [5]. These efforts succeeded in international climate change conferences and
international treaties, as e.g. the Kyoto Protocol from 1992 [6] or the Paris Agreement
from 2015 [7], where a vast majority of the world’s countries agreed on climate change
mitigation, adaption and finance.

Unfortunately, on the way from a scientific consensus to political, social and economic
actions, valuable time has elapsed to mitigate climate change and effectively cut the
CO. emissions from fossil fuels. However, science was not just able to reveal that the
influence of humans has warmed the global climate at a rate unprecedented within the
last 2000 years, but also managed to provide guiderails in future predictions on climate
change dependent on the mitigating efforts [5]. The 2021 Nobel Prize in Physics most
recently honored the outstanding research of Syukuro Manabe and Klaus Hasselmann
which set the foundation for the scientific tools to predict climate change accurately [8].
Based on Manabe’s and Hasselmann’s work, scientists found that there is most likely
still time left to mitigate climate change and prevent climate tipping points [9] — if we
start acting now to achieve net-zero CO> emissions as soon as possible.
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1 Motivation

The recent disruptive changes during the COVID-19 pandemic illustrated, that society
and politics can mitigate a global crisis governed by policies working with an individu-
als’ biases and perceptions of risk [10]. Applying these experiences and knowledge on
climate change could help to achieve the ambitious goal to reach net-zero carbon emis-
sions by 2050, a goal set by the United States and many European countries as part of
the Paris Agreement [7].

Upon the journey to net-zero carbon emissions, hydrogen will play a major role to meet
the decarbonization targets of various sectors: from heating over food production, met-
allurgy and refining to transportation [11]. Renewable energy production by solar and
wind has become cost effective recently [12, 13], generating the demand for energy
conversion and energy storage. Hydrogen is able to store this renewable energy at a
gigawatt-hour scale to overcome both daily and seasonal renewable energy fluctuation
on a commercial level today [11]. Besides, hydrogen storage and transport can be real-
ized at low cost, e.g. within the existing natural gas system infrastructure enabling
massive storage capacity [14]. With the help of hydrogen, sustainable primary energy
can be provided for all economic sectors, enabling a 100% zero emission energy grid in
combination with renewable energy production [14].

Most recently, the European Union as well as the United States enhanced their efforts
for hydrogen deployment at scale. The US Department of Energy is targeting to reduce
the costs of clean hydrogen by 80% to 1 $/kg within a single decade [15]. Simultane-
ously, the European Union committed on three major legislative packages aiming for
the transition to a green hydrogen economy upon 2050 [16]. The focus on hydrogen is
regarded as critical for the European energy security and independence, in the fields of
electric power, transportation, manufacturing, food production and supply [14, 17]. In
addition, the establishment of a hydrogen economy is also expedited in other countries,
e.g. China, Japan and Australia [18]. These billion-dollar investments [15, 16, 18, 19],
massive activities and enormous efforts are a clear sign for the key role attributed to
hydrogen mitigating climate change. Furthermore, establishing a strong hydrogen sector
is crucial to accomplish a sustainable and fossil free economy in the abovementioned
regions and worldwide.

Besides its capability in energy storage, hydrogen can act as base material for synthetic
fuels in transportation, for stationary power applications and in various industrial sec-
tors (e.g., ammonia production) [11]. However, as hydrogen provides a gravimetric
energy density already sufficient for heavy duty transportation, aviation or other trans-
portation applications, it can also be used directly as a fuel. Commonly, the transporta-
tion sector includes little renewable energy (estimated 3% in the US [20]) while simul-
taneously being responsible for 20 to 30% of the global greenhouse gas emissions [5,
21-23]. Consequently, hydrogen can directly be used to support the decarbonization of
transport in a global and interconnected world.
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1 Motivation

One of the most promising technical solutions using hydrogen as fuel for transportation
are polymer electrolyte fuel cells (PEFCs). PEFCs have many benefits over internal
combustion engines, especially higher efficiencies (> 60%) [11]. For light-duty vehi-
cles, such as passenger cars, they can provide similar driving ranges (> 500 km) and
refueling times (< 5min) [24]. Therefore, almost all major automotive manufacturers are
developing fuel cell electric vehicles [24]. However, the substantial decrease in lithium-
ion battery costs most recently lead to a significant shift in production and development
towards battery electric vehicles for light-duty usage [25].

Nevertheless, the usage of PEFC within medium to heavy-duty vehicles has recently
attracted significant attention [11, 26, 27]. Within the transportation sector, medium-
and heavy-duty trucks play a major role regarding CO2 emissions. For the US these
trucks cause 24% of the greenhouse gas emissions from the US transportation sector
(2019) [22]. Besides, truck manufactures are recently facing challenging regulations
regarding CO; fleet emission within the upcoming years, both in the EU and the US [11,
28]. In addition, major truck and car manufactures agreed on more ambitious targets and
decided to stop selling combustion engine based vehicles within their main markets by
2040 [29, 30].

Consequently, fuel cells offer a great opportunity for the transportation sector, as similar
to battery power they allow for local CO> emission-free transportation with an electric
powertrain. But in addition to battery vehicles, fuel cells can offer an extended range,
shorter refueling times and most important enable heavier payload capabilities [11]. The
increased payload capability is caused by the higher mass specific energy of hydrogen
compared to batteries and the possible decoupling of energy (hydrogen tank capacity)
and power (fuel cell stack size) for fuel cell systems [24]. This effect can lead to a de-
creased total-cost of ownership for fuel cell trucks with respect to battery technology
and state-of-the-art diesel trucks [31, 32]. This advantage gains particular importance
for heavy duty and long-haul trucks. At the same time, the usage within the medium-
and heavy-duty truck segment mitigates one of the major disadvantages of fuel cells in
transportation: the current lack of hydrogen refueling stations (= 300 total in Germany,
US and Japan [11]). The deployment of heavy-duty vehicles enables more predictable
and dedicated routes, requiring fewer refueling stations and therefore less infrastructure
investments [11, 24]. In addition, if using green hydrogen (e.g. from electrolysis of
renewable energy), fuel cell vehicles not just offer zero tailpipe CO2 emissions, but can
offer fully decarbonized transportation from well-to-wheel [33].

Within the last two decades the major commercial research and development focus for
PEFC technology was the passenger car sector [24]. The shift in intended transport
application towards medium- and heavy-duty trucks comes along with a significant
requirement increase regarding PEFC efficiency and durability [24, 34]. While the
required efficiency increase is in the range of < 5%, the durability requirements for
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1 Motivation

trucks increase by a factor of 5 to 6 with respect to passenger cars. Instead of aiming for
5 000 operating hours or ~ 250 000 km lifetime range, truck applications are targeting
for >25 000 operating hours or 1.6 million km vehicle durability [24].

Beside costs, PEFC durability has been identified as major barrier for commercial ap-
plication [34]. The substantially increased requirements for truck applications shown
above are further amplifying and illustrating the crucial need for PEFC durability.
Commonly, the durability of the membrane and cathode catalyst layer are in focus
regarding PEFC durability [34]. Despite that common focus, anode degradation has
gained increased attention recently [35-37]. In particular, anode degradation caused by
hydrogen fuel starvation is recognized as a key lever for durability [38]. The introduc-
tion of oxygen evolution reaction (OER) co-catalyst to the anode has been established
as material-based mitigation strategies for these fuel starvation events [39]. Commer-
cially available materials and manufacturing technologies can be employed to achieve
reversal tolerant anodes (RTAS) with this approach.

To attain highly durable commercial PEFC systems, advanced in-situ characterization
methods are mandatory for research and development. The mitigating capability of the
reversal tolerant anodes needs to be realistically characterized with respect to field
application [40]. Furthermore, in-situ methods to investigate the stability of the OER
co-catalyst and the reversal tolerant anodes during transient anode conditions are crucial
for further understanding in PEFC degradation. Both of these aspects are considered
within this thesis, to subsequently allow academia and industry for effective in-situ
characterization of RTA degradation and simultaneously provide further insights in the
degradation mechanisms.
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2 PEFC fundamentals

In this section the fundamentals of low temperature polymer electrolyte fuel cells
(PEFC) are briefly introduced. The fundamentals within the following sections can be
found in comprehensive scientific literature [21, 38, 41-48].

2.1 Working principle and applications

Fuel cells convert chemical energy from fuels into electrical energy and heat by a pair
of redox reactions. For low temperature PEFCs, hydrogen is used as fuel in combination
with oxygen as oxidant, while water is produced (cf. Equation 2.1).

Total reaction: 1 2.1
otal reactio H, + 502 S H,0 (2.1)

Hydrogen oxidation reaction (HOR): H, - 2H" + 2e~ (2.2)

Oxygen reduction reaction (ORR): (2.3)

1
502+ 2H* +2e™ > Hy0

On the anode, the hydrogen oxidation reaction (HOR; cf. Equation 2.2) takes place. The
formed protons migrate through the polymer electrolyte to the cathode. The electrons
are passing through an external electrical circuit, which provides the ability to perform
electrical work. The protons react at the cathode with oxygen and electrons provided by
the external electrical circuit, forming water molecules within the so-called oxygen
reduction reaction (ORR; cf. Equation 2.3).

Besides the low temperature polymer electrolyte fuel cell, a wide range of fuel cells
have been established using besides hydrogen also other fuels such as methane, metha-
nol or formic acid as a reductant and air as oxidant. Classification by the type of electro-
lyte incorporated in the cell is common. Major fuel cell types aside PEFCs are solid
oxide (SOFC), molten carbonate (MCFC), phosphoric acid (PAFC) and alkaline (AFC)
fuel cells. The varying electrolyte mainly dictates the fuel cell characteristics, as e.g.
cell components, fuel purity, operating temperature, efficiency and durability. Induced
by the varying characteristics, applications also differ significantly for each fuel cell
type. Amongst others, the range of applications spreads from stationary power genera-
tion (SOFC, MCFC, PAFC) to marine applications (MCFC) up to early space programs
(Apollo mission) for AFCs.

PEFCs are also pursued for a wide variety of applications. Whereas high temperature
(HT-) PEFCs are promising for stationary power applications (e.g. as combined heat
and power generator), low temperature (LT-) PEFCs gained major attention within the
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2 PEFC fundamentals

automotive sector due to their capability for dynamic operation, high power densities
and promising potential regarding costs and durability. Low temperature PEFCs are
typically operated at temperatures between 60 to 80° C imposed by the incorporated
polymer electrolyte.

Within the last decade, several automotive manufacturers as e.g. Toyota (model Mirai),
Hyundai (model Nexo), Honda (model Clarity) and Daimler (model GLC F-Cell) re-
leased PEFC based cars, highlighting the early commercialization of PEFC technology.
To realize mass production, many manufacturers recently extended their efforts in
addition, aiming for heavy duty applications as e.g. long haul trucks [24, 26].

2.2 Thermodynamics

The Gibbs free energy of a reaction ARzG is defining the maximum electrical energy
which can be provided by a PEFC:

where Az H describes the reaction enthalpy, T the occurring temperature and AgS the
reaction entropy (irreversible heat loss). Combustion engines or comparable classic
thermo-mechanical machines are strictly limited to the Carnot cycle and use only a
fraction of the Gibbs free energy. Their efficiency typically does not exceed 50%. In
contrast, fuel cells directly convert Az G into electrical energy. Therefore, fuel cells can
reach efficiencies higher than 50% [21, 45, 47] (See section 2.4).

The difference between the Gibbs free energy of the products and the reactants de-
scribes the change in Gibb’s free energy of a reaction AgG.

ArG = Z Gproducts - z Geducts = GHZO - GHZ - GOZ (2:5)

The change in Gibbs free energy of a reaction is dependent on pressure and temperature.
Considering the ideal gas law and isothermal conditions, it can be expressed as

Hpgducts ) (2-6)

ARG = ARG® — RT ln(
Hpgroducts

with the Gibbs free energy ARG° at standard pressure (101.3 kPa) and temperature T,
the universal gas constant R, the partial pressures p and the respective stoichiometric
factor v.
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2.3 Voltage losses / Kinetics

For the reaction in a PEFC (cf. Equation 2.1) Equation 2.6 results in
1 2.7)
. 2
ARG = AgGO — RT In | P2 P07 )
PH,0

The equilibrium potential E.,, corresponding to the Gibbs free energy is defined as

ArG (2.8)

E = —
rev ZF

where F is Faraday’s constant and z the number of transferred electrons by the reaction.
For PEFCs under standard conditions with z = 2 (cf. Equations 2.1 to 2.3), E}.., COrre-
sponds to a voltage of 1.23V.

Combining Equations 2.7 and 2.8 is resulting in the so-called Nernst equation
1 (2.9)
RT PH, " Po,?
_ 0 - 2 2
Eiev = E +ZF * In —szo
with the reaction’s reversible equilibrium potential E® at standard pressure and the

temperature T. E° can be calculated using Equation 2.8 and values for ARG° available
from standard reference tables [45].

2.3 Voltage losses / Kinetics

In contrast to the theoretical cell potential, E,., at the prevailing operating conditions,
given by the Nernst equation, the thermodynamic potential is lowered by the, so called,
overpotentials when current is drawn from the cell. Commonly, three main voltage loss
contributions were considered: activation (or kinetic) overpotentials 7,., ohmic
overpotentials n and the mass transport overpotentials 1. These overpotentials, their
composing subcategories and the corresponding equation to derive the actual cell
potential E..; are illustrated in Figure 2.1.

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 current being drawn. As root
causes mixed potentials by gas crossover and side reactions are considered. The former
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 fast kinetics on the
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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in mixed potentials lowering the cathode potential are the reduction of oxygen to hydro-
gen peroxide as well as the oxidation of carbon and platinum.

o
0
<

nmembran

€
TTHFR
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 provide a qualitative overview rather than a correct qualita-
tive distribution.

Activation overpotential

The activation overpotential n,.; is caused by the electrochemical reaction kinetics due
to charge transfer. It occures as soon as current is drawn from the cell. The Butler-
Volmer equation (cf. Equation 2.10) is describing activation overpotentials for each
electrode mathematically:

i=1iy-L- ECSA (e%.:nact _ e‘%ﬂact) (210)

Within the Butler-Volmer equation i represents the current density, i, is the exchange
current density, L is the catalyst loading (usually given in Qeatalyst CMelectrode 2), ECSA
describes the electrochemical surface area (usually given in Meatalyst® Qeatalyst -), &g and
a. are the anodic and cathodic transfer coefficients, F is the Faraday constant
(96485 C mol™), R is the universal gas constant (8.3145 J KX mol '), T is the cell
temperature (203.15K) and n,. is the kinetic overpotential. The Butler-Volmer
equation consideres the redox reactions occuring at one electrode, e.g. the ORR and the
associated oxygen evolution reaction (OER) on the cathode, and is weighting the
contribution of the reduction (i.e. ORR) and the oxidation (i.e. OER) to the overall
current by the transfer coefficient. The 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 associated to a fast reaction
kinetics, is resulting in a small activation overpotential. However, a lower exchange
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current density can be compensated by a large catalytic surface area (product of
L - ECSA).

For large overpotentials, e.g. far away from the equilibrium potential where one reaction
dominates, the Butler-Volmer equation can be simplified to the so-called Tafel equation:

__R-T ln( i ) (2.12)
Tact = /e F "\ig- L -ECSA
which also can be written as:
_ (2303:R-T log(io) 2.303-R-T loglil = a+ b - logli (2.12)
Nact = asc F 08(1o asc F ogill = a ogit

where b is the so-called Tafel slope.

The total activation overpotential is composed by the activation overpotential for the
PEFC reactions taking place at the anode 71, yor and the cathode 7,c orr, @S
illustrated in Figure 2.1 (green areas). For both reactions, Pt is the best monometallic
catalyst known to date. However, the HOR (i, in the range of 103 A cmp?) exhibits a 6
orders of magnitude higher exchange current density compared to the ORR (i, in the
range of 1078 A cmpf). Therefore, the activation overpotential n,.. for PEFC is widely
attributed solely to the activation overpotential of the ORR on the cathode, whereas the
HOR activation overpotential, due to its fast kinetics, is neglected. Simultaneously, this
explains the commonly higher platinum loadings on the cathode in contrast to the anode
for PEFC applications.

Ohmic overpotential

As illustrated in Figure 2.1 (brown to orange areas), the ohmic overpotential ng is
composed by ohmic losses of the membrane 1membrane, CONtact resistances Neontact and

losses due to proton conduction within the catalyst layers nf{ff, cathode & anode- 1N€ Ohmic

overpotential linearly increases with current density according to Ohm’s law and
dominates at moderate to high current densisites. The membrane overpotential caused
by ionic resistance of the membrane is significantly dependent on the membrane’s
thickness and water content. Simultaneously, the membrane overpotential is dominating
the ohmic overpotential. The contact resistance Ncontact 1S SUMMING up the resistances
occuring by conductions of electrons trough the catalyst layers, gas diffusion layers
(GDLs), flowfields and bipolar plates. In addition to the dependency on the
incorporated materials, the contact resistance also is a function of the cell compression.
Nmembrane aNd Ncontact @re commonly summarized in the high frequency resistance
(HFR) overpotential nyggr. Furthermore, the transport of protons through the catalyst
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layers results in the effective proton overpotential NSt .\ 1o ¢ anoger 810 referred to as

sheet resistance. As for the activation overpotential, the contribution of the anode sheet
resistance is commonly neglected due to a minor impact. Commonly, a lower anode
thickness (resulting in increased gas diffusion) and the fast HOR kinetics lead to the fact
that the HOR reaction takes place close to the membrane interface, resulting in short

protonic pathways and thus in negligible protonic resistance. Therefore, solely the

proton resistance of the cathode nﬁff, cathode 1S taken into consideration for PEFC cell

voltage loss.

Mass transport overpotential

At high current densities, the mass transport overpotential n,,., is dominating (cf. Fig-
ure 2.1, blue areas). Mass transport overpotentials are originating from convective
and/or diffusive gas transport limitations. Convective gas transport predominatly occurs
within the flow field domain and the GDL. Convective mass transport limitation is
commonly attributed to blockages of reactant gas flow, e.g. by liquid water. Diffusive
gas transport limitations of reactant gases occur between flow channel and to the so-
called triple or three-phase boundaries, predominantly in the porous pathways of the
GDL and the catalyst layer. Three-phase boundaries refer to active catalyst sites within
the catalyst layer, where gaseous rectant is present and simultaneously protonic and
electrical conduction is ensured (for further details see section 2.5.2). Within the GDL
domain, predominantly diffsuive transport phenomena are considered following a
Stefan-Maxwell or Fickian-type diffusion approche [21, 49]. Within the catalyst layers,
Knudsen diffusion is commonly assumed [21, 49]. As diffusive mass transport is
considered as major contributor, mass transport overpotential becomes apparent for
diluted reactants, e.g. oxygen in air or for the enrichment of N2 in the anode loop
(further discussed in section 2.5.5). In addition, the (temporary) loss of available porous
volume in the GDL, microporous layer and catalyst layer can lead to an increase in mass
transport overpotential. Loss in pore volume can occur for example due to pore
blockage by accumulated water [50] (humidifying water in gas supply or product
water), increased compression (predominantly decreasing the GDL void volume) or due
to degradation and collapse of the catalyst layer and/or GDL.

As the above described effects are more likely relevant on the cathode (product water
formation, dilluted oxygen, electroosmotic drag), the overpotential on the anode is
commonly disregarded due to it’s minor contribution to mass transport. However, for
degraded anode catalyst layers significant mass transport increase has been reported
[35].
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2.4 Fuel cell efficiency

2.4 Fuel cell efficiency

For PEFCs, commonly the electrical efficiency ne¢ ¢ is considered as major efficiency

parameter. The maximum theoretical electrical efficiency n;‘;f?gl can be described as:

heo _ ARG® 2.13
ngffe,gl— ARHo (213)

Using the higher heating value of hydrogen (AHZy = 286 ki mol™) , for PEFCs a
theoretical electrical efficiency of 83% can be achieved [47]. The theoretical efficiency
is also known as the thermodynamic efficiency or the maximum efficiency limit.

The actual electrical efficiency nes o Of a fuel cell is defined by the actual electrical
energy W, divided by the energy of hydrogen consumed Wy, [51]:

_ We _ I'Ecen
Neff,el = 3~ = A0 i’ (2.14)
Ho Ho

with the current I, actual cell voltage E..; and molar flow of hydrogen consumed iy, .

Considering Faraday’s Law and the higher heating value of hydrogen in equation 2.14,
the electrical efficiency of a fuel cell can be written as [51]:

— Ecen (2-15)
Meff,el = 7282V

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 approaches can be reasonable as the product water may leave in liquid or gaseous
form. The actual fuel cell efficiency is dependent on the occurring overpotentials (see
section 2.3). If the overpotential increases (e.g. due to aging), the electrical efficiency
decreases. Simultaneously, the waste heat increases.

The current efficiency neg ce (considering internal currents) and the fuel utilization
Neff, fu (CONsidering commonly applied overstoichiometric operation) can be considered
in addition to calculate the electrical efficiency more accurately [47, 51]:

Neff, el = i;ezuv Teff, ce Meff, fu (2.16)
For fuel cell systems, the electrical efficiency is decreased by electrical consumers.
Balance of plant components (e.g. compressors) decrease the electrical net power output
and thus the system efficiency. At the same time, the thermal energy by waste heat can
complement the electrical energy for fuel cell systems. For example, the thermal energy
can be used within the fuel cell system (e.g. for gas conditioning) or adjacent systems
(e.g. truck cabin). Consequently, the overall system efficiency can be increased. How-
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ever, if the thermal heat exceeds the usable portion of the system, additional cooling
power has to be provided. This, in turn, can decrease the net power output of the fuel
cell system [42, 45].

2.5 PEFC components

In the following section an overview of the main PEFC components and materials from
membrane electrode assembly (MEA) to stack level shall be provided as well as their
main characteristics and requirements. The membrane electrode assembly is the core
element within PEFCs. As depicted in Figure 2.2 the MEA is surrounded by bipolar
plates (stack configuration) or flow fields (single cell) including flow channels on the
anode and cathode. The flow channels are commonly aiming for a homogenous gas
distribution. Within the MEA, the membrane is sandwiched between the catalyst layers
and the gas diffusion layers (GDLs). The GDL commonly consists of a microporous
and a microporous layer (MPL) on the interface next to the catalyst layer. The electro-
chemical reaction takes place within the catalyst layers at the so-called three-phase
boundary (see section 2.5.2).

Flow field /
Bipolar plate

Gas diffusion layer

Anode catalyst layer —» $
Membrane —» ¢ H+ e
Cathode catalyst layer —» FRge %5 e

Microporous layer ﬂ'O}
e

Macroporous layer —» /(/
SR L ,@ J

S\ \/-/) o=

o °“a””e'“

Figure 2.2: Schematic sketch of a PEFC, including membrane electrode assembly, flow field/bipolar
plate and external electrical circuit.

Membrane electrode assembly

251 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
membrane. The membrane is the geometrically centered component in the MEA. To
locally separate the overall reaction within a fuel cell (see Equation 2.1) into anodic
HOR and cathodic ORR reaction, the polymeric membrane ideally can conduct protons
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while being impermeable to (educt) gases as well as being completely electrically insu-
lating. Membranes with perfluorosulfonic acid (PFSA) groups carried on a (fluoro-
)polymeric backbone have been established as state-of-the-art. A general chemical
structure of theses polymers is shown in Figure 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 groups form hydrophilic clusters, whereas the main chains are show-
ing hydrophobic characteristics. Consequently, a phase separation in PFSA based mem-
branes is observed. Water, introduced to the MEA with the supply of reactant gases and
from the chemical reaction at the cathode, is forming a network within the hydrophilic
phase. The water molecules are forcing the dissociation of sulfonic acid groups, ena-
bling proton conduction, and resulting in a highly acidic medium. The proton transport
takes place either via structural diffusion (Grotthuss shuttling) or vehicular diffusion
and is strongly dependent on the humidification level of the membrane. The proton
transport is accompanied by the so-called electroosmotic drag, which describes the co-
transport of water molecules within the membrane for each proton transported. This
effect is further complicating the management of byproducts as water and heat.

To meet the requirements for high-performance commercial applications, especially the
following requirements are mandatory for PEFC membranes:

i. high proton conductivity
ii. impermeability for fuels and oxidants
iii. high durability (chemical and physical stability)

To achieve a high proton conductivity and low ohmic losses, membranes are designed
as thin as possible to provide a low ionic resistance while maintaining acceptable gas
permeation. State-of-the art thicknesses are in the range of 40 to 10 um. In addition to
membrane thickness, the ionic conductivity is highly dependent on temperature and the
membrane’s water content. To achieve high ionic conductivity, a key strategy is to
humidify the gas supply of the reactant gases, especially on the anode. However, humi-
fication requires space and resource intensive power of plant components.

The gas permeability is inversely proportional to the membrane thickness. The thicker
the membrane, the higher the resistance for hydrogen or oxygen molecules to crossover
from anode to cathode or vice versa. Permeating reactants crossing the membrane are
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leading to an electrical efficiency loss either via hydrogen consumption at the anode by
reaction with crossed-over O or by consumption of crossed-over hydrogen and subse-
quent reaction with oxygen on the cathode. Therefore, commonly a trade off in mem-
brane thickness between optimized proton conductivity and acceptable gas impermea-
bility has to be found.

The thickness of the membrane is significantly decreased by chemical and physical
membrane degradation over lifetime. Thus, gas impermeability and membrane durabil-
ity are closely related. Membrane degradation is discussed in detail in section 2.6.3.
However, a short overview in membrane durability is given in the following to account
for the mitigating materials incorporated. Chemical membrane degradation is mainly
driven by the formation of peroxide, hydroxyl and related radicals due to permeated
oxygen and hydrogen molecules or as intermediate species in the ORR [21, 52, 53]. As
a consequence of chemical degradation, severe membrane thinning can occur, leading to
increased gas crossover rates as well as even leading to complete electrical shorting of
the cell. To improve the chemical stability of PFSA based membranes, either the iono-
mer can be improved (e.g. by decreasing oxygen crossover) or radical scavengers (e.g.
Ce or Mn) can be integrated within the membrane [21, 52]. The physical or mechanical
durability is mainly influenced by mechanical stress. Mechanical stress can be caused
by compression, punctures or membrane swelling and shrinkage due to changing water
content within the membrane. To improve mechanical durability, the employment of a
mechanical reinforcement layer within the membrane has been established [21].

Beside the above discussed membrane properties, membranes for commercial applica-
tions have to meet low-cost targets, processability, compatibility with the electrodes and
environmental compatibility. Hydrocarbon based ionomers have been identified as
promising alternatives to PFSA based membranes, especially regarding costs and en-
hanced environmental impact due to the absence of perfluorination. But they still have
to overcome disadvantages as decreased proton conductivity and durability compared to
PFSA membranes.

2.5.2  Catalyst layer

The catalyst is a key component in all fuel cell types. Catalysts are lowering the activa-
tion energy and are thereby significantly increasing the reaction rates. In PEFCs the
hydrogen oxidation and the oxygen reduction reaction are catalyzed on the anode and
cathode electrode, respectively.

To enable the electrochemical reaction in a fuel cell, electrons, protons and the reactant
gas (H2 or Oy, cf. Equations 2.2 & 2.3) have to be present at the respective catalyst
simultaneously. This is also referred to as the three-phase interface or boundary (see
Figure 2.4).
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Figure 2.4: Three-phase boundary within the catalyst layer.

Therefore, the catalyst layer should provide the following characteristics:

i. provide a high catalyst surface area
ii. high electrical conductivity (between flow field and three-phase boundaries)
iii. high proton conductivity (between membrane and catalyst sites)
iv. distribute reactant gases homogeneously
v. remove product water efficiently

State-of-the-art catalyst layers employ platinum or platinum-alloy nanoparticles (com-
monly with particle sizes of 2-5 nm) supported on carbon for the HOR as well as for the
ORR. For automotive applications, loadings of 0.2 to 0.35mgeicm 2 and 0.05
mge: cm 2 are commonly realized on the cathode and anode, respectively. Typically
Pt/C catalysts with 20 to 50 wt.% of Pt [21] are used. The commonly used carbon sup-
port (e.g. carbon black such as Vulcan™, high surface area carbon, graphitized carbon)
ensures a fine catalyst distribution and thereby a high electrochemical surface area
(ECSA, typically in the order of 100 cm? catalyst surface area per g platinum) as well as
a high electrical conductivity. In addition, the carbon support leads to a high porosity
within the catalyst layer, enabling gas transport of reactant gases as well as removal of
product water on the cathode through the void volume of the catalyst layer.

In order to provide protons on the active sites of the catalyst, a proton transport medium,
the so-called ionomer, has to be incorporated in the catalyst layer. Typically, the same
material as for the membrane is used and deposited as a thin ionomer layer on the car-
bon surface, ensuring the proton transport within the catalyst layer to the membrane. As
the incorporated Pt particles are commonly covered by ionomer, the ionomer needs to
be permeable for O, or H2 on the cathode and anode, respectively. As permeability is
inversely proportional to ionomer film thickness, the ionomer thin film on Pt has to be
in the nm scale. In contrast, the ionomer thickness of the membrane, hindering gas
permeation to a high extent, is in the scale of >10 um. An optimum between accessing
all Pt sites by the ionomer matrix and an excess of ionomer, resulting in gas transport
limitations and pore blocking, has to be found to achieve a high fuel cell performance.
The total amount of ionomer can be controlled via the ionomer to carbon (I/C) weight
ratio during MEA fabrication. However, to overcome the complex dependencies of
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ionomer distribution within the catalyst layer, the catalyst layer and it’s production has
to be optimized to achieve high performance MEAs [54, 55].

Besides, a PEFC catalyst layer should ensure a high durability. A key lever for catalyst
layer durability is the use of corrosion resistant support material (see chapter 2.6).
Therefore, efforts are made to replace carbon-based supports, which are prone to corro-
sion, by alternative support materials. Promising candidates are for example antimony
doped tin oxides [56], nano-structured thin films (NTFS, developed by 3M) [21] or Pt-
Ni aerogels [57]. However, there are still various challenging issues for these approach-
es as e.g., low electrical conductivity, low stability in reductive atmosphere or issues
with amplified water flooding due to the reduced thickness of NTFS electrodes [21].

In addition to the above-described characteristics, the catalyst layer should feature
reasonable cost and processability. As catalyst layer costs are mainly driven by the
precious metal loadings, there are a lot of efforts to lower the catalyst loading while
maintaining comparable performance and durability [58]. From a processing perspec-
tive, the catalyst layer can be attached to the membrane to form a catalyst coated mem-
brane (CCM), either by direct coating or the so-called decal transfer coating process
[21, 44]. Another option is to coat the catalyst layer to the diffusion medium resulting in
a so-called gas diffusion electrode (GDE). Commonly, GDE based fabrication is report-
ed to result in lower PEFC performance with commercially available materials [59]. It
was recently indicated, the lower performance is caused by increased water retention
and mass transport resistances for GDEs [59]. However, the GDE approach is often
employed for research activities investigating alternative catalysts with different struc-
tures and morphologies, which requires different ink formulations.

2.5.3  Gas diffusion layer

The gas diffusion layer (GDL) is placed between catalyst layer and the flow
field/bipolar plates. Its main requirements are:

i. distribute gases homogeneously to the catalyst layer
ii. high electrical conductivity
iii. efficient heat and water removal

If these requirements are met, a homogeneous current density distribution and thus high
performances can be achieved. To attain homogeneous gas distribution to the catalyst
layer, the GDL has to ensure efficient in-plane transport of gases, especially to the
contact areas between GDL and flow field, the so-called landing area.

To meet the requirements, carbon fibers or carbon paper GDLs are commonly em-
ployed, offering a high porosity and thus enabling efficient convective and diffusive gas
phase transport. Concurrently, carbon provides a high electrical conductivity, minimiz-
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ing ohmic losses occurring due to electrical conduction between the flow field and the
catalyst layer.

Figure 2.5: Scanning electron microscope (SEM) images of a 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 Attribution 4.0.

The GDL’s ability for effective reactant supply is accompanied by the need for removal
of water from the MEA to avoid GDL and catalyst layer flooding, which can lead to gas
transport limitations. Therefore, the carbon fibers are commonly treated with hydropho-
bic polymer, typically polytetrafluoroethylene (PTFE). Simultaneously, the polymer is
acting as a binder between the fibers and is increasing mechanical stability.

To further improve water removal from the interface to the catalyst layer and prevent
mechanical damage of the electrodes by carbon fibers, a microporous layer (MPL) can
be coated on the macroporous GDL substrate. State-of-the-art MPLs incorporate carbon
black in combination with a hydrophobic PTFE binder, establishing pore sizes three
orders of magnitudes smaller than the typical pore sizes of the macroporous layer
(MPL: 10 nm, GDL substrate: > 10 um). The small pores of the MPL are causing a
high capillary pressure preventing the accumulation of water in the catalyst layer. At the
same time, the higher surface area of the MPL is improving the electric contact between
the catalyst layer and the GDL as well as preventing carbon fiber based mechanical
damage within the catalyst layer or the membrane by ensuring a homogeneous pressure
distribution. An example for a GDL is illustrated in Figure 2.5.

Finally, GDLs are able to provide mechanical stability and even balances external and
internal mechanical stress, (e.g., different gas pressures on the anode and cathode or
varying compression caused by membrane swelling).

Within GDL manufacturing, either carbon paper or woven structures are used as pro-
duction substrate. During manufacturing the substrate is further processed, e.g. by hy-
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drophobic impregnation with PTFE. To achieve low cost and high performance, the
manufacturing has to be optimized regarding these parameters.

2.5.4  Flow field / bipolar plate

The bipolar plate (stack) or flow field (single cell) is commonly made of corrosion
resistant metal or graphite. The MEA in a single cell is sandwiched between two flow
fields on the anode and cathode, respectively. In stack configuration, the bipolar plates
are connecting the cathode of one unit cell to the anode of the adjacent cell. The bipolar
plate’s main purpose is to supply reactant gas to the MEA and to remove water by
convection from the gas channels. Concurrently, the bipolar plates provide electrical
connection of the MEA, support the MEA mechanically and separate the unit cells in
stack configuration physically. In addition, the bipolar plates commonly remove the
waste heat by additional internal channels for cooling fluids.

A wide range of flow channel designs is available, e.g. parallel-, serpentine-, or interdig-
itated channels. Each of them has advantages and disadvantages [21, 61]. Especially for
automotive applications, the flow field needs to enable gas transport at varying current
densities and therefore gas flow rates and pressure drops. Furthermore, the water re-
moval should be ensured at varying operating conditions and humidification levels, as
channel blockage of single channels or the whole flow field can lead to severe degrada-
tion of the fuel cell (H2 starvation, see section 2.7.1) or performance decay.

Commonly, metallic bipolar plates use stainless steel or titania as base material. Stain-
less steel is less costly but comes with disadvantages regarding corrosion resistance in
the acidic PEFC environment. However, corrosion resistance can be enhanced by coat-
ing layers of more corrosive resistant materials. When using metallic bipolar plates, the
risk of promoting membrane degradation (see section 2.6) should be considered by the
introduction of iron or titanium to PEFC cells [62]. Consequently, the usage of carbon
based graphite bipolar plates is a promising and well established alternative, also show-
ing an increased plate lifetime compared to metal plates [3]. But the commonly in-
creased plate thickness of graphite plates, compared to metal ones, can lower the volu-
metric power density of the fuel cell stack. For production of graphite plates either
compression molding or injection molding (higher production rate) can be applied [21].

255 PEFC stack and system

For automotive and stationary applications several cells are stacked in series to achieve
a sufficient power output. A schematic stack assembly is shown in Figure 2.6. The
current flows through each cell and subsequently the voltage adds up along the stack
according to Kirchhoff’s circuit laws. As mentioned above, the electrical connection
between two adjacent unit cells is achieved by the bipolar plate.
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Figure 2.6: Schematic setup of a stack assembly including an explosion drawing of a single bipolar
plate sandwiched between two MEAs.

To prevent leakage from or to the ambient, the MEA’s sealing commonly is realized by
incorporating a frame/seal combination. Frames are typically based on polyethylene
naphthalate (PEN) and sealings are frequently made of silicone. The applied sealing
technology has to prevent the mixture of supplied media within the stack (e.g. between
the reactants or between one reactant and cooling) to enable a safe operation. The first
and the last plate in stack configuration, the so-called endplates, only have a single flow
field facing to the stack-inside, respectively. They are typically used to mechanically
compress and fix the stack assembly with the help of metal straps, rods or other com-
pression techniques. In addition, the endplates typically contain the media supply ports
for air, hydrogen and coolant.

To meet the requirements of the PEFC components and to ensure controlled operating
conditions, the stack is embedded into a fuel cell system. A simplified fuel cell system
for automotive applications is illustrated in Figure 2.7.
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Figure 2.7: Schematic setup of a fuel cell system. The setup is simplified displaying only the main
components while many elements (pumps, valves, sensors, etc.) are not shown. Scheme should be
considered exemplary, as real systems can vary significantly dependent on manufacturer and
application.

A compressor supplies the oxygen from the surrounding environment at the desired
operating pressure and stoichiometry (characteristically value between 1 and 2). High
gas pressures commonly improve fuel cell performance while simultaneously increasing
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power consumption, compressor module costs and requirements for sealing technology.
This results in typical operating gas gauge pressures of 1 to 2 barg for automotive appli-
cations. To ensure a well-humidified membrane, the compressed air is often humidified
prior entering the stack. Humidification is typically realized by recovering water from
the exhaust gas. As the employment of a humidifier adds complexity and costs to the
system, also humidification strategies without humidifiers are used (e.g. reported for the
Toyota Mirai 1 [63]). For automotive applications H> supplied from an onboard pres-
sure tank, based on composite pressure vessels, has been established (350 or 700 bar).
Therefore, for these systems no compressor is required on the anode side. However,
also tank technologies using liquid hydrogen at cryogenic temperatures (< —252.8 °C)
are under research and development to achieve a higher gravimetric and volumetric
energy density and a subsequently higher range. This is of special interest for long haul
truck applications [26]. Consequently, the realization of the desired operating conditions
has to be adapted to the tank technology (e.g. using heaters, pressure reducers or com-
pressors). Commonly, desired gas pressures on the anode are in the same order of mag-
nitude as for the cathode compartment (1 to 2 barg). Likewise, hydrogen is typically
humidified before entering the stack. Due to the above-mentioned electroosmotic drag
of water from the anode to the cathode, this is mandatory to ensure a stable membrane
humidification. Gas humidification is commonly realized by either a humidifier, hydro-
gen recirculation, or a combination of these. Since the fuel efficiency can be improved
by recovering residual, overstoichiometric Hz (typically stoichiometry in applications
~1.2t01.7) from the exhaust gas, recirculation within the fuel supply is commonly
established regardless of the humidification. Nevertheless, the enrichment of N2 or O in
the anode loop by crossover from the air side may make it necessary to purge the gas
mixture (N2/Hz) from the anode loop to the exhaust at certain time intervals. Otherwise,
the hydrogen partial pressure can decrease the fuel cell performance or even (local) fuel
starvation can occur due to (locally) understoichiometric (< 1) operation (see mecha-
nism in section 2.7.1).

Fuel cell systems commonly contain a coolant loop to control the operating temperature
and prevent degradation by unintended high temperatures, low humidity or large local
gradients within the stack or the cells. To ensure a homogeneous temperature distribu-
tion in the stack, commonly coolant is flowing through each bipolar plate. Thus, to
avoid high voltage safety concerns as well as parasitic currents, the coolant must have a
low conductivity. To further utilize waste heat and increase system efficiency, the cool-
ant loop can provide thermal energy to other system components (e.g. heaters) or to
external systems (e.g. to a vehicle interior). Finally, a power converter is used (e.g. a
DC/DC converter for a DC motor) to supply the electrical power at the desired proper-
ties to the vehicle’s powertrain. The hybridization of the latter can vary dependent on
the application as well as the operating strategies. Therefore, the fuel cell can either be
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connected directly to an electrical motor or to an interconnected battery via the power
converter.

2.6 Material degradation mechanisms

Durability is the major lever to achieve the ambitious lifetime targets for commercial
stationary and automotive targets, e.g. for long haul truck applications where lifetimes
of > 20,000 h are aspired [21, 38, 64]. With a performance decay of > 10% commonly
the end-of-life criterium is reached for automotive or stationary applications (e.g. emer-
gency power generators). Consequently, high durability is a mandatory requirement to
establish PEFCs on a commercial level as carbon neutral alternative to prevailing com-
bustion engines for sectors such as transportation.

Fuel cells cannot always be operated in their ideal operating window, which is a steady
state operation at constant voltage in the range of 0.5 to 0.7 V under mild temperatures
(= 70° C), fully humidified conditions and using hydrogen and air free of pollutants.
Each stack component is subject to specific degradation processes, commonly amplified
outside the ideal operating window.

To provide a comprehensive understanding of MEA and in particular anode catalyst
layer degradation, the major degradation mechanisms for all MEA components are
outlined in this chapter.

2.6.1 Bipolar plate and seal degradation

As discussed above, bipolar plates are commonly based on graphite or metal. Degrada-
tion of bipolar plates can result in a loss of mechanical integrity or electrical conductivi-
ty. The former will lead to mixture of air or fuel with coolant and subsequently to severe
degradation or performance decay. The latter increases ohmic losses and heat genera-
tion, e.g. by decreased electrical conductivity or increased contact resistance.

During operation, the bipolar plates are in contact with an acidic water phase (common-
ly pH values in the range of 3to5 [65] are reported). For graphite-based plates, this
environment can lead to chemical degradation due to carbon oxidation in the presence
of H>O> or increased potentials, e.g. during fuel starvation or start-up/shut-down condi-
tions (discussed in section 2.7). Besides, elevated temperatures can lead to mechanical
degradation of graphite based bipolar plates resulting in deformation and brittleness.
Metal bipolar plates experience serious durability issues as well. At the cathode side,
most metals form a passivating oxide layer on the surface. However, low cathode poten-
tials can result in reducing this passivating layer and subsequently releasing metal ions.
These ions can contaminate membrane and catalysts. Under normal operating condi-
tions such passivating oxide layers are not formed on the anode side. However, during
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specific operating conditions, such as fuel starvation, catalyst poisoning or so-called
start-up/shut-down events, resulting transients in the anode potential can promote the
release of metal ions on the anode side as well.

Beside bipolar plate degradation, seal degradation also can occur. So far degradation
phenomena for seals are rarely investigated in general. However, they can either lead to
functionality loss of the seal (e.g. external or internal leakages) or lead to poisoning of
the MEA due to contaminant leaching from seal components [66]. Seal degradation is
mainly caused due to exposure to coolant or the acidic environment.

2.6.2 GDL degradation

The GDL experience comparable conditions as the bipolar plates. They are exposed to
acidic environment (pH~= 3 to 5). As mentioned above, in combination with water
peroxide or increased potentials, this can lead to carbon oxidation of the commonly
carbon based GDL. The incorporated hydrophobic fluorinated binders can protect the
carbon surface to a certain extend from oxidation. Nevertheless, carbon (surface) oxida-
tion and decomposition of the additives can occur, leading to increased electrical re-
sistance (in- and through-plane or contact resistances), loss in hydrophobic character
and pore structure change. Subsequently, a significant increase in ohmic loss can occur
as well as an increase in mass transport overpotential by (temporary) porosity loss, e.g.
caused by water flooding or structural collapse. This can severely decrease the fuel cell
performance. Mass transport increase due to enhanced water accumulation or pore
collapse is regarded as most critical for GDL durability.

Moreover, mechanical stress (e.g. change in compression) can lead to GDL degradation,
which can affect other MEA components. Broken GDL fibers for example can lead to
membrane puncture and consequently to complete failure of the fuel cell.

2.6.3 Membrane degradation

Membrane degradation can be separated into two major classes: chemical and mechani-
cal membrane degradation. Whereas chemical degradation is resulting in changes within
the chemical structure of the polymer (e.g. by polymer chain decomposition), mechani-
cal degradation is caused by physical stress. However, both degradation processes result
in increased membrane permeability for fuel and/or air up to complete short circuit
between the electrodes. Besides, contamination by ionic species (e.g. metal cations or
NH}) can lead to proton exchange at the sulfonate sites and consequently reduced pro-
ton conductivity and/or reduced hydrophilicity, influencing the membrane water con-
tent.
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Chemical degradation

Chemical degradation of membranes is mainly associated with the formation of
hydroxyl radicals leading to chain scission. The radicals are formed in the concurrent
environment of Oz, Hz (consider above discussed crossover between anode and cathode)
and Pt. Adsorbed hydrogen on Pt sites can react with oxygen molecules forming
hydroperoxide radicals. These radicals can react in turn with other adsorbed hydrogen
atoms, resulting in hydrogen peroxide (H202) permeating through the MEA. Besides,
H20- can be formed as intermediate species during ORR [53]. Catalyzed by transition
metal ions, such as Fe?*, hydroxyl radicals (-OH) are formed from the decomposition of
the hydrogen peroxide. The hydroxyl radicals can attack hydrogen covalent bonds
within the ionomer, leading to either unzipping of end groups from the perfluorinated
backbone or unzipping of sulfonic acid groups present at the polymer side chains. The
release rate of HF from this chemical decomposition is typically taken as indicator for
membrane stability. This degradation mechanism is also valid for ionomer incorporated
within the catalyst layers.

As material-based mitigation strategies either gas crossover rates can be decreased (e.g.
by Pt additives within the membrane), radical scavengers (e.g. Ce*) can be introduced
or non-perfluorinated end groups can be removed from the polymer chain. These miti-
gation strategies aim to decrease the rate of polymer decomposition by unzipping. In
addition, the adaption of operating strategies can also reduce chemical membrane deg-
radation. Low relative humidity (RH), open circuit voltage (OCV) conditions and ele-
vated temperature accelerate the chemical degradation and should be limited [21].

Mechanical degradation

Mechanical stress can lead to a failure in mechanical integrity of the membrane. Exter-
nal materials (for example carbon fibers from the GDL or production residues) can
puncture the membrane or external forces (e.g. nonuniform compression, or high differ-
ential gas pressure between anode and cathode) can lead to mechanical failure. Besides,
the high affinity of membrane swelling upon water uptake can result in membrane
failure under cycling conditions, especially when temperature or relative humidity is
cycled. Consequently, fatigue stress or membrane thinning can occur. Cracks within
catalyst layers can accelerate the mechanical degradation during cyclic membrane
swelling [67].

The introduction of a reinforcement layer (e.g. based on PTFE) has been established to
reduce mechanical degradation and to enhance the dimensional stability. Thereby, the
MEA lifetime can be increased while maintaining membrane thickness, or the mem-
brane thickness can be reduced (simultaneously increasing proton conductance) while
maintaining the required lifetime. In addition, also the operating strategies can be opti-
mized aiming for decreased RH and temperature cycling.
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2.6.4 Catalyst layer degradation

Catalyst layer degradation is a major concern for PEFC durability, as the electrodes
have a significant impact on the occurring overpotentials in a PEFC (see section 2.3).
This chapter describes the appearing material degradation processes and their impact on
the cathode and in particular the anode catalyst layer. As platinum is the best
monometallic catalyst know to date for HOR and ORR, the incorporation of Pt
supported on carbon for commercial PEFC applications is state-of-the-art.

Pt deactivation

During PEFC operation several degradation processes for the catalyst (commonly Pt
supported on carbon) can occur. The main degradation processes are depicted schemati-
cally in Figure 2.8. All shown mechanisms are leading to an ECSA decrease and there-
fore to an increased activation overpotential.

Platinum Dissolution

3D
s

ﬁ"\

Ostwald Ripening

Particle Detachment

Agglomeration

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

Platinum dissolution (e.g. to the ionomer phase) and carbon corrosion are considered
primary degradation mechanisms, while Pt detachment and agglomeration as well as
Ostwald ripening are considered secondary mechanisms which can be induced by a
primary mechanism.

From a mechanistic point of view, Ostwald ripening and electrochemical Pt dissolution
are strongly related. Despite being one of the most stable elements, Pt can be dissolved
in acidic media at potentials present in a fuel cell. The Pt dissolution can either take
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place by direct oxidation of platinum nanoparticles to Pt>* or via the reduction of plati-
num oxides, which are commonly formed on the surface during operation within the
commonly observed potentials of 0.95 to 0.65 Vrre (voltage against reversible hydro-
gen electrode, RHE) on the cathode. Subsequently, the formed Pt>* ions are soluble in
the ionomer phase (ionomer and membrane) and can dissolve. Dissolved Pt can either
been washed out (Pt dissolution) or redeposited again within the catalyst layer on other
Pt particles, resulting in particle growth or the so-called Ostwald ripening. Furthermore,
Ostwald ripening can also occur via Pt atoms diffusing along carbon support [69], de-
picted as 2D Ostwald ripening in Figure 2.8. The resulting larger nanoparticles are more
stable than smaller particles, but consequently the average Pt diameter increases while
the ECSA decreases. Besides, the Pt?* ions also can be reduced within the ionomer
phase, e.g. by H> crossing over from the anode side, commonly building out a band-like
precipitation near the cathode/membrane interface [69]. As these Pt nanoparticles are
electrically not connected, they cannot participate in the electrochemical reaction in the
absence of a three-phase boundary. The same mechanism is hypothesized for other
metallic catalysts, as exemplary discussed by Tovini et al. for re-precipitation of Ir*
cations, originating from an anode co-catalyst, in the membrane or cathode [70]. Pt
dissolution and Ostwald ripening are further enhanced by small initial Pt particle sizes
[71] as well as repetitive voltage cycles, e.g. due to load cycles during dynamic automo-
tive applications.

Coalescence of whole platinum nanoparticles can cause catalyst degradation. The ag-
glomeration can be driven either by nanoparticle migration on the support and subse-
quent collision of nanoparticles or due to carbon corrosion resulting in contact and
agglomeration of initially separated particles [68].

In addition to dissolution of Pt atoms in ionic form, whole platinum particles can detach
from the surface of the support material. This particle detachment is caused by a weak-
ening of the particle/support interaction, which can for example originate from carbon
corrosion [72, 73].

Carbon corrosion

Apart from platinum dissolution, carbon corrosion is another primary degradation
mechanism for the catalyst layer (see Figure 2.8). Carbon is thermodynamically not
stable for potentials > 0.2 Vrue [74] and can be electrochemically oxidized to carbon
dioxide or carbon monoxide:

C+2H,0 =CO, +4H" + 4e™ ,E® = 0.207 Vgyug (2.17)
C + H,0 = CO + 2H* + 2e™ ,E® = 0.518 Vgyg 2.18)

Due to the sluggish reaction kinetics of the carbon oxidation reaction (COR), carbon
can be exposed to potentials <0.9 Vrue without significant corrosion [21, 75-77].
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However, high potentials (> 1 Vrre) can occur during fuel cell operation, e.g. during
start-up / shut-down (SUSD) events with air/hydrogen fronts occurring or during fuel
starvation events (see section 2.7). Beside high potentials, the presence of water is
mandatory (see Equation 2.17) and can further accelerate carbon corrosion [78, 79].
Additionally, the presence of platinum was shown to catalyze carbon corrosion via
oxidation pathways including intermediate carbon surface species (e.g. formation of the
quinone group) [21]. In contrast to electrochemical oxidation, thermal carbon corrosion
IS not expected in the common operating window of automotive and stationary applica-
tions for PEFCs below 100 °C [80].

As outlined above, carbon corrosion can enable secondary catalyst degradation, as
particle coalescence and particle detachment, resulting in decreased ECSA values and
commonly coming along with an increase in activation overpotential predominantly for
the ORR. However, as the carbon support material contributes mainly to the electrode’s
structural properties and porosity, carbon corrosion adds a structural electrode degrada-
tion to the above discussed degradation of the catalyst layer. The oxidation of small
amounts of carbon (5-10 wt.%) is already sufficient to cause a carbon structure collapse
[81-83]. Consequently, the gas transport and the (liquid) water removal from the cata-
lyst layer can suffer, leading to an increased mass transport overpotential and severe
performance decay at high current densities. In addition, increased local heat generation
has been reported, caused by carbon corrosion and structural collapse, leading to a
change in water distribution within the catalyst layer or even local catalyst layer dehy-
dration [84]. Also, complete failure of the cell can occur, e.g. due to flooding of residual
pores in the electrode. Furthermore, carbon corrosion can also degrade the electron-
conducting network, resulting in increased ohmic losses or culminating in catalyst
particles becoming inactive by electric decoupling.

Commonly, the impact of carbon corrosion on the cathode is regarded as more severe,
due to the more demanding gas transport of oxygen diluted in air in addition with the
demand for reactant water removal. However, significant carbon corrosion at the anode
can also be observed during fuel starvation events and subsequently the mass transport
and activation overpotential can increase significantly and severe performance decay,
up to complete PEFC failure, can occur.

Mitigation strategies for carbon corrosion and Pt dissolution

Mitigation strategies for catalyst layer degradation mainly focus on the primary degra-
dation mechanisms. Operational mitigation strategies can decrease degradation due to
avoiding accelerating factors (e.g. voltage cycles, low relative humidity, fuel starvation,
high voltages) [85]. On the other hand, material-based mitigation strategies can decrease
the rate of degradation. The incorporation of Pt alloys (e.g. Co, Ni, Fe, Mn, Ir) was
shown to diminish platinum dissolution [86-88]. To mitigate carbon corrosion, several
approaches have shown promising results. The incorporation of carbon support materi-
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als which are less prone to oxidation (e.g. graphitized carbon) [89-91], or the complete
substitution of carbon as support material [57] have been investigated. Especially for
carbon corrosion events occurring on the anode, the additional incorporation of a water
splitting catalyst (commonly based on Ru or Ir in the form of co-catalyst or alloys) has
been established to promote the oxygen evolution reaction (OER) over the competing
carbon oxidation reaction [39, 92]. These mitigation concepts will be discussed in detail
in section 2.7.

Contaminants

Beside Pt dissolution and oxidation of the support, catalyst deactivation via surface
poisoning or (electro)chemical reactions can degrade the catalyst layer severely. The
contaminants originate from outside (e.g. supplied fuel and air) or inside the system
(e.g. coolant, leaching species). The most common gas contaminants from outside are
CO, CO2, CHs, H2S, NH3, NO, NO2, SOz, SO3 and Os. For example the adsorption of
CO on Pt sites blocks the access of hydrogen or oxygen and consequently decreases the
ECSA for HOR and ORR, at least temporary [21, 38]. A major mitigation strategy to
mitigate CO contamination on the anode is the incorporation of Ru within the anode
catalyst layer. However, Ru introduction to the MEA can be used at the same time as an
example for internal contaminants. It was shown, that Ru can dissolve from the anode
catalyst layer and migrate to the cathode, resulting in Pt catalyst activity decrease for the
ORR and consequently a significant performance decay [92—94].

2.7 Anode degradation and mitigation strategies

For pristine platinum based anode catalyst layers their contribution to the entire overpo-
tential is often regarded as negligible, due to the high HOR exchange current density
and thus minor activation overpotentials and mass transport overpotentials [36, 95].
However, over the lifetime of a fuel cell, anode degradation can lead to a significant
HOR overpotential increase. Consequently, the lifetime of the fuel cell system can
either be drastically reduced, or mitigation strategies have to be applied to minimize the
impact on anode degradation.

Of special interest for anode degradation are so-called cell reversal events, as during the
temporary undersupply of fuel (also referred to as gross fuel starvation) substantial,
irreversible damage to the anode catalyst layer (ACL) and other cell components occurs
in association with severe performance decay. Therefore, cell reversal events are a
major lever for anode and PEFC degradation and a common material-based mitigation
concept is incorporating an OER co-catalyst to the ACL [39].

In contrast, other anode degradation effects are not as harsh as cell reversal events.
Anode degradation due to contaminants for example is often reversible (e.g. by CO) or
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can be mitigated by monitoring fuel impurities [21]. Therefore, the aspect of poisoning
by external contaminants is not part of this thesis. However, despite a less severe im-
pact, anode degradation due to start-up/shut-down (SUSD) processes or local fuel star-
vation is investigated, particularly focusing on the degradation impact on reversal toler-
ant anodes incorporating OER catalysts. The impact of these SUSD events on anode
degradation has recently gained attention [35, 96], but the impact and the attention for
SUSD events on cathode degradation is commonly higher [35, 78, 97].

Therefore, the cell reversal mechanism, common mitigation strategies for the latter and
the comprehensive impact of anode degradation during transient conditions, with focus
on OER based anode concepts, are discussed in the following.

2.7.1 Cell reversal events

Introduction

During normal operation, hydrogen and oxygen (commonly in air) are supplied to the
fuel cell system at sufficient stoichiometry with regard to the actual load demand. As
outlined in section 2.1, HOR and ORR proceed on the anode and cathode, respectively.
If the required fuel stoichiometry for one or several cell(s) is not achieved, a gross fuel
starvation can occur in the affected cell(s). The former can result in the so-called re-
verse-current effect (discussed in detail in section 2.7.2), commonly associated with
severe cathode degradation due to SUSD events. The latter, in complete absence of
hydrogen in the affected cell, is associated with severe anode degradation and can be
indicated by the observation of negative cell voltages [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. carbon fibers), water flooding or ice formation (at freezing
temperatures) which can occur at the cell inlet/supply lines, the flow field’s gas chan-
nels or the GDL/catalyst layer pores [39, 98, 99]. Transient conditions such as rapid
load changes at dynamic operation or start-up can exacerbate the hydrogen starvation.
These hydrogen mass transport limitations are predominantly temporary events, com-
monly being resolved within time scales of seconds or minutes, e.g. by convective water
removal or ice melting due to heating (e.g. by waste heat or cooling circuit). However,
uninterrupted and unmitigated cell reversal events can lead to catastrophic cell failure
within the timescale of seconds or minutes [37, 100].

Mechanism

When the anode of a particular cell in stack configuration (see Figure 2.9a) is starved of
hydrogen, electrons and protons cannot be provided via HOR. Due to the series connec-
tion of cells in stack configuration, the same current is imposed on each single cell in
the stack (Kirchhoff’s circuit laws). Subsequently, in the absence of the HOR in the
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starved cell, a capacitive charging effect of the adjacent cells leads to an increased
anode potential, promoting alternative reactions to provide electrons and protons to
close the load circuit again.
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Figure 2.9: (a) Stack under load with one cell facing a gross fuel starvation (highlighted in red). (b)
Anode, cathode and cell potential during a switch from normal operation (t <0; HJ/air on the
anode/cathode respectively) to a fuel starvation event (t > 0; N2/air on the anode/cathode respective-
ly) in the affected cell schematically depicted according to [98, 100].

The time dependent cell voltages as well as the anode and cathode half-cell potentials
for a cell exposed to a gross fuel starvation is schematically depicted in Figure 2.9b. For
t<0, HOR and ORR are performed on the anode and cathode in the affected cell, re-
spectively. Thus, anode half-cell potential Eanode is approximately ~ 0 Vrug, Whereas the
resulting cathode potential commonly ranges between 0.6 and 0.9 Vrre (dependent on
the applied electric load). With the onset of fuel starvation (for t >0 in Figure 2.9b) and
the absence of the HOR, the anode potential increases significantly due to the capacitive
charging effect in the stack. The anode potential commonly exceeds the cathode poten-
tial instantly, resulting in negative cell potentials (Ecej = Ecathode — Eanode), d€signat-
ing the so-called (cell) reversal event. At the cathode, the ORR reaction proceeds con-
tinuously, resulting in an almost time independent cathode potential [98]. Consequently,
the affected cell is acting as a power consumer during the reversal event instead of a
power source, supplied by the other cells in the stack. Therefore it acts as an electrolytic
cell.

The increased anode potential was found to result in carbon oxidation reaction (COR,
see Equations 2.17 and 2.18) as well as oxygen evolution reaction (OER, see Equation
2.19) to provide the necessary electrons and protons and to close the electrical circuit of
the stack [37, 39, 77, 100, 101].

1 2.1
Ho0 250, +2H" + 2e7 E = 1.23 Vyg (2.19)

The carbon oxidation reaction is thermodynamically favored. But as discussed before,

the COR almost exclusively takes place at high potentials (> 1 Vrue) due to sluggish
reaction Kinetics. This is why OER (also referred to as water splitting reaction) is com-
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monly taking place at lower anode potentials (see plateau in anode and cell voltage in
Figure 2.9b prior to the harsh incline of these potentials), whereas significant COR
contribution to the faradic current is predominantly detected at subsequent higher anode
potentials [37, 39, 100]. Pt requires high overpotentials for the OER to proceed [102].
Therefore, anode catalyst layers solely containing carbon supported platinum (Pt/C) are
exposed to increasing anode potentials (> 1.5 VrHe), resulting in concurrent severe
carbon corrosion. This, in turn, is accelerating Pt dissolution and anode degradation.
Consequently, with unmitigated Pt/C based anodes the observed water splitting plateau
Is very short (range of seconds) and subsequently electrons during the reversal event are
predominantly provided by COR [103]. Assuming all electrons are provided by the
electrochemical oxidation of carbon to carbon dioxide (cf. Equation 2.17) at a current
density of 0.2 A cm™2, a state-of-the-art anode catalyst layer (values according to Lip-
man et al. [21]: Pt supported on carbon, 2 um layer thickness, porosity of 60%, ionomer
to carbon volume ratio of 1/1 and a carbon bulk density of 96 kg/m?3 for Vulcan XC72R
[104]) would have lost all its carbon within 0.62 s according to Faraday’s law. As a
collapse of the catalyst layer is typically reported after 5-10 wt.% carbon loss [81-83],
this highlights the catastrophic impact of a cell reversal event regarding irreversible
degradation. For example, at a current density of 2 A cm2 a threshold of 5 wt.% carbon
would be lost after 3.05 ms (similar assumptions as above). Consequently, severe car-
bon corrosion in the anode catalyst layer is observed during cell reversal events [37,
100, 105]. A significant loss of void volume and secondary anode degradation, such as
platinum particle agglomeration and detachment, can occur. In addition, a carbon based
MPL of a GDL, was shown to be also exposed to severe carbon corrosion during rever-
sal events, concomitant with a significant change in the MPLs hydrophobic character
[106]. Besides, the reversal events can cause severe degradation within other cell com-
ponents as bipolar plates, GDL and ionomer (in the catalyst layer and the membrane),
due to the occurring high potentials (> 1.5 Vrue) and thermal impact induced by high
overpotentials for COR and OER.

This illustrates the importance of cell reversal mitigation strategies for PEFCs, as fuel
starvation events cannot be completely avoided during stack operation, even with very
sophisticated operating strategies, harmonized components and design guidelines.

Reversal tolerant anodes

To mitigate cell reversal events, either system mitigation strategies or material-based
mitigation strategies can be applied.

For system-based mitigation, regulating the operating conditions as pressure, cell tem-
perature, humidity and load demand is not sufficient to completely avoid cell reversal
events by fuel starvation. In addition, a cell voltage monitoring has to be applied to
recognize cell reversals at an early stage and subsequently disconnect the electric load at
the onset of a reversal event [107, 108]. Therefore, as outlined above, the control system
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must be able to detect cell reversals on timescales << 1 ms to prevent the anode from
substantial degradation. Thus, requirements for control units are quite challenging with
sampling rates in the order of kHz to GHz.

In contrast to system-based mitigation strategies, material-based mitigation does not
require active stack control or additional electrical hardware components for surveil-
lance. Therefore, system control complexity and space requirements are significantly
decreased. Two main concepts have been established to achieve reversal tolerant anodes
via material-based mitigation:

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

Carbon supports which are less prone to corrosion can decrease the COR rate for carbon
based support materials exposed to reversal events [89, 109, 110]. However, their miti-
gation capability is still insufficient to overcome multiple reversal events as e.g. ex-
pected in automotive applications. Therefore, alternative support materials for platinum
are under research to achieve reversal tolerant anodes (RTAs). For example Ni-aerogels
[57] or nanostructured thin-films [111, 112] are investigated as support material for
platinum catalysts. But the risk of corroding other MEA components (e.g. GDL or
bipolar plates) is still present and anode degradation due to the high OER onset poten-
tial of platinum accompanying with (local) thermal impact by waste heat is still con-
ceivable.

Thus, the introduction of oxygen evolution reaction catalyst to the ACL has been estab-
lished as material-based mitigation strategy [113]. The introduction of OER catalyst
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 corrosion [39, 98, 100]. Consequently, this concept is very promising to
achieve reversal tolerant anodes for PEFC applications on commercial level.

The OER catalyst can either be added as co-catalyst to common platinum based HOR
catalysts [37, 39, 70, 109, 114] or can be introduced in the form of metal alloys with
activity for both, HOR and OER [115, 116]. The concept of adding a supported OER
catalyst to a common Pt/C based HOR catalyst in order to achieve RTAs is depicted in
Figure 2.10.
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Figure 2.10: Concept of reversal tolerant anodes (RTAs) based on adding an OER co-catalyst to the
ACL, while maintaining the other MEA components as membrane and cathode catalyst layer
(CCL).

This concept allows the utilization of commercially available catalysts, both for OER
and HOR, which is beneficial when aiming for commercial applications. In contrast, the
applicability of researched materials (e.g. metal alloys) or concepts is commonly aggra-
vated either by the commercial availability of the catalysts or limitations within com-
mercial MEA manufacturing processing. Therefore, RTA concepts including supported
IrOx, the most promising OER catalyst for commercial PEM based water electrolyzers
to date, are under amplified research recently [70, 100, 114, 117, 118].

Characterization methods for reversal tolerant anodes

Various research groups investigated reversal events and the accompanying degradation
effects for OER based RTAs using accelerated stress tests (ASTs) on differential cells
as well as (segmented) cells with large active areas [37, 39, 70, 98, 100, 105, 109, 114,
116, 117, 119-125]. The topic gained much attention recently, and the commonly re-
searched aspects can be grouped to either aim for material improvement [125-128],
reveal the underlying degradation effects [100, 103, 117, 120] or investigate the impact
of varying operating conditions [37, 105, 118] on the mitigation capability.

Typically, the tolerance for reversal events is evaluated by simulating a fuel starvation
in a single cell experiment by flowing humidified air/N. through the cathode and anode,
respectively. Simultaneously, a constant current (commonly 0.2 A cm™) is applied. As
depicted in Figure 2.9b, during this AST the cell voltage initially drops in the absence of
hydrogen. Subsequently, an almost stable negative cell voltage is observed with gradual
voltage decay, referred to as water electrolysis plateau. This plateau is followed by a
drastic drop in cell potential (typically to potentials <—1.5V), which is commonly
considered to complete anode (and accompanied MEA) failure, caused by carbon corro-
sion going along with severely increased ohmic resistance [39, 98, 100, 103, 122]. The
time for this single, continuous prolonged reversal event (in Figure 2.9b referred to as
‘hydrogen starvation regime’) is commonly taken as figure-of-merit to compare the
reversal tolerance, e.g. for varying operating conditions, materials or OER loadings.
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Recently, the impact of varying relative humidity [37, 105], either due to different feed
gas humidification or due to resulting RH gradients in large cells, as well as the impact
of a wide range of operating temperatures (-15° C to 90° C) [37, 118, 119, 121] has
been investigated during prolonged reversal events for IrOx based RTAs. With addition-
al characterization methods, as in-situ online mass spectroscopy [100, 114] and X-ray
computed tomography [103], the carbon corrosion rate could be quantified and a pro-
longed water splitting plateau was observed with increased IrOx loadings [100, 103,
124]. The higher OER catalyst loading is decreasing the rate of carbon corrosion. How-
ever, the discrepancy between the lifetime of IrOx based polymer electrolyte membrane
water electrolyzers (PEMWE; in the order of >10,000 hours [129]) and PEFCs incorpo-
rating IrOx based RTAs is still challenging, with the latter showing commonly a drastic
drop in cell potential after a comparable short time in OER operation during water
electrolysis plateau (timescale of minutes or hours). Hong et al. showed using X-ray
computed tomography, that OER catalyst is still present in the anode after MEA failure,
but is probably deactivated [37]. Recently the same research group further investigated
this topic and proposed an OER catalyst deactivation mechanism by carbon oxidation
products for prolonged fuel starvation, explaining this discrepancy [117].

This OER degradation effect highlights the need for more realistic ASTs on single cell
level, mimicking short reversal events (timescale of seconds/minutes). Reversal events
with a duration <5 min are more likely expected during field operation, as the fuel
starvation root causes are often due to temporary transient conditions or events (e.g.
start-up at freezing conditions, rapid load changes etc.). The root causes for fuel starva-
tion most likely will disappear when stable operating conditions are achieved. Especial-
ly for improved reversal tolerant anode designs, where several hours of reversal opera-
tion can be performed before anode failure during prolonged reversal events is
observed. The above-mentioned prolonged reversal test procedures are far from realisti-
cally mimicking reversal events occurring during field operation.

However, investigations on short-term reversal events are rarely seen for OER based
RTAs [114, 120]. Therefore, in this thesis the degradation impact of an AST simulating
more realistic short-term reversal events in contrast to prolonged reversal events is
investigated. In addition to reveal differences in degradation dependent on the duration
of reversal events, further insights can be achieved by monitoring the anode’s HOR
capability on a regular basis instead of focusing exclusively on the anode’s OER capa-
bility during a prolonged reversal event. This test approach was coupled with the appli-
cation of field-relevant operating conditions, representative for reversal events occurring
during start-ups at freezing conditions, and the investigation of different HOR catalysts.
Furthermore, a voltage loss analysis for the HOR was performed to analyze the occur-
ring anode degradation, incorporating additional characterization methods (e.g. hydro-
gen pump experiments and cyclic voltammetry).
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2.7.2 Transient anode potentials

Introduction

Besides the above discussed reversal events caused by fuel starvations, also significant
anode degradation can occur during transient anode conditions, resulting in the so-called
reverse-current effect. The reverse-current effect was first reported by Reiser et al.
[130]. The transient anode conditions can be either caused by start-up/shut-down
(SUSD) events [130] or during local fuel starvation events [101]. The occurring mecha-
nism in the affected cell is comparable for both events. The reverse-current mechanism
is predominantly regarded as mechanism causing severe cathode degradation by in-
creased cathode potentials, resulting in significant carbon corrosion at the cathode.
However, also significant anode degradation has been reported recently caused during
reverse-current events. SUSD events applied on single cell level were shown to signifi-
cantly degrade Pt/C based anode catalyst layers going along with an increase of the
HOR overpotential (activation and mass transport) [35]. In addition, the transient anode
potentials during SUSD were shown to have a degrading impact on anode co-catalysts
as Ru [92, 94] (commonly incorporated for anode CO tolerance) and most recently IrO-
[70]. Consequently, it was shown to not only degrade the anode, but also the ORR on
cathode can suffer from anode degradation by co-catalyst species crossing over to the
cathode. Therefore, these transient anode conditions are important to comprehensively
evaluate the application-relevant degradation of OER based reversal tolerant anodes and
the subsequent impact on MEA performance as well as on reversal tolerance.

In this chapter transient anode potentials and the resulting reverse-current effect are
explained by the SUSD mechanism, followed by common mitigation strategies for
SUSD events. Finally, local fuel starvation issues and their impacts are discussed.

Start-up/shut down mechanism

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 stack is removed and the whole
anode is filled with air due to imperfect stack sealing as well as air diffusion from the
cathode compartment. During a subsequent start-up of 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 certain amount of time. This process is
referred to as start-up event or as a so-called air/air start. During an air/air start, the cell
can be separated conceptually in two sections: a fuel cell compartment (cf. Figure
2.11a/b below dashed line) and an electrolytic cell (cf. Figure 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 He-air front moves through the flow field (in y-direction), whereas the cathode flow
field is completely filled with air (Hz: red, air: blue). The direction in which the gas front is moving
varies between start-up (red arrow) and shut-down (blue arrow) (a) Electrochemical reactions
occurring segment-wise are schematically depicted, with proton pathways across the membrane
illustrated as green arrows and electric 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 20 um thick membrane only = 120 pm) compared to the flow field length (actual range of
mm or cm), thus proton migration from the Ho-filled anode compartment to the air-filled anode
compartment is negligible (crossed out arrows). Figure adapted from Mittermeier et al. [97] under
the terms of the Creative Comments Attribution 4.0. ¢) Schematic time dependent half-cell poten-
tials during an SU event, according to [131]. The air front enters the cell at t = 0.

The proton conduction between the fuel cell section and the electrolytic cell section is
hindered by the high in-plane proton resistance within the electrode and the membrane
(in y-direction in Figure 2.11a) due to its large expansion (mm to cm range). Instead,
protons migrate across the membrane (thickness commonly ~ 10 to 20 um) from anode
to cathode and vice versa. Consequently, in the hydrogen filled anode compartment
HOR takes place, whereas on the opposite cathode compartment ORR is performed.
The protons are migrating from the HOR section to the ORR section across the mem-
brane. In contrast to proton conduction, in-plane electric conduction (y-direction in
Figure 2.11a) between the galvanic and electrolytic cell compartment is given (high
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electric conductivity of the carbon-based electrode and highly conductive flow
fields/GDLs). Therefore, the fuel cell reaction (below dashed line) is supplying the
power to the electrolytic cell compartment (above dashed line). In the electrolytic cell
compartment ORR takes place in the air-filled anode domain while inducing an oxida-
tive current in the respective cathode domain (so-called reverse-current mechanism). In
the cathode compartment opposing the air-filled anode, OER and/or COR is taking
place at half-cell potentials > 1.2 Vrye. Whether OER or COR takes place, is dependent
on the reaction kinetics (dependent on catalyst and reaction conditions) and the stability
of the carbon support. As outlined before, the OER activity for common Pt/C catalysts
requires a high onset potential [102]. Consequently, COR is commonly reported as the
predominant reaction assumed during an air/air start for Pt/C based PEFCs.

The processes during the shut-down of the cell are conceptually the same as observed
during the (air/air) start-up, differing regarding the migration direction of the air-H:
front.

Without mitigation, the cathode compartment is exposed to high cathode potentials and
subsequently severe cathode degradation during these events (cf. Figure 2.11c). Severe
carbon corrosion is reported, which can lead to an increased mass transport overpoten-
tial by a loss in porosity, culminating in catalyst layer collapse. Additionally, ECSA loss
due to secondary Pt degradation (e.g. Pt agglomeration or detachment) by carbon corro-
sion as well as potential driven Pt dissolution (e.g. Ostwald ripening) is commonly
observed, increasing the ORR activation overpotential. Due to the harsh cathode degra-
dation, a wide range of research on the topic of start-up/shut-down is available focusing
on cathode degradation. Recently, for example the impact of different operating pa-
rameters [78, 97] (i.e. varying temperature and relative humidity) as well as locally
resolved cathode degradation [132] has been investigated.

In contrast, for SUSD induced degradation investigated in literature, the impact on
anode degradation is commonly not focused. However, due to the gas being exchanged
in the anode, the anode potential cycles from = 1 Vrue (air) to = 0 Vrue (H2) during an
air/air start (see Figure 2.11c). Therefore, significant degradation can occur either by Pt
dissolution or carbon corrosion (cf. section 2.6.4). Engl et al. first reported significant
anode degradation for high temperature PEFCs due to SUSD events [96]. Schwammlein
et al. recently observed a significantly increased overpotential for the HOR after apply-
ing SUSD events on the respective MEA [35]. However, both studies were investigating
Pt/C based anode designs. The introduction of an OER co-catalyst to the anode, to
achieve a reversal tolerant anode, adds complexity to the degradation mechanism. For
anode catalyst layers containing Ru to mitigate CO poisoning from fuel gas impurities,
the dissolution of Ru and subsequent crossover to the cathode compartment has been
reported. Crossed-over Ru can cause poisoning of the ORR catalyst [92, 94]. For an
RTA containing IrO2, Tovini et al. most recently revealed a comparable dissolution for
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IrO2 as well as subsequent redeposition of Ir on the cathode, imposed by an in-situ
SUSD AST. Ir crossover was investigated via ex-situ X-ray photoelectron spectroscopy
(XPS) measurements The degradation was shown to go along with a significant de-
crease of MEA performance and reversal tolerance [70].

This highlights the need for in-situ characterization methods to investigate the degrada-
tion of OER based reversal tolerant anodes for commercial applications due to SUSD
events, considering the ageing impact on the reversal tolerance and fuel cell perfor-
mance due to transient anode conditions. Only if these RTA degradation effects are
considered, highly durable anodes over the entire targeted lifetime of commercial PEFC
applications can be developed, while maintaining a required high fuel cell performance.

Start-up/shut down mitigation

Within automotive applications, air/air starts are occurring after the vehicle had not
been used for a certain amount of time. Mitigation strategies for start-up/shut-down
events can either aim for complete avoidance of the events or lowering their degradation
impact. To avoid SUSD events, H» can be maintained in the anode compartment as long
as possible [133]. For example, an improved sealing concept or active hydrogen purging
during idle mode can be implemented. Consequently, the shut-down mechanism is
suppressed as long as sufficient hydrogen is present in the anode compartment. Simul-
taneously, no Hz-air front would be formed during a subsequent start-up while hydrogen
is maintained in the anode. Mitigation strategies aiming for lower cathode degradation
can target the operating conditions, e.g. shortening the residence time of the Ho-air front
[134] or aiming for lower temperatures [97] and relative humidity [78] during the
SUSD. Fortunately, the commonly long idle times before an air/air start is performed
are also ensuring low temperatures (close to ambient temperature). Thus, the rate of
carbon corrosion is most likely low [77]. Beside operating strategies, material-based
mitigation strategies are suggesting either cathode support materials with improved
corrosion resistance [91] or the introduction of an OER catalyst to the cathode [135] to
promote OER over COR during SUSD events.

However, these mitigation strategies are again mostly aligned with cathode degradation,
therefore their application could come down to an increased amount of air/air starts
permitted, whereas the anode degradation might not be considered. To the best of the
author’s knowledge, mitigation strategies for lowering the HOR or OER degradation
impact on the anode have not been reported yet.

Local fuel starvation

In contrast to gross fuel starvation events (cf. section 2.7.1), local H starvation in a
single cell can result in a reverse-current event similar to the mechanism observed
during SUSD events [101]. During a local fuel starvation, hydrogen is only provided to
a certain part of the anode (e.g. due to water droplets blocking the channels) whereas the

53



2 PEFC fundamentals

oxygen O for the ORR performed in the starved anode compartment is provided by O
crossover through the membrane from the cathode side. As a result, the same conceptual
separation of the cell into a fuel cell compartment and an electrolytic cell as for the
SUSD is valid. Consequently, high cathode potentials are observed in the section
opposing the starved anode side. And anode potential undergoes a transition from
~ 1 VruE (air) to =~ 0 Vrre (H2) in the starved region at a subsequent normal operation.

A major concern for local fuel starvation is the mostely unpredictable occurance during
operation. Therefore, the degradation effect on the cathode is strong, i.e. due to elevated
temperatures. This high risk for cathode degradation highlights the importance of an
elaborate flow field design and operating strategy, to avoid local fuel starvations.

As the controlled and precise simulation of local fuel starvation events leading to
reverse-current effects is difficult to implement on single cell tests, local fuel starvation
impact is not studied in the framework of this thesis. To simulate transient anode
conditions and investigate resulting anode degradation, SUSD based ASTs are
performed. These ASTs offer easy control of operating parameters and implementation
while the conceptual degradation effects are comparable to local fuel starvation events.
In addition, local fuel starvation events are mainly occuring spontaneous during field
operation, whereas air/air starts cannot be prevented.

This concept of local fuel starvation leading to a reverse-current effect should not be
confused with ‘partial’ fuel starvation events resulting in a cell reversal operation, as
reported by Taniguchi et al [98]. The latter can occur if hydrogen is supplied at a sub
stochiometric flow to the affected cell, leading to negative cell potentials and
consequently to cell reversal events as described in section 2.7.1, where the electric
power for electrochemical reactions within the anode is supplied by adjacent cells.
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The relevant experimental techniques used in this thesis are introduced within this
chapter.! The basis for the following sections can be found in comprehensive scientific
literature [21, 41, 43-47, 136-138].

3.1 Electrochemical in-situ measurements

3.1.1 Cyclic voltammetry

Cyclic voltammetry is a common electrochemical technique and can be used to deter-
mine the electrochemical surface area (ECSA) of fuel cell catalysts in-situ on MEA
level. The ECSA is commonly used to characterize catalyst layers as well as to analyze
and monitor their degradation, as catalyst layer degradation is commonly coupled to
ECSA decrease (see section 2.6.4). In cyclic voltammetry (CV), the current response of
a voltametric cell is measured as a function of an applied triangle-shaped potential
change with constant positive and negative sweep rates. Typical CV curves for fuel cell
catalyst layers are shown in Figure 3.1. The current response is a combination of the
constant capacitive charging current by the linearly changing voltage and the currents
due to electrochemical surface reactions. In a single cell setup, the electrode of interest
is acting as working electrode, typically supplied with inert gas such as N2. The oppo-
site electrode is acting as counter electrode and pseudo-reference electrode which is
commonly supplied with Hz. To determine the ECSA, the charge associated with the
reduction or oxidation of a monolayer of ad- or desorbed species is measured. For
PEFCs typically hydrogen or carbon monoxide is used as ad- or desorbed species, as
their ad/desorption on Pt/C is fully reversible and no persistent contamination or degra-
dation of PEFC components is expected.

Prior to the CV measurement, commonly a cleaning CV is performed (typically under
H2/N2 atmosphere on the counter/working electrode) to clean the catalyst’s surface and
to achieve reproducible results. During the potential cycling, the catalyst surface is
repeatedly reduced and oxidized which results in the removal of present adsorbates (e.g.
organic contaminants) and the defined reorganization of the catalyst surface.

Exemplary CVs of a Pt/C based PEFC electrode are illustrated in Figure 3.1.

! 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 (2), S. 24515. DOI: 10.1149/1945-7111/abe50b.
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Figure 3.1: (a) Illustration of the ECSA evaluation method by Hupd. The anodic (Qy, ges: POSitive
current; green area) and cathodic (Qy, g5, Negative current) charge from the cyclic voltammogram
between 0.1 and 0.4 Vre is integrated after double layer capacitance (icai) correction. (b) Hlustra-
tion of the ECSA determination via CO stripping method. The first cycle shows a distinct CO
oxidation peak at 0.62 Vrue, Which is integrated (green area, Qco, qes) after baseline correction by
the subsequent cyclic voltammogram.

ECSA determination by Hupd

The ECSA estimation by the ad-/desorption of hydrogen on the electrode is depicted in
Figure 3.1a. Around 450 mV the obtained current is constant during the anodic and
cathodic potential sweep. This behavior is indicating charging/discharging of the elec-
trochemical double layer between working electrode and the electrolyte rather than
chemisorption. The double layer capacitance is an additional important indicator ob-
tained by CV, which can be used to investigate structural changes within the catalyst
layer (e.g. due to carbon corrosion). Platinum is oxidized between 650 and 800mV
during the anodic sweep:

Pt+ H,0 = Pt-OH+ H* + e, (3.1)
Pt—OH=Pt-O+ H" + e~ (3.2

After reaching the upper potential limit (typically between 0.850 and 1.2 V), the direc-
tion of the potential sweep is reversed and the oxygenated species covering the platinum
are reduced at potentials between 900 and 500 mV, followed again by a double layer
charge dominated regime. For potentials < 350 mV during the cathodic sweep, hydro-
gen adsorption on the surface sites of the working electrode is occurring:

Pt+ H* + e~ =Pt-H. (3.3)

This process is also referred to as underpotential deposition of hydrogen (Hupd). At
potentials close to zero high hydrogen evolution currents are measured. When the po-
tential sweep is again reversed, the adsorbed hydrogen is oxidized and desorbed impos-
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ing anodic currents (cf. green area Figure 3.1a). The available platinum area Ap, deter-
mined via Hupa method is calculated according to the following equation:

QHupd (34)
210K
CMp¢

Ap =

where QHypa is the electrical charge required to ad-/desorb a hydrogen monolayer from

the platinum surface. The conversion factor of 210 ”C; corresponds to the required

cmpt
charge to ad-/desorb a monolayer of hydrogen from a platinum surface [139]. The elec-
trical charge QHypa is calculated by integrating the corresponding ad- and desorption

peaks, averaged and divided by the scan rate Z—f.

_ QH, ads + QH, des fIH, ads dE + fIH, des dE (3-5)
QHupd - 2 - ) dE
dt

The lower integration limit is chosen carefully so as not to overestimate the adsorption
charge by the superimposed hydrogen evolution reaction.

In order to calculate the ECSA (typically given in units of [m3, gp]), the available Pt
area Ap; is commonly divided by the mass of platinum mp,. The latter is equal to the
electrode’s geometrical platinum loading L [gp; cmzcirode] Multiplied with the elec-
trode area Agjectrode-

Apy Apy (3.6)

ECSA = =
Mpy L Aclectrode

The platinum loading is commonly determined for the pristine electrodes, either by
calculating the (theoretical) initial catalyst layer loading dependent on the incorporated
raw catalyst powder (assuming homogeneous distribution within the electrode) or via
X-ray fluorescence spectroscopy of the pristine electrode. As the electrode’s platinum
loading can decrease over lifetime (e.g. due to washing-out of platinum, resulting in
gravimetric platinum loss), sometimes the available Pt area Ap, normalized to the re-
spective geometrical electrode area is reported, referred to as roughness factor rf (com-
monly reported in [m3, cmg2cerodel):

rf=—2P —ECSA-L. (3.7)

Aelectrode

ECSA determination by CO stripping

The ECSA determination via desorption of CO, also referred to as CO stripping volt-
ammetry, is shown in Figure 3.1b. CO molecules are showing a much higher tendency
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to bind on platinum than hydrogen. Besides, the adsorption is less surface sensitive.
Therefore, the CO stripping method is regarded as more robust to determine the electro-
chemical surface area for Pt/C catalysts and less prone to varying fuel cell conditions
(e.g. temperature or relative humidity) [140]. To perform the CO stripping method, in a
preceding step prior to the CV, CO within the feed gas of the working electrode is
adsorbed on platinum:

Pt + CO — Pt-CO,qs (3.8)

The subsequent CO desorption by electro-oxidation takes place at higher potentials than
hydrogen desorption (cf. Figure 3.1) and can be described by the following equation:

Pt-CO,4s + H,0 = Pt+ CO, + 2H* + 2e . (3.9)
Due to the two-electron transfer, the conversion factor to calculate the ECSA via CO
stripping is 420 CI‘;CZ . The platinum area is derived via Equation 3.10.
Pt
_ Qco (3.10)
APt - e
420 —
cmpt

The electrical charge Qo is calculated by integrating the corresponding CO desorption
peak of the 1% scan (cf. Figure 3.1b) divided by the scan rate i—f.

Q _ fICO, des dE (3-11)
co — dE

dt

As integration baseline, to distinguish the CO desorption peak, a subsequent 2" CV
scan is used. During this 2" CV scan the Hypg features are becoming noticeable again
(cf. Figure 3.1b). During the 1% scan, the suppression of the Hypq features is an indicator
for complete platinum coverage by CO.

In contrast to Pt/C based electrodes, the in-situ ECSA determination for electrodes
incorporating OER catalysts as IrOx or Pt-alloys is quite challenging [141]. Ir and IrOx
species show diverging Hupds and CO features compared to Pt. For metallic Ir, Hupa and
CO features can be observed, whereas for IrOx commonly only capacitive behavior is
observed instead of surface reactions [142]. In addition, metallic Ir is typically electro-
oxidized to IrOx within only a few CV cycles. Therefore, in-situ ECSA determination
methods for electrodes containing IrOx are under research, in particular for PEMWE
applications. Recently, Watzele et al. introduced a method based on determining the
adsorption capacitance of intermediates within the onset potential of OER via electro-
chemical impedance spectroscopy [143]. Alternatively, ECSA estimation of 1rO can be
performed via double layer capacitance (only rough estimation due to superimposed
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influences, e.g. support materials) or via mercury underpotential deposition [142].
However, the introduction of mercury is hard to implement in single cell fuel cell test
stations and includes the risk of contamination effects.

Consequently, for OER based reversal tolerant PEFC anodes incorporating supported
IrO2, commonly still Hyps and CO methods are state-of-the-art [37, 70, 114, 125] to
determine the ECSA. Thus, this thesis also focuses on these ECSA methods, predomi-
nantly determining the ECSA of the Pt-based HOR catalyst, while neglecting the OER
co-catalyst’s ECSA. However, the available catalyst area for OER was nevertheless
estimated via the respective OER activity of the electrode.

3.1.2 Hydrogen crossover

The determination of hydrogen crossover can help to detect membrane degradation as
well as the presence of electrical short circuits. An increase in hydrogen crossover can
indicate chemical or mechanical membrane degradation, 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 0.865 V at a scan rate of 2 mV s was performed, with a linear regression between 0.35 and
0.6 V. The linear regression intercept at 0 V 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. (N2/H2 on cathode/anode, T=68° C; p=1 bary, RH=100%, flow rate=1 I, min™2)

The hydrogen crossover can be measured in-situ comparable to the measurement of
CVs. Hydrogen flows on one side of the cell, acting as reference and counter electrode.
Subsequently, hydrogen crosses over the membrane to the opposing electrode, acting as
working electrode, where the hydrogen gets oxidized. The resulting oxidating current is
measured. A typical measurement of the hydrogen crossover current density iy, is
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depicted in Figure 3.2. The current is commonly measured over a potential range (i.e.:
between 0.065 and 0.865 V), similar to a CV but at significantly lower scan rates
(<5m V s™1). After an initial increase in current density for voltages < 0.1 Vrre, a plat-
eau is reached as the current is now limited by the hydrogen permeation rate of the
membrane rather than imposed by hydrogen evolution. Subsequently, a linear regres-
sion of the plateau region (typically in the region between =~ 0.35 and ~ 0.6 V, for up
and down sweep) can be performed. The regression line intercept at a current density
equal to zero is typically reported as the crossover current density iy, at the prevailing
operating conditions. The slope of the regression line corresponds to the reciprocal
value of the electrical short current Rgy, ot

3.1.3 Polarization curves

The electrochemical performance of a fuel cell is commonly measured by a polarization
curve. An exemplary polarization curve and the occurring overpotentials, dependent on
the current density, were introduced in Figure 2.1.The fuel cell’s power output can be
directly obtained from the polarization curve. Polarization curves can be performed at
different operating conditions and gas supply (e.g. varying H2 and O concentrations),
commonly related to certain application-relevant operating windows.

As overpotentials increase due to degradation, the performance declines with ageing of
the fuel cell. For commercial applications, a maximum threshold in performance loss is
defining the end-of-life (EOL) state. When this threshold is exceeded, operation within
the initial application is no longer reasonable, as either the system efficiency or the
maximum power is not sufficient anymore for the respective application (e.g. hill climb
for heavy duty trucks). In addition, secondary issues could arise for certain applications,
e.g. due to the increased overpotentials the amount of waste heat increases, exceeding
the cooling capacity of the fuel cell system. However, the fuel cell system could still
meet the requirements for deviating applications, resulting in second-life applications,
as known from battery electric vehicles [144].

In addition to application relevant insights, polarization curves provide insights regard-
ing the severity and type of MEA degradation at the chosen operating conditions. Sever-
ity can be estimated directly by the voltage or power loss compared to previous opera-
tion. As different overpotentials dominate at different current density regimes (cf.
section 2.3), a distinction between activation, ohmic or mass transport overpotential
increase contributing to performance loss can be derived.

Polarization curves can in principle be performed either in potentiostatic (voltage set-
point, monitoring current) or galvanostatic mode (current setpoint, monitoring voltage).
In addition, a distinction is made between steady-state performed polarization curves,
where each respective potential or current density within the polarization curve is held
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for a certain time period to achieve stable values, and transient polarization curves with
constant sweep rates.

3.1.4 OER activity

The catalytic activity of a catalyst corresponds to the rate at which a particular reaction
takes place. The activity of a catalyst layers towards OER can be gained by applying
potentials where the corresponding water splitting reaction (c.f. Eq. 2.19) takes place at
the respective OER catalyst. The reversible equilibrium potential £° for the water split-
ting reaction is equal to 1.23 Vrue [39]. In acidic environment, the activity towards
OER for catalysts as Ru, Ir and Pt are commonly investigated at potentials between 1.3
and 2 Vrue [145, 146]. The OER activity series in liquid acidic electrolytes is reported
as Ru > Ir > IrOx > Pt [145, 146]. As the activity of Pt based catalysts towards OER is
significantly lower as for Ir or IrOx [145], the derived OER activity at potentials below
1.5V should be a figure-of-merit to distinguish the presence of Ir or IrOy in 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 20 mV s between 0.1 and 1.490 V, 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 region EOT 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 3.5/5 I, min™ on cathode/anode, T=68° C; p=1 baryg,
RH=100%.

Typically, the catalytic activity is normalized either to the mass or the ECSA of the
catalyst, to provide comparable parameters to results of differing materials or research
groups [147]. However, in this thesis the derived catalytic activity of the cathode cata-
lyst layer is investigated to evaluate the crossover of migrated OER catalyst from the
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anode catalyst layer to the cathode. Therefore, neither the ECSA nor the OER catalyst
loading on the cathode can be determined in this thesis, but the catalytic activity is
normalized to the geometrical electrode area. In Figure 3.3 an exemplary OER polariza-
tion curve of a cathode is depicted, before (beginning-of-test, BOT) and after (EOT,
end-of-test) an SUSD AST was performed with the MEA. The catalytic activity of the
electrode is estimated from the current response at a defined potential (i.e. 1.48 VrHg).

3.1.5 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a frequently used method in research
for characterizing electrochemical systems. It is capable of resolving individual internal
processes of electrochemical systems on the basis of different relaxation times and thus
allowing their investigation. EIS can be considered as non-destructive in-situ method
giving insights in physical processes within the investigated system.

For EIS, a sinusoidal perturbation signal (input signal) is applied while the correspond-
ing system response to the perturbation (output signal) is measured. The system’s re-
sponse is observed at 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-
ance spectroscopy analyzes the behavior over a range of frequencies. The applied per-
turbation signal can be either a current wave at galvanostatic or a potential wave at
potentiostatic measurements. In fuel cell environment, galvanostatic EIS is commonly
performed under normal operation (Hz/air) and under applied load, where the fuel cell
acts as galvanic cell. In contrast, potentiostatic EIS is typically performed under N2/H:
supplied to the working/counter electrode.

In this thesis, potentiostatic EIS was used to determine the high frequency resistance

overpotential nypr, Which adds up the ohmic overpotentials #yembrane @Nd Neontact- 1N
addition the effective proton resistance overpotential nﬁffl electrode OF the catalyst layers
can be derived from this measurement. Tracking the temporal evolution of
overpotentials can be used to monitor the degradation of MEA components and to allow

for overpotential distribution analysis.

HFR determination by EIS

In this thesis potentiostatic EIS measurements under N2/H> atmosphere where
performed to investigate the HFR and the proton resistances of the electrode. A typical
Nyquist plot is shown in Figure 3.4.
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Figure 3.4: Exemplary Nyquist plot of an EIS measurement for a pristine MEA (i.e. MEA-2, cf.
section 4.1). Measurement was performed with humidified N2/Hz (80% RH) at 30° C applying a
flow rate of 10 In min™ and pressures of 1 barg on the cathode and anode, respectively. Spectrum
was recorded applying a 10 mV perturbation (100 kHz to 10 Hz) at 0.45 VrHe. EXxperimental data
are shown in red open squares, the corresponding fitting result of an equivalent circuit model (see
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 Rypg and graphical Ry+ canode determina-
tion.

To determine the high frequency resistance Rypr, the real axis intercept of the
impedance is taken, where the imaginary impedance is equal to zero. Rypgr
predominantly corresponds to the membrane resistance and the contact resistances along
the electric pathways (flow fields, GDLs and catalyst layers interfaces). As the
overpotentials for the membrane and contact resistances are showing ohmic behaviour,
the overpotential nypgr IS dependent on the applied current density i and the
corresponding resistance Rypg (cf. Equation 3.12) .

NMHFR = Mmembrane t Ncontact = ! * RuFR (3.12)

Proton resistance determination in the catalyst layer

By determining the effective proton conductivity in the electrodes, the voltage loss due
to proton transport within the electrode can be derived. Due to the fast HOR Kinetics,
the platinum loading and thus the electrode thickness of the anode is significantly lower

than that of the cathode. Therefore, the proton conducting pathways in the anode are
comparatively short and the corresponding overpotential nl‘ff, anode 1S typically neglect-

ed. In contrast, for MEA voltage loss analysis, the cathode effective proton conduction
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overpotential nﬁff' cathode Must be considered. Due to the ohmic dependence, the effec-

tive proton conduction overpotential can be calculated as follows:

eff — . Reff . Ry+, electrode (3.13)

TH*, electrode H*, electrode — ! 34¢

with the effective proton conduction resistance R;ff, electroder L€ electrode sheet re-

sistance Ry+ electroqe aNd the correction factor ¢, which is dependent on the applied
current density i and the Tafel slope of the reaction (for a further explanation, the reader
is referred to Neyerlin et al. [150]). In the first approach, ¢ is set equal to zero assuming
small potential gradients within the electrolyte phase.

The proton conduction resistance can be determined via potentiostatic EIS in N2/H:
atmosphere on the working and reference electrode, respectively. To evaluate
Ry+ electrode: the EIS spectra can be fitted numerically, assuming an equivalent circuit
model including a transmission line model, or a graphical estimation from the Nyquist
plot can be performed, considering the length of the observed 45° line (see Figure 3.4b)
[148]. For measurements performed on the anode catalyst layer, commonly no 45° line
characteristics is observed due to the low proton resistance. The resulting Nyquist plot
Is showing a straight 90° line for frequencies lower than the frequency where the high
frequency resistance is observed.

3.1.6 Hydrogen pump experiment

This section provides an overview of the so-called hydrogen pump experiments which
are used for HOR overpotential distribution analysis. A schematical cell setup for the
hydrogen pump experiment is depicted in Figure 3.5a.

(a) (b)

NHOR, act
S NHoR, mix

Nurr o Ecel

0.0 05 1.0
Current density/A cm™2

Figure 3.5: (a) Scheme of the hydrogen pump experiment on a single fuel cell. (b) Current density
dependent cell voltage and calculated potentials during a hydrogen pump experiment with flowing
H2 on the anode and N2 on the cathode, after the MEA underwent significant anode degradation
due to a cell reversal AST (see section 1).
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During the hydrogen pump experiment, hydrogen is supplied to the anode and nitrogen
or hydrogen is supplied to the cathode. On the anode, hydrogen is oxidized during HOR
(cf. Equation 3.14), whereas the migrating protons through the membrane are reduced to
hydrogen on the cathode during hydrogen evolution reaction (HER, cf. Equation 3.15).

H, - 2H* + 2e~ (3.14)
2H* + 2¢e” > H, (3.15)

Besides the applicability as diagnostic procedure for PEFCs, this procedure finds com-
mercial application in fuel purification, where hydrogen can be extracted from a pollut-
ed/diluted feed gas stream and simultaneously compressed. In the context of PEFCs,
hydrogen pump experiments are typically used to i) evaluate the HOR/HER exchange
current density of different catalysts [95, 151] and ii) to investigate the anode’s contri-
bution to the fuel cell overpotential [35, 152]. The latter enables an in-depth analysis of
anode degradation with respect to the application relevant HOR performance.

The cell voltage E¢; during the hydrogen pump experiment can be described as [95]:

Ecen = Erev — NHFR — MHER — MHOR — iRﬁff, anode — iRﬁfJf‘ cathode (3.16)
According to the Nernst equation, E,.., during hydrogen pump is dependent on the H>
partial pressures on the electrodes, the temperature and the equilibrium potential of the
HOR/HER (cf. Equation 2.9). Therefore, E.., Can show a strong current dependency
when pure nitrogen is flown on the cathode, as the partial pressure of hydrogen is de-
pendent on the hydrogen evolution rate according to Faradays law. While this setup
satisfies safety aspects of the fuel cell test station, the analysis becomes error prone due
to the partial pressure dependency of hydrogen on the cathode. However, the supply of
(N2 diluted) hydrogen on the cathode has the advantage of negligible partial pressure
dependency of hydrogen imposed by HER. Within typical fuel cell setups, where the
cathode catalyst loading and thus the ECSA is significantly higher than on the anode,
nuer can be neglected [95, 152, 153]. Also Rﬁff’ anode 1S cOMmonly neglected due to

minor proton resistance within the anode catalyst layer. Furthermore, RSE . was

shown to be negligible as well during hydrogen pump experiments [95]. As the cathode
loading is significantly higher, a substantial proton resistance within the cathode would
result in the cathode current distribution shifting closer to the membrane at small over-
potential increase, induced by the high catalyst loading and fast HER kinetics [148].
Thus, Equation 3.16 can be simplified to:

Ecen = Erev — IRyFR — NHOR- (3.17)
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The HOR overpotential subsequently can be separated in kinetic and mass transport
contributions [152].

Ecen = Erev — iRypr — NHOoR,act — NHORmtx- (3-18)

Rypr can be determined by the above presented EIS method. The kinetic overpotential
can be derived from fitting the HOR overpotential within a mass transport free domain
(i.e. at low current densities) based on a simplified Butler-Volmer approach (also cf.
Equation 2.10):

BF (1-B)F
i=iyLECSA (eﬁ"ﬂomt — e RT ’momacc) (3.19)

with the symmetry factor S. Subsequently, the HOR overpotential distribution analysis
can be performed. This analysis is illustrated in Figure 3.5b for an MEA with a severely
degraded anode catalyst layer. The hydrogen pump polarization curve was recorded
after a reversal AST at 30° C, 80% RH and p = 1 barg was performed.

3.2 Ex-situ characterization methods

3.2.1 SEM/EDX

Scanning electron microscopy (SEM) MEA cross-section images were taken to evaluate the
anode, cathode and membrane thickness of MEAs after an AST was performed. To investi-
gate the element composition within catalyst layers and precipitated band formation in the
membrane, Energy dispersive X-ray spectroscopy (EDX) was performed. Further infor-
mation on these characterization methods can be found in standard textbooks [154].
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This chapter provides detailed information on the experimental methods and procedures
applied in this thesis, from sample preparation over single cell testing up to ex-situ
characterization methods. This chapter contains excerpts from an published article
(Bentele et al. [40]). In particular, the accelerated stress test procedures developed with-
in this thesis are introduced.

4.1 Materials and MEA fabrication

Within this work different MEAs were investigated to develop application-relevant
stress tests in combination with special electrochemical characterization methods. This
allows to derive further insights into the degradation of OER based reversal tolerant
anodes.

A general lab-scale manufacturing scheme applied for MEAs investigated in this thesis
is depicted in Figure 4.1, 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-scale Manufacturing 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 information about the used MEAs is given in the following section.
However, due to the cooperation with an industry partner, certain detailed process and
material information cannot be publicly disclosed. As industrial processes of MEA
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production were applied within this thesis, lab-scale based reproducibility would cer-
tainly be difficult.

The catalyst layers were manufactured by ink mixing of catalyst powder, solvent and
ionomer. Subsequently, the ink was coated on a supporting decal foil. The catalyst
layers were processed to a CCM via the decal transfer method. In a final step, the CCM
was cut, framed and hot pressed with GDLs on anode and cathode, respectively.

An identical cathode catalyst layer (CCL) was used for all MEASs investigated within
this thesis. CCLs were in-house fabricated incorporating commercially available Pt/C
catalyst powder and ionomer binder. The platinum loading of the cathode electrodes
was fixed to 250 pgpr CMelectrode 2 With respect to the geometrical electrode area. The ink
preparation and subsequent ink coating on a carrier foil were performed according to in-
house developed procedures on industrial production lines. For the fabrication of anode
catalyst layers, a comparable coating process was used. Reversal tolerant anodes were
fabricated using an OER co-catalyst based on heat treated IrO. catalyst carried on a
metallic support. Commercially available ionomer binder (equivalent weight
<900 g/mol) was used. Besides, different carbon supported platinum HOR catalysts
were used, which were differing regarding the graphitization degree of their high sur-
face area carbon support (graphitization degree HOR-1 < HOR-2). The catalyst loading
of Pt and IrO, was fixed to equal values of 50 pgcatalyst CMelectrode 2, respectively. The
ionomer to carbon weight ratio (I/C) was set to be equal to one, except for the reference
anode catalyst layer without an OER co-catalyst incorporated. For this reference MEA
an anode 1/C ratio equal to 0.8 was implemented, aiming for a comparable ionomer to
catalyst/support surface ratio and resulting ionomer thin film thickness. The anode
catalyst layer for MEA-3 was not fabricated in-house but received by a supplier as decal
supported catalyst layer. As for the other anode catalyst layers, Pt/C and metal support-
ed IrOy catalysts were incorporated. Any further insights in catalysts (HOR-3/OER-2)
and ionomer properties cannot be provided.

CCMs were manufactured via the decal transfer process by hot pressing anode and
cathode catalyst layers, backed on decal foil, to a reinforced PFSA based membrane
(membrane thickness: between 20 pum and 10 um; high frequency re-
sistance: =~ 63 mQ cm? at 30° C and 80% RH, cf. Figure 5.12). Hereinafter, the CCMs
were cut to the required size and subsequently framed with a PEN foil. Afterwards,
commercially available GDLs were hot-pressed (100° C, 30 s) to the framed CCMs.

An overview of the different MEA configurations investigated in this thesis is given in
Table 4.1.
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Table 4.1: Investigated MEA configurations

Designation
. MEA.-
Property Unit MEA-1 MEA-2 MEA-3 MEA-Pt
Pt/IrOx
Pt loading [HMg CMelectrode %] 50 50 * 50 50
II’OZ |Oadlng [Hg Cmelectrode_z] 50 50 * 50 0
1/C ratio [-] 1 1 * 1 0.8
HOR catalyst [-] HOR-1 HOR-2 HOR-3 HOR-2 HOR-2
HOR catalyst
graphitization [-] + ++ * ++ ++
degree (Pt/C)
OER catalyst [-] OER-1 OER-1 OER-2 OER-1 -
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 on in-house developed differential single cell test
stations. Cell cooling was realized using an ultra-pure water based liquid cooling loop,
which allowed cell temperatures in the range of 30° to 90° C. To achieve the desired
operating conditions, the supplied dry gases were humidified with ultra-pure water via a
combination of mass flow meters (dry gas and water, respectively) and a humidifier. To
prevent water from condensing, piping from humidifier to cell inlet was equipped with
heat-tubes and heating tapes. The test stations were equipped with a combined electrical
load/power supply, enabling normal operation as well as reversal operation of the cell.
To ensure the targeted operating conditions, several sensors (e.g. temperature, pressure,
humidity, current, voltage) on multiple locations were included within the test station.

69



4 Experimental

Single cell tests were performed using in-house developed cell hardware with an active
area < 50 cm?, schematically depicted in Figure 4.2.

Housing Flow field oL Current collector

H2 supply
Air supply

/ CCfM \

Seal Frame

Figure 4.2: Exploded drawing of the cell hardware setup.

The framed MEAs were sandwiched between graphite-based flow fields with parallel
gas channels in co-flow arrangement, including internal cooling channels. The metallic
current collectors were attached to the flow fields. To prevent gas and coolant leakage,
silicone-based seals were incorporated, and a physical leak test of the cell setup was
performed prior to any test performed. The cell voltage was monitored by conducting
the flow fields directly via sense cables, whereas the current was monitored via shunt
measurement within the load cable next to the cathode current collector.

4.2.2 Polarization curves

Pristine MEAs were treated by an in-house developed conditioning procedure prior to
each characterization. The fuel cell performance was evaluated at certain points during
the test procedures via polarization curves under Hz and (compressed) air. If not stated
otherwise, a recovery procedure including an air- and Ho-soak (10 min each) has been
performed prior to the performance evaluation. During the polarization curves, tempera-
ture was kept constant at 68 © whereas pressures, RH and gas flow rates (Hz/air) were
varied with current density according to Table 4.2.

The fuel cell was allowed to stabilize for 15 min for each current density, whereas data
was averaged from the last 60 s. The first investigated current density within the polari-
zation curve was allowed to stabilize for additional 30 min to ensure consistent and
stable testing conditions and MEA humidification. If a cell voltage smaller than 0.1 V
was observed (e.g. due to severe degradation), the measurement was aborted for the
investigated current density as well as for possible subsequent higher current densities.
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Table 4.2: Current density dependent operating conditions for polarization curves performed at
68° C

Operating conditions during PEFC performance evaluation at 68° C

Current density [A cm?] 0 0.1 0.6 1.0 15 2.1 2.4
Pressure anode [barg] 025 0.25 0.6 0.9 1.27 1.7 1.9
Pressure cathode [barg] 0.07 0.07 0.3 0.59 0.92 1.31 15
RH anode [%] 79 79 75 80 85 94 97

RH cathode [%] 52 52 70 69 67 70 71
Anode flow rate [l min™] 0.7 0.7 1.7 2.8 4.3 6.0 6.8

Cathode flow rate [I, min™] 1.3 1.3 4.1 6.8 10.2 14.3 16.4

4.2.3 Cyclic voltammetry

Cyclic voltammograms (CVs) were acquired using a IM6 potentiostat/galvanostat (Zah-
ner-Elektrik Ingeborg Zahner-Schiller GmbH & Co. KG, Germany).

If not stated otherwise, CVs were performed at 100% RH, 1 barg and flow rates of
1 ln min™! on working (i.e. PEFC cathode for cathode CV) and reference (i.e. anode)
electrode, respectively. Cell temperature was set to 60° or 68° C. CVs were recorded
block wise for each electrode: i.e. first CO stripping, Hupa measurements, H> crossover
and OER performance on the cathode were performed, followed by the corresponding
measurements on the anode. Prior to performing CVs, a pre-conditioning was per-
formed at the corresponding CV’s temperature and RH. For CVs recorded within sec-
tion 1, MEAs were conditioned by supplying Ho/air (reference/working electrode) for
15 minutes at 0.6 V, followed by purging the working electrode with nitrogen for addi-
tional 15 minutes. Prior to CVs performed within chapter 6, Ha2/N2 (reference/working
electrode) was supplied for > 30 min to allow the MEA to equilibrate. All potentials for
CVs are reported with respect to the reversible hydrogen electrode (RHE).

ECSA determination via Hypd

To evaluate the ECSA via Hypd the working electrode (i.e. PEFC anode for anode CV)
was flushed with N2 whereas the counter/reference electrode (i.e. PEFC cathode for
anode CV) was flushed with H.. Flow rates of 1 I, min™! at 1 barg and 100% RH were
achieved during the CVs for both electrodes. The working electrode was cleaned by
four CVs scanned between 0.1 and 1.2 Vree at 100 mV st Subsequently, four CVs
with a potential range from 0.065 to 0.865 Vrwe at 100 mV st were performed to eval-
uate the ECSA via Hupd. The hydrogen de- and adsorption charges between 0.1 and
0.4 Vrue Were averaged from the 4™ CV cycle after correction for the capacitive charge.
A conversion factor of 210 uC cm2 was assumed.
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Double layer capacitance determination

Double layer capacitance Cq was evaluated from the CV set used for ECSA estimation
via Hypa (potential range of 0.065 to 0.865 VrHe, 100mV s scan rate). The capacitive
charge was evaluated from the 4" CV cycle at a potential of 0.45 VreE.

ECSA determination via CO stripping

CO stripping CVs were performed under Hz/N2 (reference/working electrode) atmos-
phere at 68° C at 100% RH and 1 barg on each electrode. To evaluate the cathode ECSA,
flow rates of 3.5/5 I, min~* (anode/cathode) were realized, whereas anode CO stripping
was performed at flow rates of 1/1 I, min™* (anode/cathode). These operating conditions
were implemented for all substeps within the respective procedure. Prior to the CO
stripping CV, two cleaning CVs were performed between 0.1 and 1.2 Vrue at a scan
rate of 20 mV s%, to achieve reproducible results and remove possible contaminants
present on the catalyst surface. Subsequently, the working electrode was supplied with
1% CO in N2 on the working electrode for 3 minutes at a potential of 0.1 VrHe While
maintaining the above stated flow rates. To remove CO from the flow field channels,
the working electrode was flushed for 5 min with pure N2 afterwards. Finally, CO strip-
ping measurements were performed by measuring two CVs at a potential range from 0.1
to 1.2 Vrue and a scan rate of 20 mV s 1. ECSA was calculated by integrating the CO
desorption charge, taking the second CV performed as baseline for integration and
assuming 420 uC cm2 as conversion factor.

Preceding any further measurements (e.g. CVs or polarization curves), an additional
purging procedure was implemented to ensure the removal of any residual CO from the
test station piping.

4.2.4 Hydrogen crossover

Hydrogen crossover measurements were performed with a IM6 potentiostat/galvanostat
(Zahner-Elektrik Ingeborg Zahner-Schiller GmbH & Co. KG, Germany) directly after
recording the cathode Hupa CVs. Therefore, no additional cleaning procedure was im-
plemented. Hydrogen crossover measurements were recorded by performing a single
CV with a potential range from 0.065 to 0.865 Vrwe at 2 mV s™1. Operating conditions
were the same as during the cathode Hypd CVs. (H2/N2 on anode/cathode at flow rates of
1 1o mint, 100% RH and 1 barg). The hydrogen crossover current density was deter-
mined by performing a linear regression for the up and down sweep of the CV between
0.35 and 0.6 VrHE.
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4.2.5 OER activity

The OER activity was acquired by a IM6 potentiostat/galvanostat (Zahner-Elektrik
Ingeborg Zahner-Schiller GmbH & Co. KG, Germany) via cyclic voltammetry. Preced-
ing the measurement, the already equilibrated MEA was flushed with Hz/N2 (refer-
ence/working electrode) for 3 min. The same operating conditions as for the CO strip-
ping measurements were chosen: 68° C, 100% RH and 1 barg for each electrode. Flow
rates of 3.5/5 I, min~? (anode/cathode) were applied to evaluate cathode OER activity,
whereas flow rates of 1/1 I, min™! (anode/cathode) were applied to investigate anode
OER activity. Ten contiguous CVs, each ranging from 0.1 to 1.49 VruE, Were per-
formed at a scan rate of 20 mV s%. If the upper current limit (3 A) of the potenti-
ostat/galvanostat was exceeded within the chosen potential range, the CV was interrupt-
ed, and the CVs were repeated with a decreased upper potential automatically. The first
CV performed was considered as a cleaning CV, ensuring a clean catalyst surface and
reproducible results. The OER activity was determined from the anodic scans of the
subsequent nine CVs at a potential of 1.48 Vrre. To achieve comparable results, the
current densities were corrected for the predominantly capacitive charges observed at a
potential of 1.3 VrHE.

It should be noted that the reported current densities should be regarded as first approx-
imation of the OER activity 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 density is not solely corre-
sponding to the OER activity of the OER catalyst. It is highly likely that the current
density measured is superimposed by the OER activity of platinum as well as by the
oxidation of carbon to a certain extend. This applies in particular for cathode catalyst
layers, where no OER catalyst was introduced during manufacturing and only traces of
migrated OER catalyst should be present. To distinguish the order of magnitude of
superimposed currents caused by Pt/C catalysts, an 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/galvanostat (IM6, Zahner-Elektrik Ingeborg Zahner-Schiller GmbH & Co. KG,
Germany). EIS was performed while supplying the cell with Ho/N2 (reference/working
electrode), keeping cell voltage at 0.45 Vrre and applying a 10 mV perturbation for
frequencies ranging from 100 kHz to 10 Hz.

Operating conditions and pretreatment were dependent on the respective purpose and
implementation. EIS measurement was included in a standard characterization block,
including Huypa CVs and hydrogen crossover measurements. Therefore, the operating
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conditions were identical to the latter (100% RH, 1 barg, flow rates of 1 I, min™t) and no
additional conditioning was performed. In addition, EIS was used to evaluate HOR
overpotential distribution. Thus, the same operating conditions as during subsequent
hydrogen pump experiments were applied to evaluate the HFR and proton resistance of
the CCL at these operating conditions. In advance, for these tests a pre-conditioning
phase was applied. For section 5 this pre-conditioning included a recovery step (air- and
H»>-soak, 10 min each), normal operation (Hz/air, anode/cathode) at a cell voltage of
0.6 V for 10 min and finally a H2/N> (anode/cathode) purge for 10 min. For section 6 at
each investigated temperature an initial recovery step was performed, including three
SUSD cycles, 1 h normal operation at 0.6 V (H./air) and a H2/N> (anode/cathode) purge
for 1 h. Prior to EIS measurements performed at the same temperature but a lower RH,
solely a H2/N2 (anode/cathode) purge for 1 h was performed.

4.2.7 Hydrogen pump experiments

Hydrogen pump measurements in the context of reversal ASTs (section 1)

To quantify and investigate the anode ageing due to repetitive, short-term reversal
events, HOR overpotential distribution analysis via hydrogen pump measurements was
performed at comparable operating conditions as during the applied reversal AST. Thus,
anode and cathode were constantly flushed at 30° C cell temperature, applying humidi-
fied gases (80% RH) and pressures of 1 barg, respectively. To enable high limiting
current densities, the gas flow rates of N2 (cathode) and H> (anode) were increased to 10
In min~! with respect to the reversal AST. Polarization curves were performed between 0
and 3.75 A cm2 with a sweep rate of 2.5 mA cm 2 s™1. The measurement was stopped if
the cell voltage reached —0.8 VV to prevent the MEA and cell hardware from severe
damage. This setup, with no active H, flow on the cathode, was chosen to enable hy-
drogen pump measurements without having to adapt the test station piping (e.g. linking
anode outlet to the cathode inlet) according to safety regulations. The measurements
were performed subsequent to the corresponding EIS measurements (preceding recov-
ery included, see above). Therefore, no additional conditioning was applied prior to the
hydrogen pump polarization curves.

To account for the change in equilibrium potential E.., due to a transient hydrogen
partial pressure on the cathode, E,., was calculated by the Nernst equation (cf. Equation
2.9). The partial pressure change on the cathode was calculated by the evolving hydro-
gen due to faradic current. The impact of hydrogen crossover via diffusion was not
considered.

The overpotential distribution analysis was determined by applying Equation 3.18,
considering the corresponding EIS results (Rypr) and the calculation of E..,. Subse-
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quently, the activation overpotential nyog act Was derived by a non-linear least squares
fit to a simplified Butler-Volmer approach (cf. Equation 3.19).

Hydrogen pump measurements in the context of SUSD ASTs (section 6)

To further improve the resolution and accuracy of the HOR overpotential distribution
analysis in section 6, the above-described hydrogen pump procedure was adapted. Due
to hardware adjustments on the test station, the dilution of hydrogen with nitrogen was
implemented as well as implementing the possible flow of (diluted) hydrogen on the
reference electrode (cathode). Dilute hydrogen allows a more sophisticated resolution of
H> mass transport resistance increase at small total HOR overpotentials [35], which in
particular is important for decreased anode degradation during SUSD events compared
to reversal events. The possibility of flushing the reference electrode (cathode) during
the experiment with an identical (diluted) hydrogen gas flow was expected to increase
accuracy of the experiment. As for the differential single cell setup, high stoichiometries
are implemented. The partial pressures on anode and cathode consequently are facing
only small gradients due to hydrogen crossover induced by faradic current and thus can
be regarded as constant. Consequently, E.., = 0 can be assumed, which simplifies
Equation 3.18.

To investigate the HOR overpotential, hydrogen pump measurements were performed at
various temperatures, Hz concentrations and relative humidity. The investigated condi-
tions are shown in Table 4.3.

Table 4.3: Investigated operating conditions for hydrogen pump measurements

H, pump operating conditions

Temperature RH H. concentrations (dry gas)
[°C] [%0] [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 all investigated operating conditions, pressures of 2 barg and total dry gas flow rates
of 10 I, min~! were applied on anode and cathode, respectively.? To achieve the aimed
hydrogen concentrations, dry hydrogen was diluted with the corresponding gas flow
rate of dry nitrogen. Subsequently, the dry gas flow was humidified.

2 For 100% Ha the gas flow rate on the cathode was limited to 5 I» min~* due to mass flow controller limitations. But
due to the still achieved high stoichiometry for this flow rate (> 4.5 at 3.75 A cm™2) and the flow-independent hy-
drogen partial pressure at the cell inlet, a change in Erev can be regarded as negligible.
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Temperatures were investigated in ascending order (35 to 86° C). RH was kept stable
while varying the respective H> concentrations. RH and H> concentration were investi-
gated in descending order, respectively (i.e. first 100% RH at 30° C for 100, 50, 30, 10
and 5% H. was investigated, followed by 75% RH at 30° C for 100, 50, 30, 10 and 5%
H>). For each temperature a pre-conditioning step was performed. After heating the cell
to the specific temperature, three SUSDs were performed to clean and recover the cata-
lyst surface. Then the MEA was conditioned under normal operation (H/air, 100%RH)
at 0.6 V for 1h. Subsequently, EIS was performed at each investigated RH (and temper-
ature) to determine the corresponding Rurr. Prior to each EIS, the MEA was equilibrat-
ed for 1 h under H2/N2 (anode/cathode) and two SUSD cycles were performed as recov-
ery procedure. Subsequently, the hydrogen pump polarization curves at the respective
temperature and RH were recorded with descending H2 concentration.

Prior to each polarization curve, the MEA was flushed with (diluted) H2/H> at the corre-
sponding temperature, RH and H> concentration for 5 min. Polarization curves were
recorded between 0 and 3.75 A cm 2 with a sweep rate of 10 mA cm 2 s™%. The polariza-
tion curve was aborted if the voltage fell below —0.6 V or a stoichiometry of <2 was
achieved, to prevent MEA and cell hardware damage.

Overpotential distribution analysis was performed by applying Equation 3.18, consider-
ing the corresponding EIS results (Rypgr) and assuming E.., = 0. The activation over-
potential nyoract Was derived by a non-linear least squares fit to a simplified Butler-
Volmer approach (cf. Equation 3.19).

4.2.8 Reversal ASTs

For durability estimations and investigations of certain degradation phenomena, so-
called accelerated stress tests (ASTs) for differential cells have been established within
fuel cell research and development [155, 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 integration levels
(e.g. stack) or mutually influencing stressors (e.g. transients imposed by system compo-
nents). Simultaneously, the reduced test complexity of ASTs on differential cells often
is concomitant with simplifying and improving test comparability. On the other hand,
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 accelerated stress tests for reversal events were investi-
gated. A state-of-the-art accelerated stress test, applying a prolonged reversal event at
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constant current until cell voltage falls below a certain threshold, is referred to as non-
cyclic reversal (NCR) AST. For the NCR AST investigations, a constant current of
0.62 A cm2 is drawn under Ho/air condition. Subsequently, the hydrogen supply on the
anode is switched to N, resulting in fuel starvation conditions (N/air on an-
ode/cathode). This reversal state was kept until the cell voltage reached a threshold of
—1.5 V. The performed test scheme and resulting cell voltage is depicted in Figure 4.3a
and b. Comparable ASTs are reported in literature to investigate the reversal tolerance
of OER co-catalyst based reversal tolerant MEAs [37, 39, 100, 103, 106, 118, 128].
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Figure 4.3: Test procedures for non-cyclic 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. (c) Schematic MEA testing procedure for CR AST.
(d) Schematic representation of cycled operation during CR AST including ACL reactions and
failure criteria defined for each operation. (e) Schematic CR AST cell voltage profile within one CR
AST cycle, alternating normal and cell reversal operation.

In this work, a cyclic reversal (CR) AST was developed, alternating normal and reversal
operation (cf. Figure 4.3d). ASTs with short-term reversal events are mimicking field
operation more realistic, but are rarely described in literature [114, 120, 157]. Normal
operation, N2-purge, reversal operation (two current densities) and open circuit voltage
were cycled within CR AST (cf. Figure 4.3e) until a failure criterion was met. For nor-
mal operation the failure criterion was set to cell voltages < 0.1 V, whereas cell voltages
<-1.5V were chosen as failure criterion during reversal operation. Normal operation
(180 s) was implemented by flowing Hz/air (anode/cathode) and drawing a current of
0.65 A cm™2. During the subsequent No-purge the cell was flushed with No/air for 120 s
while no current was drawn. Reversal operation was performed at 0.17 and 0.62 A cm 2

77



4 Experimental

for 120 s respectively, while supplying No/air. OCV was held for 60 s while switching
back to Ho/air supply.

Both ASTs were performed at the following operating conditions: 30 °C, 80/80% RH,
5/12 I, min™! gas flow and pressures of 1.7/1.5 barg on the anode and cathode, respec-
tively.

The testing conditions were chosen to simulate degradation due to cell reversal events in
the context of the automotive startup-phase, where fuel starvation events can occur due
to blockage either by icing (during freeze start-ups) or (residual) liquid water at temper-
atures close to ambient temperatures. The chosen temperature of 30° C simulates both
cases satisfactorily. During a fuel starvation event caused by icing, stack temperatures
of 30° C can be achieved before the ice blockage is removed by heat input (coolant loop
or waste heat). At higher temperatures icing and consequently blockage of the flow field
channels within the stack becomes highly unlikely, whereas at lower temperatures
(<20° C) anode degradation is significantly decelerated by sluggish carbon corrosion
rates [118]. In addition, lower temperatures (<20° C) would require a more complex test
setup due to the test station requirements (e.g. cooling loop). Besides simulating fuel
starvation events due to icing, the blockage of flow field channels by residual liquid
water during a regular start-up is also possible at the chosen temperature of 30° C.
Residual water could condense during cooling down in idle mode and could subse-
quently cause blockage. However, at elevated stack temperatures after start-up, residual
liquid water becomes unlikely due to an increasing dew point.

Within this study, reversal tolerance is referring to the amount of applied time or cycles
in reversal mode before a failure criterion was met for the respective MEA. However,
when comparing both performed reversal ASTs among each other, it should be noted
that within CR AST two reversal current densities were investigated within each cycle,
whereas for the prolonged reversal events during NCR AST only the higher current
density (0.62 A cm™2) was drawn.

To further analyze the failure observed during CR AST, additional characterization
methods as CVs, EIS and hydrogen pump experiments were performed. The overall test
schemes for both reversal ASTs are depicted in Figure 4.3a/c.

Within this work, no repeating measurements for the investigated MEA designs were
shown. However, during intensified testing of various MEA and ACL designs, a sam-
ple-to-sample variation of < 4% 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 MEAs.
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4.2.9 SUSD ASTs

Within this thesis, two SUSD ASTs were developed to investigate the anode ageing
during transient conditions for reversal tolerant anode concepts based on a OER co-
catalyst. The main purpose was the development of a time- and cost-effective AST on
single cell level to simulate anode aging and investigate the occurring anode degrada-
tion and imposed degradation effects on other MEA components.

The performed ASTs were embedded in a series of procedures to further characterize
the achieved degradation and ensure reproducible results. The corresponding overall test
procedure is depicted in Figure 4.4a.
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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 either CR AST or performance evaluation/H2
pump/imaging was performed with the respective MEA. End-of-test (EOT) the OER activity on the
cathode was evaluated two additional times after performing a recovery procedure (black box). (b)-
(c) Simplified piping and instrumentation diagram for the anode gas switch. Arrows indicate active
gas flow of hydrogen (red) and air (blue).

First the MEA was conditioned. Afterwards, normal operation polarization curves
(Ho/air) were recorded to evaluate the PEFC performance. A characterization procedure
was performed to investigate the properties of the MEA and its subcomponents. This
characterization procedure included: ECSA determination via Hupd and CO stripping
method, hydrogen crossover measurement, EIS and OER activity determination. First
the cathode was analyzed followed by the corresponding anode characterizations. All
steps within the characterization procedure were performed at 68° C, 100% RH and
1 barg (for further information see corresponding sections above).

To simulate anode ageing via the developed AST, 1200 SUSD cycles were performed,
switching the anode gas supply from air to H. (SU) and vice versa (SD). During SUSD
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events cell temperature was set to 35 °C while fully humidifying the supplied gases
(100/100% RH) and applying pressures of 1.42/1.05 barg and flow rates 5.87/14 I, min!
(anode/cathode). The anode gas supply was switched every 30 s. The corresponding,
simplified piping and instrumentation diagram of the test station during SUSD states is
depicted in Figure 4.4b-c. The PEFC performance at 68° C was evaluated initially
(beginning-of-test, BOT) as well as recurrently after 300 consecutive SUSD cycles (cf.
Figure 4.4a) via a Ho/air polarization curve (operating conditions see Table 4.1). Transi-
tion between SUSD operating conditions (at 35° C) and performance evaluation (68° C)
was implemented by applying a N2/N2 purge. To reveal any possible reversible perfor-
mance impact, no recovery procedure was performed prior to each performance evalua-
tion.

The above-described characterization procedure was repeated End-of-test (EOT). Devi-
ating from the initial procedure, EOT the OER activity for the cathode was additionally
evaluated twice subsequent to a recovery procedure (cf. Figure 4.4a). As recovery step,
normal operation under Ho/air for 1.5 h was performed, applying a current density of 1.5
A cm™ and the corresponding operating conditions according to Table 4.1. Deviating
from Table 4.1, the first hour was performed at 100% RH on both electrodes to facilitate
washout of volatile species (e.g. cations). After finishing the EOT characterization
procedure, either CR AST (cf. section 4.2.8) was performed to analyze the impact of
anode aging on reversal tolerance or the end-of-life (EOL) performance was evaluated
via additional polarization curves and H> pump experiments (cf. section 4.2.7). After the
latter, imaging via SEM and TEM was performed to validate the expected degradation
indicated by in-situ results.

Two varying SUSD ASTs were developed within this thesis, depicted in Figure 4.5.
Due to the realistic simulation of the electrochemical processes appearing during field
operation, a Hz-Air front based SUSD AST was preferred over a voltage cycling AST.
However, the main intention was to suppress Hz-Air front induced cathode degradation
to better resolve anode degradation and subsequent degradation effects on other MEA
components. Thus, high gas flow rates aiming for a very short residence time (= 0.014 s,
estimated via the equation provided by Schwéammlein et al. [35]) were implemented. In
addition, cell temperature was set to 35° C to minimize the impact of carbon corrosion
while still maintaining an automotive relevant operating window for start-up events at
mediocre to elevated ambient temperatures. Both SUSD ASTs were performed at iden-
tical operating conditions (see above), differing solely in the application of an external
load bank. For the AST referred to as SUSD-pot, the cell voltage during the AST was
kept <0.5V via potentiostatic controlled load mode. In this mode, the load bank is
drawing a corresponding current to achieve 0.5V, if the cell voltage would exceed the
voltage setpoint in OCV condition. However, if the voltage is lower as the setpoint, no
current is drawn. Both, during Hz/air as well as during air/air state, potentiostatic mode
was maintained to avoid cell voltages > 0.5V, arising from a time delay between
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switching the supplied gas at the corresponding valve and the time when the Ho-Air
front passes the flow field. The cell voltage and the expected corresponding half-cell
potentials for the SUSD-pot are depicted in Figure 4.5a-b. The half-cell potentials were
taken from literature values [35, 131, 158].

Cell voltage during SUSD-pot AST is cycling between ~ 0 V (air/air state) and ~ 0.5 V
(H/air state). Voltage clipping via potentiostatic mode was shown to decrease cathode
potential during SUSD, resulting in decreased cathode degradation [159]. Furthermore,
drawing load under Ho/air atmosphere for 30s might impact crossover of anode co-
catalyst species to the cathode (cationic migration proportional to the transferred charge
in the electric circuit) or the redeposition of crossed-over species (by varying cathode
potentials) [70].
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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, representing averaged voltages across the whole electrode area. Left
column: SUSD-pot AST. Right column: SUSD-OCV AST. (a)/(c) Cell voltage (black) during the
corresponding SUSD steps. The dashed line is indicating potential limitation to <0.5V. (b)/(d)
Corresponding anode (red) and cathode (blue) potential during the SUSD steps. Half-cell potentials
based on literature values [35, 131, 132, 158].

The second AST is referred to as SUSD-OCYV, as no load is drawn and the cell is kept at
OCV condition during the gas switching. The cell voltage and the expected correspond-
ing half-cell potentials during SUSD-OCV AST are depicted in Figure 4.5c-d. Cell
voltage during this AST is cycling between =0V and = 1 V (cf. Figure 4.5¢). However,
as the transient anode potential from ~ 0 to =~ 1 Vrue during SUSD is induced by the gas
switch between H and air, the predominant stressor for the anode catalyst layer should
be similar for both developed SUSD ASTS.
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4.3 Ex-Situ characterization methods

4.3.1 SEM/EDX

Scanning electron microscopy (SEM) images were taken on a SU8030 (Hitachi, Japan),
investigating MEA cross-sections. From each investigated MEA six different cross-
section samples were manufactured, distributed over the entire active area. Per cross-
section sample 5 SEM images were recorded, providing a 125 pm field-of-view. There-
fore, for each MEA 30 SEM images were recorded to assure reliable results. Layer
thickness of respective CCM components were evaluated using ImagePro 7 (Media
Cybernetics Inc., USA) software, executing 100 individual thickness measurements for
each SEM image.

Elemental identification by Energy dispersive X-ray (EDX) spectra was performed
using attached Xflash and QUANTAX FlatQUAD (Bruker Corp., USA) detectors. Per
spectrum 1 million counts were recorded at an accelerating voltage of 5 kV, providing a
penetration depth of ~ 100 nm. EDX spectra were evaluated using Espirit 1.9 (Bruker
Corp., USA) software. A coating correction for carbon has been performed to improve
the EDX analysis with respect to additional carbon originating from the sample prepara-
tion process.

82



5 Reversal tolerance of OER based
PEFC anodes

In this chapter the reversal tolerance of PEFC anodes containing an OER co-catalyst is
investigated and discussed. Different accelerated stress tests and the impact of the in-
corporated HOR catalyst are discussed. In addition, in-situ characterization methods are
presented to further investigate the failure modes of MEAS due to short-term reversal
events.’

To achieve competitiveness among other technologies such as internal combustion
engines and battery powered electric motors, durability 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 research [37, 38, 70, 100]. In stack configuration, (gross) fuel
starvation can lead to so-called cell (voltage) reversal events in the affected cell(s). The
mechanism of cell reversal events, root causes and possible mitigation strategies are
discussed in detail in section 2.7.1.

Likelihood

0 ' ' high
Degradation impact

Figure 5.1: Schematic classification of cell reversal events within a risk matrix.
As outlined in section 2.7.1. and depicted in Figure 5.1, the degradation impact of a cell

reversal event is high. Reversal intolerant MEA designs can fail within (milli-)seconds
if no mitigation strategy is applied. On the other hand, the likelihood of reversal events

8 This chapter includes results of my former published work: Bentele, D.; Aylar, K.; Olsen, K.; Klemm, E.; Eber-
hardt, S. H. (2021): PEMFC Anode Durability: Innovative Characterization Methods and Further Insights on OER
Based Reversal Tolerance. In: J. Electrochem. Soc. 168 (2), S. 24515. DOI: 10.1149/1945-7111/abe50b.
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can vary from low to medium-high and is dependent on the specific fuel cell system, its
components and operating strategies. The risk of reversal events occurring can be min-
imized to a certain extend if the operating conditions of a fuel cell system and stack
design choices are adapted and optimized for the aimed application and other boundary
conditions (e.g. allowed start-up temperatures or allowed system dynamics).

Accelerated stress tests (ASTs) for differential cells have been established within fuel
cell research and development to gain insights in durability and degradation phenomena
[155, 156]. To investigate the degradation impact of cell reversal events on reversal
tolerant anodes (RTAs), an AST variant drawing constant current in the absence of
hydrogen within the anode has been established [37, 39, 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 until a negative voltage
threshold, typically —1.5 V or —2 V, is met. The time spent in reversal is used as figure-
of-merit for the reversal tolerance of the investigated RTA.
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Figure 5.2: Schematic representation of the (a) non-cyclic reversal (NCR) and (b) cyclic reversal
(CR) AST. The operating modes (italic) and respective occurring electrochemical reactions (boxes)
on the anode are depicted: oxygen evolution reaction (OER), carbon oxidation reaction (COR),
hydrogen oxidation reaction (HOR). The resulting cell voltage profiles during the AST are illus-
trated in black lines. The abortion criteria are indicated by red dashed lines

As outlined in the PEFC Fundamentals section, in the absence of hydrogen either COR
or OER can cover the demand for electrons to maintain the requested current within the
affected cell(s). During the above-described ASTS, referred to as non-cyclic reversal
(NCR) AST in this work, no insights into fuel cell performance decrease can be ob-
tained during the prolonged cell reversal event applied (cf. Figure 5.2a).

Performance decay after meeting the voltage threshold during NCR AST is commonly
linked to severe carbon corrosion [37, 100, 122, 124]. However, even before the abor-
tion criterium is met, significant performance decay can be observed during prolonged
reversal events [100, 122]. These observations highlight the need for additional charac-
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terization methods and test procedures for further insight into the failure modes. Fur-
thermore, hydrogen starvation events appearing in field operation of automotive or
stationary fuel cell systems exhibit predominantly short and recurring starvation events.
Consequently, degradation events mimicked within non-cyclic reversal ASTs could
differ significantly from degradation occurring for real life applications. In addition, the
aspect of a possible deactivation of IrO, co-catalysts in the presence of carbon species
during prolonged reversal operation [117] needs to be considered within reversal AST
design.

The development of the cyclic reversal (CR) AST (cf. Figure 5.2b) is trying to bridge
the gap between an artificially applied reversal AST and the expected stressor during
field operation. Furthermore, the developed CR AST allows the application of recurring
reversal events on fuel cells incorporating reversal tolerant anodes while allowing nor-
mal fuel cell performance decay investigation simultaneously (cf. Figure 5.2b). There-
fore, distinction between OER and HOR degradation is possible. Comparable degrada-
tion tests investigating recurring reversal events have been reported for high
temperature PEFCs and unsupported PEFC catalysts [152, 157]. However, for low
temperature reversal tolerant PEFCs based on IrO2 co-catalysts, the investigation of
these characterization methods are rarely seen, but their necessity was addressed most
recently [40, 114].

To account for the interactions of the anode components on reversal tolerance, two
different MEAs, solely differing regarding their incorporated HOR catalyst, were inves-
tigated within this chapter. Apart a differing HOR catalyst graphitization degree, identi-
cal MEA components and catalysts loadings were incorporated (cf. Table 4.1). It is well
known that a low onset potential of the incorporated OER catalysts prevents the anode
from reaching high half-cell potentials and consequently increases reversal tolerance
[100, 125, 126, 128, 160]. Consequently, improving this OER characteristic is under
intensified research. The impact on reversal tolerance by the other anode components as
well as crosslinks and interactions between these components appear to be less in focus.
The investigation of two differing RTA catalyst layers ensures the validity of the gained
results for varying MEAs based on OER co-catalysts.

This chapter aims to reveal insights regarding MEA failure during CR AST, which is
considered more realistic with respect to expected degradation during field operation
caused by reversal events. In-situ diagnostic procedures were developed to enable an
HOR overpotential distribution analysis and validation via ex-situ imaging.
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5.1 Electrochemical in-situ results and discussion

5.1.1 Reversal AST comparison

In Figure 5.3, a comparison between CR and NCR AST is depicted (for details see
Experimental section). For both investigated MEAs the cell voltage during reversal
operation at 0.62 A cm™2 is shown. A pristine beginning-of-life (BOL) sample after
conditioning was investigated for each test.
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Figure 5.3: Cell voltage during reversal operation at 0.62 A cm™, 30° C, 80% RH, 1.5/1.7 bary
(anode/cathode) for MEA-1 and MEA-2. Cell potentials during NCR AST are depicted as dashed
lines. Accumulated reversal time at 0.62 A cm™ during CR AST is shown as solid lines (averaged
from the last 30 s within each cycle). Triggered failure criterion: cell voltage < —1.5V during rever-
sal within NCR AST; cell voltage < 0.1 V during normal operation within CR AST (not shown).

The voltage profile during NCR AST corresponds to reported characteristics during
prolonged fuel starvation events while drawing a constant current [39, 98, 100, 103,
128]. For both MEA:s initial cell potential drops to values < —0.9 V for reversal opera-
tion during NCR AST. Subsequently, a potential plateau is reached, also referred to as
water electrolysis plateau. Afterwards, cell potential decreases to <—1.5 V. Cell voltag-
es during reversal in the range of 0 to —1.6 V are considered to be dominated by the
OER reaction. Severe carbon corrosion due to COR has been reported to occur at more
negative cell voltages, presumably initiated by the onset of 1rO2 deactivation by carbon
species [100, 103, 117].
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5.1 Electrochemical in-situ results and discussion

The cathode potential was shown to remain almost constant during reversal operation
[100, 161]. Therefore, decreasing cell voltages during reversal operations at non-
freezing conditions can be attributed to increased anode potentials.

As a consequence, higher anode potentials for MEA-1 are indicated during prolonged
reversal events, with respect to MEA-2 (cf. Figure 5.3). A decreased reversal tolerance
for MEA-1 is strongly indicating an increased anode potential during reversal operation,
which in turn could cause an increased COR rate [100]. As both MEASs vary solely
regarding the incorporated HOR catalyst, an HOR dependency on anode potential dur-
ing reversal operation is likely. The impact of the HOR catalyst on the resulting anode
potential during reversal operation is corroborated by the results for the cyclic reversal
AST (cf. Figure 5.3, solid lines). MEA-1 shows a comparable lower cell voltage during
recurring, short-term reversal events within CR AST compared to MEA-2.

In conclusion, an increased anode potential for MEA-1 during reversal events can be
assumed, independent of the applied reversal duration within the AST. Most likely the
individual HOR catalyst’s vulnerability to carbon corrosion during fuel starvation
events is significantly affecting the anode potential as well as the reversal tolerance of
the respective MEA. Besides illustrating the effect of the chosen HOR catalyst on rever-
sal tolerance, this observation is highlighting the necessity of a complementary consid-
eration of all incorporated anode components and their interactions with respect to
reversal operation. To achieve an optimized reversal tolerance, the composition of all
incorporated anode components should be tailored.

Besides the material induced differences in voltage signals for both investigated MEAS,
a substantial difference between NCR and CR AST is indicated by Figure 5.3, inde-
pendent of the investigated MEA.

NCR AST:

A significant time dependent cell voltage decrease can be observed, culminating in
triggering MEA failure by achieving a cell voltage of < -1.5V during reversal opera-
tion. After reaching a cell voltage of <-1.5V, commonly severe carbon corrosion,
irreversible MEA degradation and furthermore insufficient subsequent reversal mitiga-
tion capability are reported [103, 124].

CR AST:

Cell potential during reversal operation exhibits minor change (cf. Figure 5.3). MEA
failures during normal operation (< 0.1V, Ho/air) are observed, instead of triggering
cell voltages of <—1.5 V during reversal operation. The voltage profiles during reversal
operation are indicating an unaffected OER activity. This behavior is indicating a repeti-
tive OER catalyst recovery effect during cycled short-term reversal operation and nor-
mal operation. The OER recovery effect potentially affects MEA degradation caused by
reversal operation. As outlined above, the ability for mimicking real occurrence of fuel
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5 Reversal tolerance of OER based PEFC anodes

starvation within automotive applications is more realistically represented alternating
normal operation and short-lived reversal events than by a single prolonged reversal
event. Consequently, due to the absence of an OER recovery effect test procedures
comparable to NCR AST might overestimate OER catalyst deactivation compared to
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 of applying ASTs which are mimicking field reversal
characteristics as realistic as possible and simultaneously achieve further understanding
on degradation phenomena occurring during these ASTs. Therefore, the comprehensive
test results during CR AST are illustrated and discussed in the following. In addition,
the observed MEA failure mode and degradation phenomena are investigated via further
characterization methods.
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5.1 Electrochemical in-situ 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 barg
(anode/cathode). Cell voltage is averaged from the last 30 s within each cycle. (a) Normal operation
under Hy/air atmosphere at 0.65 A cm™. Failure for both MEAs observed within this step (failure
criterion: cell voltage < 0.1 V). Threshold of 0.1 V is not attended in this graph due to averaging. (b)
Reversal operation in N2/air atmosphere at 0.17 (dotted) and 0.62 A cm™2(solid).

To further analyze degradation for recurring short-term reversal events, more compre-
hensive results are depicted in Figure 5.4. Normal operation at 0.65 (cf. Figure 5.4a) and
reversal operation at 0.62 and 0.17 A cm™2 (cf. Figure 5.4b) are shown.

Both investigated MEAs fail because of performance decrease in normal operation
mode. A cell voltage below 0.1 V was set as failure criterion within normal operation.

Further insights can be provided on voltage degradation caused by reversal operation as
a function of the applied number of cycles, corresponding also to the number of reversal
events applied. First, the normal operation cell voltage is discussed. For both MEAs
normal operation voltage decreases exponentially by =~ 76 mV within 10 applied rever-
sal events (cf. Figure 5.4a). Subsequently, a voltage decrease with an approximate linear
progression can be observed. With exceeding 25 cycles, MEA-1 is showing an in-
creased voltage decay compared to MEA-2. The interposed EIS and Hz pump measure-
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5 Reversal tolerance of OER based PEFC anodes

ments, performed between cycles 51/52 and 102/103 to enable HOR overpotential
distribution analysis, lead to a voltage increase in normal operation for both MEAs. A
recovery procedure was performed preceding EIS measurements (cf. Experimental
section 4.2.6 for details). Consequently, the voltage increase during normal operation
can potentially be attributed to reversible losses being recovered by the performed air-
and hydrogen soak. However, voltage increase is not expected to have a positive effect
on the overall reversal time for the respective MEA, as within the following reversal
events a sharp initial voltage decay is observed (cf. cycle 52 to 62 Figure 5.4a). Thereaf-
ter, cell voltage loss shows a linear behavior again. For both MEAs, the linear voltage
decrease is succeeded by a sharp voltage decrease within the last 10 cycles before the
EOL criterion is met. For MEA-1 the EOL criterion is met after 102 cycles, whereas
MEA-2 can withstand 244 cycles before cell voltage drops below 0.1 V during normal
operation.
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Figure 5.5: Last 15 steady-state normal operation cycles before EOL criterion is met during CR
AST at 30° C, 80% RH, 1.5/1.7 barg in Hz/air (anode/cathode) at 0.65 A cm™. Voltage peak indi-
cates cycle start. Subsequent measurements in each cycle (N2 purge, cell reversal operation and
OCV) are not shown.

The time dependent, non-averaged cell voltages from the last 15 cycles during normal
operation are depicted in Figure 5.5. Within each cycle, steady-state normal operation is
performed for 3 min. Each cycle is initiated by a OCV potential =~ 1 V, followed by a
voltage drop due to the drawn current (0.65 A cm™2). The cell voltage shape changes
from a predominantly linear decrease within each steady-state cycle (mean value = 550
to 500 mV) to a transient cell voltage shape. For the last 10 cycles, cell voltage drops to
<400 mV followed by a drop below 100 mV in the last cycle. This cell voltage charac-
teristic indicates a substantial degradation within the MEA, which makes a subsequent
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stable steady-state operation at these operating conditions no longer possible. Despite
the significantly different reversal tolerance and reversal cycles, both MEAS are show-
ing comparable time-resolved voltage signals for normal operation within the last cy-
cles. This characteristic is indicating, the observed failure mode is independent of the
investigated MEA.

As mentioned above and in contrast to the HOR performance, the OER catalyst exhibits
stable performances for both MEAs (cf. Figure 5.4b) within the CR AST. A stable cell
voltage plateau is reached upon reversal operation, for both investigated current densi-
ties and MEAs, with minor fluctuations (< 50mV) most likely induced by the performed
EIS and H> pump measurements (between cycles 51/52 and 102/103). The OER per-
formance can be maintained until the EQOT criteria is met.

This stable OER voltage plateau during reversal operation is in contradiction to the
reversal voltage decrease during a prolonged reversal event (cf. NCR AST Figure 5.3)
which is commonly reported in literature [37, 39, 100, 103, 118, 128]. The voltage
decrease during prolonged reversal operation is typically attributed to OER catalyst
deactivation [103, 117]. Therefore, the constant OER activity during CR AST is indicat-
ing an OER catalyst recovery effect due to alternating normal and reversal operation.

Two possible mechanisms could explain the observed OER recovery effect:

e Suppression of OER deactivation
e Surface reduction from IrO> to metallic Ir (higher OER activity)

As proposed by Joo et al., carbon oxidation products (from the HOR catalyst or GDL)
can potentially cause an OER catalyst poisoning and subsequent OER deactivation for
RTAs containing 1rO2 during prolonged reversal operation [117]. Carbon oxidation
products could be reduced during each normal operation. As the anode potential is
cycling between > 1.3 Vrue (N2/air, reversal operation) and =~ 0 Vrue (H2/air, normal
operation) during CR AST, carbon oxidation products could be reduced electrochemi-
cally. Additionally, the reductive atmosphere of hydrogen during normal operation can
result in chemical reduction of carbon oxidation products. The hypothesis would be
consistent with most recent research. Mari¢ et al. found a higher ratio of surface oxide
formation on the carbon support with increasing uninterrupted reversal time. For cycled,
short-term reversal events the amount of surface oxide formation was found to be de-
creased [114]. This would lead to a decreased OER catalyst deactivation for short-term
reversal events compared to prolonged reversal stress tests.

Alternatively, the OER recovery effect can arise, at least partially, from a mechanism
recently proposed by Tovini et al. [70]. During normal operation of a fuel cell, the IrO>
co-catalyst surface within the anode catalyst layer can be reduced to metallic Ir in the
presence of hydrogen. As metallic Ir exhibits a higher activity towards OER [146], the
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5 Reversal tolerance of OER based PEFC anodes

anode potential within a subsequent reversal event is decreased. This can compensate
OER catalyst deactivation by carbon oxidation products when reversal and normal
operation are alternated.

The observed OER recovery effect is most likely a combination of both proposed mech-
anisms. Furthermore, the OER recovery aligns with the absence of increasing OER
mass transport phenomena during CR AST. The onset of OER mass transport limita-
tion, e.g. due to a loss of active OER catalyst sites and subsequently increased diffusion
pathways, would be indicated by an increased OER overpotential at increased currents
(cf. section 2.3). Therefore, the onset of increased OER mass transport with increasing
reversal events would result in an increasing cell voltage gap between higher
(0.62 A cm2) and lower (0.17 A cm™2) reversal current density.
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Figure 5.6: Last 15 reversal operation cycles before EOL of each MEA during CR AST at 30° C,
80% RH, 1.5/1.7 barg (N2/air on anode/cathode) at 0.62 A cm™. Voltage peak indicates new cycle.
Subsequent measurements in cycle (OCV, normal operation, N2 purge, and reversal operation at
0.17 A cm™) are not shown.

The proposed OER catalyst recovery during CR AST is corroborated by the time de-
pendent cell voltages during reversal operation depicted in Figure 5.6. The last 15 cy-
cles for reversal operation at 0.62 A cm2 are depicted before 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 0.17 A cm™2 to 0.62 A cm 2. As
illustrated in Figure 5.6, after equilibration during the first couple of seconds, the cell
voltage during a reversal event slightly decreases within the 120 s of reversal operation.
The cell voltage decrease can be recovered for each subsequent cycle, indicating a
constant OER activity.
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5.1 Electrochemical in-situ results and discussion

OER based reversal tolerant MEAs were shown to fail during normal operation when
performing CR AST, whereas the OER catalyst simultaneously exhibits good function-
ality even during the last cycle. This observation was valid for both investigated MEAS,
independent on the incorporated HOR catalysts. To the best of the author’s knowledge,
no such behavior has been reported in literature so far.

To further investigate the MEA failure modes during CR AST, additional characteriza-
tion methods were performed. These methods can also help to better understand the
HOR catalyst’s influence on reversal tolerance. As the observed MEA failure occurred
during normal operation, mass transport, activation overpotential and/or ohmic re-
sistance increase for the anode (HOR) could be responsible for MEA failure. In addi-
tion, cathode catalyst degradation or ohmic resistance increase (e.g. increased contact
resistances) induced by other MEA components could contribute to MEA failure. Con-
sequently, EIS, CV and hydrogen pump experiments were performed to investigate the
corresponding overpotentials of all MEA components.

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

To analyze ORR and HOR catalyst degradation, anode and cathode ECSA measure-
ments based on the Hypa method were performed. Consequently, anode and cathode
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CVs were recorded before and after finishing the cyclic reversal stress test at 60° C (for
further details see section 3.1.1). The corresponding cathode CVs are depicted in Figure
5.7.

Peak characteristics which are typical for Pt/C catalysts were achieved for the cathode
CVs: hydrogen ad-/desorption features at a potential range between 0.1 and 0.3 Vrre
and Pt oxidation/reduction peaks at potentials above 0.6 Vrue [48]. The applied cyclic
reversal AST does not induce any significant ECSA loss or change in double layer
capacitance. As both platinum dissolution and carbon corrosion would cause a signifi-
cant change in the Hypg feature and/or double layer capacitance, insignificant cathode
degradation is assumed during CR AST. The absence of cathode degradation is corrobo-
rated by the constant cell voltages 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 cathode potential would require a compensating OER activity
increase to maintain constant cell voltages 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 100 mV s™: (@) MEA-1 and (b) MEA-2

The corresponding anode CVs are depicted in Figure 5.8. As for the cathode CVs,
typical Pt/C electrode characteristics are exhibited, despite the present IrO; catalyst.
This observation aligns with former results by other research groups investigating com-
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5.1 Electrochemical in-situ results and discussion

parable reversal tolerant electrodes incorporating an IrO> co-catalyst [37, 100, 103,
114]. After reaching the EOL state within CR AST, the anode CVs exhibit a significant
decrease in hydrogen ad-/desorption and platinum oxidation peaks.

As depicted in Figure 5.9, anode ECSA decreases during CR AST by 59% and 49% for
MEA-1 and -2, respectively. Commonly, H> desorption/adsorption is not observed on
IrO, catalysts [142]. Assuming the ratio of metallic Ir species on the OER catalyst
surface is minor, ECSA loss is presumably dominated by a loss of the Pt based HOR
catalyst. Tovini et al. found minor metallic Ir in as-received supported IrO, OER cata-
lyst powder. However, the ratio was found to increase under hydrogen atmosphere and
elevated temperatures (120 °C) [70].

Besides ECSA loss, the CVs recorded EOL are showing a shift to lower currents across
a wide potential range (cf. Figure 5.8), indicating changes in hydrogen crossover [141],
and corroborated by the performed hydrogen crossover measurements (cf. Figure 5.9)
determining the crossover current density iy,. The latter showed a decrease in hydrogen
crossover by 2.8% and 5.7% for MEA-1 and MEA-2, 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 operation at 0.6 V, cf. section 4.2.3). Consequently, membrane water content
could vary between BOL and EOL state, resulting in Hz crossover changes. Commonly,
H> crossover increases with increasing water content [141]. In addition, the decrease in
hydrogen crossover 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 anode ECSA, anode double layer capacitance Cai and hydrogen crossover
current density iy, due to CR AST. Standard deviation is calculated from the corresponding last

three Hupa CVs performed within each CV set. For hydrogen crossover, no repeated measurements
were performed, therefore no standard deviation is reported.

Furthermore, a significant decrease in double layer capacitance Cq caused by CR AST
can be observed (cf. Figure 5.8 and Figure 5.9). The double layer capacitance decreases
by 33% and 39% for MEA-1 and MEA-2, respectively. This effect indicates a loss of
carbon surface area [162], due to carbon corrosion at the ACL. The decrease in double
layer capacitance is in contrast to findings from other groups, commonly reporting
hydroquinone-quinone peaks after performing reversal stress tests [37, 100, 103]. These
hydroquinone-quinone peaks are a result of the formation of surface oxides on the
carbon and are also indicating carbon corrosion [83, 163]. Within this work, no hydro-
quinone-quinone peaks were found during cleaning or subsequent CVs. This behavior
can be caused:

¢ by the preceding recovery steps performed

e or due the suppressed formation of surface oxides for short-term reversal events,
most recently reported by Mari¢ et al [114].

Summarizing the results shown above, MEA failure during normal operation due to
cathode degradation can be neglected and the absence of membrane degradation is
indicated. Severe anode degradation is observed, indicated by a loss of platinum catalyst
and carbon support corrosion. To quantify the impact of the observed Pt loss and carbon
corrosion on the anode overpotential, an 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) MEA-1 and (b) MEA-2. Measurements were
performed prior (BOL), during and following (EOL) CR AST at 30° C, 80% RH and 1 barg. Poten-
tiostatic EIS was performed at 0.45 Vrre. The highlighted frequencies at the real axis intercept and
100 Hz are annotated for orientation purposes.

Potentiostatic EIS measurements under Hz/N2 atmosphere were performed preceding,
during and subsequent CR AST to quantify the high frequency resistance Rypr. The
high frequency resistance was obtained by the real axis intercept of the Nyquist plot.
The corresponding Nyquist plots at hydrogen pump operating conditions (30° C,
80% RH and 1 barg) are shown in Figure 5.10. Flow rates were set to 10 I, min™t as
during the hydrogen pump experiments. Rypr Shows a minor increase with increasing
number of reversal events applied. Solely for MEA-1 EOL a sligth increase is
observable (11 mQ cm? BOL vs. EOL), corresponding to an ohmic overpotential in-
crease equal to 7.15 mV (at 0.65 A cm™2). Therefore, MEA failure during cyclic reversal
AST cannot be attributed to an increased high frequency resistance, as the increase only
has a negligible impact on voltage degradation during normal operation. As outlined in
the fundamental section, Rygg IS Summarizing the membrane resistance Rypembrane and
contact resistances R.onract- CONsequently, the negligible high frequency resistance
increase is corroborating the absence of membrane degradation, already indicated by
hydrogen crossover measurements.

The performed EIS measurements allow for estimation of the effective proton resistance
R eff within the investigated

H?, electrode H?, electrode”

electrode (for further details see section 3.1.5). As depicted in Figure 5.10, a increase in

effective proton resistance on the cathode, Rle{ff‘ cathode 1S Indicated by the extension of

the 45° line after reversal operation. The intrinsic air/air start within each reversal cycle

and the corresponding overpotential 7
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could be responsible for the observed protonic resistance increase. During each reversal

event oxygen is evolved within the anode. The subsequent reintroduction of hydrogen is

causing an air/air start event (cf. section 3.1.5). The observed increase in RSt .ipode IS

resulting in an corresponding overpotential increase at 0.65 A cm™ of 19 and 23 mV for
MEA-1 and -2, respectively. Consequently, the overpotential increase cannot be ac-
counted for MEA failure (> 600 mV, cf. Figure 5.4). The minor resistance increase is in
alignment with the prior discussed negligible cathode degradation. As outlined in sec-
tion 3.1.5, the proton resistance within the anode is also negligible due to the small
catalyst layer thickness. Commonly, no 45° line is observed within the Nyquist plot for
potentiostatic EIS performed on the anode. Therefore, 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 (cf. section 2.3 and Figure 2.1).
These overpotentials can be quantified using hydrogen pump measurements [152].
Hydrogen pump polarization curves were recorded from 0 to 3.75 A cm™2 prior, during
and following the reversal stress test. The obtained polarization curves were corrected
for high frequency resistance Rypr. As outlined in section 3.1.6, the effective proton

resistances of anode and cathode were not considered for the hydrogen pump analysis.

Following the argumentation of Makharia et al. for determining Rf[ff’ cathode Via EIS, @

significant contribution or increase of R;ff’ cathode WoUld result in shifting the cathode

current distribution closer to the membrane. For the incorporated cathode catalyst layer
with a significant higher Pt loading as the anode, this is resulting in negligible cathode
overpotential during the hydrogen evolution reaction [148]. Therefore, the assumptions
for Equation 3.17 are still valid and Rygg-corrected cell voltage is solely dependent on

Erev and NHOR-
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Figure 5.11: Rypg-corrected hydrogen pump polarization (H2/N2 on anode/cathode) curves during
CR AST at BOL and after 51, 102 and 244 reversal events.

The corresponding Rypr-free polarization curves are depicted in Figure 5.11. The tem-
perature is kept constant during the measurement, consequently only hydrogen partial
pressures contribute to changes in E..,. The occurring hydrogen partial pressures are
most likely not affected by occurring degradation effects or increased overpotentials
(anode: high stoichiometry; cathode: hydrogen partial pressure is dependent on HER,
but negligible cathode degradation is observed). Consequently, a decrease in Rypg-
corrected cell potential can be fully attributed to an increase in the HOR overpotential
Nror- The pristine MEAs are showing comparable polarization curves BOL, indicating
a comparable HOR performance. As the Pt loading is equal for both MEAs and only the
Pt support varies, this result is as expected. Even for high current densities >3 A cm ™2,
no change of the linear voltage decrease is observed. Therefore, there is no indication
for HOR mass transport limitations in the pristine catalyst layers. After 51 reversal
events MEA-2 still exhibits a linear voltage decrease characteristic with a small HOR
overpotential increase compared to BOL. In contrast, MEA-1 is already showing mass
transport limiting behavior for current densities above 2.7 A cm™2. The polarization
curves after 102 cycles are showing mass transport limiting behavior for both investi-
gated MEAs. The overpotential for MEA-1 is significantly increased compared to
MEA-2, indicating a significantly higher HOR catalyst degradation for MEA-1 at this
state. The strong increase in HOR overpotential for MEA-1 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 pump polarization curves indicate that HOR mass transport overpotential
might be responsible for MEA failure during normal operation independent on the
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incorporated HOR catalyst in the anode catalyst layer. To verify the above stated as-
sumption, an HOR overpotential distribution analysis was performed. As outlined in
section 3.1.6, the theoretical kinetic overpotential can be estimated and calculated based
on a simplified Butler-Volmer approach (Equation 3.19).

As shown by previous research of other groups, very low platinum loadings are required
(in the order of 1 to 10 pget CMelectrode %) to determine the exchange current density i, of
a catalyst on MEA level [95, 151]. High catalyst loadings lead to small total overpoten-
tials for HOR/HER. Consequently, the estimation of i, becomes extremely sensitive to
small inaccuracies within the performed measurement (e.g. Rypr determination). There-
fore, in this work the values for the exchange current density i, are solely derived for
validating the experimental approach. They should be regarded as apparent values,
which are not describing the exact catalyst kinetics. Beside HOR polarization curves,
ECSA measurements are mandatory to calculate the exchange current density i,. To
prevent unintended catalyst layer recovery and cleaning within the AST, CVs were only
performed before and after the CR AST. For MEA-1 and -2 values of 103 and
93 mA cme; 2 for i, are derived BOL by a non-linear least squares fit. A symmetry
factor of 0.5 was assumed and only current densities below 1 A cm™2 were considered.
At BOL the chosen upper current density is below the onset of mass transport limitation
(cf. Figure 5.11). The experimentally determined ECSA values (see above) were used to
estimate the Pt surface area. The resulting exchange current densities are consistent with
literature results for Pt/C electrodes at 30 °C [151], validating the experimental ap-
proach. The numerical Butler-Volmer fitting results for all polarization curves are de-
picted in the Appendix (cf. Appendix-Figure 2).

Considering that the kinetic overpotential can be estimated via the chosen Butler-
Volmer approach, all terms in Equation 3.18 can be determined. A resulting overpoten-
tial distribution for the polarization curve of MEA-1 after 102 cycles is depicted in
Figure 3.5b. The measured cell voltage Ecen, the cell voltage corrected for the high
frequency resistance Eg,, .. ree, the reversible cell voltage Ey.., and the derived kinetic
Butler-Vollmer voltage Egy are depicted. In addition, the corresponding overpotentials
are shown: the HFR overpotential nq, the activation/kinetic overpotential nyog act and
the mass transport overpotential ngor mex- From Figure 3.5b further insights in the
failure mode of MEA-1 after the CR AST can be derived. The individual overpotential
contributions for the ohmic, kinetic and mass transport losses are in the same order of
magnitude for current densities <1 A cm™2. For current densities exceeding 1 A cm™2,
the mass transport overpotential is significantly increased. MEA failure during CR AST
for MEA-1 therefore can be mainly attributed to an increased HOR mass transport
resistance.
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Figure 5.12: Overpotential contributions for 0.15 A cm™ (first row), 0.65 A cm=2 (second row) and
1 A cm™ (third row) obtained by Hz2 pump polarization curves during CR AST for MEA-1 (first
column) and MEA-2 (second column). The EOL corresponds to 102 and 244 cycles for MEA-1 and
-2, respectively. A current density of 1 A cm™ could not be achieved for MEA-2 EOL.

To validate this assumption and gain further insights, the corresponding overpotential
distribution analysis for all hydrogen pump polarization curves recorded are depicted in
Figure 5.12. This enables further analysis of the failure mode observed during CR AST
as well as quantitative comparison. The high frequency resistance overpotential nygg IS
dominating the overpotential losses for both MEAs during HOR/HER operation. This
appears reasonable as ohmic resistances from all MEA components are summed up

101



5 Reversal tolerance of OER based PEFC anodes

within the high frequency resistance, e.g. the membrane resistance and all ohmic cell
resistances along electric pathways (e.g. across GDLs, flow fields, current collectors).
This is in alignment with commonly reported negligible anode overpotentials for MEAS
in an undegraded state and comparably high Pt loadings (> 50 pget CMelectrode %) [95].
Figure 5.12 illustrates that the recurring application of reversal events only leads to a
minor increase in the high frequency resistance. But as discussed above, the increase is
small compared to the general overpotential increase. For MEA-1, where the highest
increase for Ryrr EOL is observed, nyrgr only contributes 9% to the total overpotential
increase observed at 1 A cm2 (see first cloumn, last row in Figure 5.12). Therefore,
increasing ohmic resistances during short-term reversal events cannot be accounted for
MEA failure during normal operation.

As illustrated by Figure 5.12, the kinetic HOR activation overpotential nyor qc¢ €Xhibits
a significant increase during the applied CR AST, caused by the recurring cell reversal
events. The HOR activation overpotential increase aligns with the above discussed
ECSA loss observed for the anode and is simultaneously confirming the assumption,
that the measured ECSA loss can be linked predominantly to a loss in platinum rather
than being induced by a loss in surface area of the IrO, co-catalyst or resulting species
from IrO2 (e.g. metallic Ir). During the applied cyclic reversal stress test, the activation
overpotential exhibits an approximately linear increase with slopes of 0.24 and
0.17 mV/cycle at 0.65 A cm™2 for MEA-1 and -2 respectively.

In contrast to the ohmic and kinetic overpotential, the HOR mass transport overpotential
NHormtx €XNibits an exponential voltage increase for current densities > 0.15 A cm 2.
Lower current densities are commonly assigned to the kinetically dominated current
density regime (cf. Figure 2.1). Within the first investigated increment between 0 and
51 reversal cycles, the HOR mass transport overpotential for MEA-1 at 1 A cm™2 in-
creases by a factor of three. Within the subsequent increment from 51 to 102 cycles, the
NHormtx INCreases by a factor of eight, illustrating the exponential overpotential in-
crease. For MEA-2 the same pattern can be recognized at 0.65 A cm 2, which corre-
sponds to the respective EOL limiting current density for this MEA (cf. Figure 5.11)
after 244 cycles. A current density of 1 A cm™2 cannot be achieved EOL for this MEA.
The HOR mass transport overpotential increases by factors of 1.3, 1.2 and 10.3 within
the investigated increments (0 to 51, 51 to 102, 102 to 244 cycles). Consequently, the
HOR mass transport increase also exhibits an exponential increase.

However, a quantitative discrepancy between the overpotential increase observed during
CR AST’s normal operation (> 600 mV, cf. Figure 5.4) and the respective overpotential
increase determined within H> pump polarization curves becomes apparent. This can at
least partly be explained by differing operating conditions. The applied pressures and
gas flow rates on anode and cathode differed between hydrogen pump polarization
curve and normal operation, which can have a significant impact on mass transport
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5.1 Electrochemical in-situ results and discussion

losses [164]. During hydrogen pump experiments the pressure was set to 1 barg on the
anode and cathode to minimize cross pressures between anode and cathode compart-
ment during the polarization curves. In addition, higher flow rates were chosen during
hydrogen pump experiments to allow for the investigation of higher current densities
while still achieving high stoichiometries. Furthermore, membrane humidification and
consequently the resulting HFR differs between normal operation and hydrogen pump
mode due to the produced water on the cathode during normal operation. Consequently,
the ohmic resistance between both operating modes most likely differs. In addition,
hydrogen pump polarization curves were recorded applying a transient current whereas
normal operation during CR AST was performed at steady state operating conditions.
The steady state normal operation exhibited a time-dependent voltage loss EOL (cf.
Figure 5.5) while the reported cell voltages in Figure 5.4 are averaged within each
cycle. All these differences contribute to a difference in overpotential. Additionally,
catalyst layer treatment by performing recovery procedures might also contribute for the
misalignment. Preceding the H> pump experiments, Air- and H»-soaks were performed.

Consequently, the overpotential deviations are not contradicting the general findings
regarding MEA failure obtained by hydrogen pump polarization curves. In conclusion,
the increase of the HOR mass transport can be identified as a major contributor to MEA
failure during cyclic short-term reversal events, independent on the MEA variant.

But the question remains, where the increase in HOR mass transport overpotential is
originating from. The observed exponential increase in HOR mass transport increase is
strongly indicating a substantial structural change within the anode catalyst layer during
CR AST. Schwammlein et al. have reported, 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 layer [35]. Therefore, the loss of void volume within the
ACL or even complete ACL collapse during CR AST is indicated. In addition to the
findings within the HOR overpotential distribution analysis, the substantial decrease in
double layer capacitance by 30-40% (see Figure 5.9) is corroborating the assumption of
severe carbon corrosion and ACL collapse as major failure mechanism during CR AST.
It should be highlighted, that significant carbon corrosion occurs even though a low
temperature was applied at the chosen cyclic reversal testing conditions, resulting in a
kinetically suppressed carbon oxidation rate. Furthermore, severe carbon corrosion
induced by reversal events is commonly attributed to cell potentials <—1.6 VV during
reversal operation [37, 100, 103, 117]. In contrast, the cell potentials during cyclic
reversal operation were shown to be constant and above a threshold of —1 V (cf. Figure
5.4).
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5.1.2.,5 Performance loss during normal operation

08 MEA-1 (a)
>
—
o 06
(@)}
8
o 04 A
Z —e— BOLCR68°C
8 0.2 - —o— EOLCR68°C
—A— EOLCR30°C
oo+t
08~ MEA-2 (b)
=
—
(1)) 06'
(@)
3
S 04 4
>
LE} 0.2 - —=— BOLCR68°C
EOLCR68°C
OOIIII
0.0 0.5 1.0 1.5 2.0

Current density / A cm™2

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 30° C. If
current density cannot be achieved, a cell voltage equal to zero is depicted. For detailed operating
conditions see Experimental section (68° C: see Table 1; 30° C: operating conditions of CR AST
were applied).

To validate the previous results during CR AST, steady-state polarization curves at
68° C were performed BOL and EOL for both MEAs. The operating conditions are
described in the Experimental section (cf. Table 4.2; but only the current densities
shown in Figure 5.13 were investigated). The resulting polarization curves are depicted
in Figure 5.13. The polarization curves were recorded with increasing current density. If
the cell voltage dips below 0.1 V the corresponding steady-state step was aborted, and
subsequent higher current densities were not investigated. As illustrated in Figure 5.13b,
MEA-2 cannot achieve current densities of 1 A cm™2 and higher after its EOL state has
been achieved within CR AST. This is in alignment with the results observed at 30° C
during steady-state normal operation (CR AST, cf. Figure 5.4) and hydrogen pump
polarization curves (cf. Figure 5.11). In contrast, for MEA-1 normal operation at 68° C
up to 2.1 A cm~2 was possible with a comparably small performance decay. At 2.1 A
cm 2 a voltage loss of 78 mV was observed (cf. Figure 5.12). The observed cathode
proton resistance and HFR increases cause an estimated overpotential of 38 mV at this
current density. Consequently, an HOR overpotential resistance increase of 40 mV can
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5.1 Electrochemical in-situ results and discussion

be estimated. This comparatively small HOR overpotential increase is clearly contra-
dicting the results of both CR AST and hydrogen pump polarization curves, where
MEA failure due to an HOR mass transport overpotential increase was found. There-
fore, a subsequent steady-state polarization curve at the operating conditions of the
cyclic reversal stress test (30° C, 80% RH) was recorded for MEA-1. This additional
polarization curve is depicted in Figure 5.13a (open triangle marker) and exhibits MEA
failure for current densities of 1 A cm™2 or higher. This failure aligns with failure during
normal operation at a current density of 0.65 A cm™2 (cf. Figure 5.4 and Figure 5.5).
This is validating MEA failure triggered and observed during CR AST, even if a subse-
quent recovery procedure is applied (air and hydrogen soak without load preceding the
steady state polarization curve). Additionally, this result is corroborating the collapse of
the anode catalyst layer. At a higher temperature water condensation becomes less
likely, induced by the non-linear saturation vapor pressure dependency on temperature.
Consequently, at lower temperatures water condensation is leading to more dominant
mass transport limitations caused by a collapsed anode structure. If the catalyst layer
collapses due to carbon corrosion, only few open pores remain in the catalyst layer. At
lower temperatures these remaining pores are more likely blocked by condensed water.
Thus, the supplied gaseous hydrogen is no longer able to diffuse to the active HOR
catalyst sites. This substantial temperature dependence on performance highlights cata-
lyst layer flooding. Simultaneously, the substantial temperature dependence is weaken-
ing the hypothesis of local Pt loading decrease being mainly responsible for the sharp
HOR mass transport overpotential increase. Such local Pt decrease phenomena was
reported by Weber et al [165]. Certainly, this effect also contributes to the observed
mass transport in this study, indicated by the substantial ECSA loss on the anode. How-
ever, the intense temperature dependence is strongly indicating ACL collapse as the
major lever for HOR mass transport increase and MEA failure during CR AST.

Additionally, the severe performance dependence on temperature is highlighting a
possible underestimation of degradation for reversal stress tests performed at higher
temperatures. Whereas the performance results at 68° C are indicating a low MEA
degradation level for MEA-1, substantial performance decay at lower temperature is
observed. However, for automotive applications the low temperature fuel cell perfor-
mance is crucial to ensure a robust cold-start ability, e.g. after long idle times which
occur periodically. Besides, a collapsed anode structure within a cell in an automotive
stack would have a self-reinforcing effect: reversal events would become more likely in
the affected cells due to mass transport limitations.

The indicated ACL collapse contributes mainly to MEA failure during CR AST. This
highlights the advantage of such ASTs, applying short-term reversal events alternating
with normal operation, compared to non-cyclic reversal ASTs where a single, prolonged
reversal event is applied. During non-cyclic reversal ASTs predominantly the activity of
the oxygen evolution reaction is monitored, while simultaneously the COR contribution
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5 Reversal tolerance of OER based PEFC anodes

to the total faradic current is masked due to its smaller reaction rates within reversal
events [100, 114]. However, the results for CR AST have proven that even when the
anode structure collapsed already and substantial HOR overpotentials arise, OER can be
performed without significant overpotential increase (cf. Figure 5.4). OER mass
transport is more likely dependent on ionic pathways (ionomer) within the ACL than on
diffusive gas transport in the catalyst layer’s pores (e.g. diffusive transport of oxygen to
the active OER catalyst sites). Consequently, OER could still be performed during a
single prolonged reversal event (non-cyclic), whereas significant mass transport limita-
tions and catalyst layer collapse are already present, inhibiting the HOR. This is high-
lighting that cell voltage monitoring during reversal operation, mainly indicating OER
activity, is insufficient to evaluate the integrity of the anode catalyst layer. In contrast,
monitoring the fuel cell performance on a regular basis is crucial to evaluate MEA
degradation caused by reversal events. Preferably, fuel cell performance is evaluated at
low cell temperatures to reveal substantial structural changes in the ACL at an early
stage.

5.1.2.6 OER recovery effect at elevated temperatures

In literature, reversal tolerance is commonly determined via NCR ASTSs at temperatures
between 60 and 80 °C and a current density of 0.2 A cm™2. For CR AST development,
operating conditions representative for a start-up procedure occurring on stack level
were approximated. Reversal events in automotive applications most likely occur due to
icing on a cell inlet and appear at stack temperatures < 0°C. Ice blockages can still exist
during warm-up but become highly unlikely at stack temperatures above 30 °C. There-
fore, 30 °C is regarded as a worst-case scenario for gross fuel starvation events caused
by icing. In addition, reversal events due to liquid water accumulation during start-up
events above freezing temperatures are covered by this operating point. The current
density of 0.62 A cm™ was introduced as current densities of 0.2 A cm™2 are probably
exceeded before the fuel starvation root cause is mitigated in field operation. Conse-
quently, the successive increase of the investigated current density from 0.17 to
0.62 A cm2 during CR AST is realistically simulating current densities occurring dur-
ing stack start-up procedures in 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 validate the discussed OER recovery effect, two identical and
pristine reversal tolerant MEAs (MEA-3, cf. Table 4.1) based on a IrO> co-catalyst were
investigated. The incorporated cathode catalyst layer, and membrane were identical as
for MEA-1 and -2. The pristine MEAs were investigated within an adopted NCR and
CR AST experiment, where during CR AST only a single current density was investi-
gated. In addition, the operating conditions were customized to represent commonly
applied temperatures and RH in literature. Both ASTs were performed at a reversal
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current density of 0.2 A cm™. Consequently, within each cycle 240 s of reversal opera-
tion at 0.2 A cm™ was applied within the adapted CR AST. Cell temperature was set to
60 °C at 100% RH and gas flow rates of 2/12 In min™ on anode/cathode respectively.
All other operating parameters were not varied (cf. Experimental section). The results
are depicted in Figure 5.14.
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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, 100/100% RH, 2/12 In min, 1.7/1.5 barg (anode/cathode). CR AST
was modified investigating solely a reversal current density of 0.2 A cm™ for 240 s within each cycle
applied.

Due to the OER recovery effect, the reversal time (or tolerance) before a failure criteri-
on was triggered is 12-fold increased for the cyclic reversal AST. Cell voltage profiles
are comparable to Figure 5.3. During NCR AST a rapid cell voltage decrease is ob-
served, triggering MEA failure for cell voltages < -1.5 V. For CR AST the cell voltage
during reversal operation is forming a stable plateau upon a few cycles before failure
criterion is triggered (during reversal). Normal operation during adapted CR AST is
showing minor decrease upon a few cycles before the reversal failure criterion is trig-
gered. At the EOL state severe performance decay during normal operation is observed.

In contrast, for regular CR AST (30° C, two reversal current densities) MEA failure was
triggered due to normal operation whereas during reversal operation no OER perfor-
mance decay was observed, even EOL (cf. Figure 5.4). For the adapted AST at 60 °C
(cf. Figure 5.14) undetected anode collapse before a failure criterion is met should be
considered, as the increased temperature is most likely concealing severe HOR mass
transport increase (discussed above). This aspect might explain the differing EOL fail-
ure criterion for the adapted CR at 60 °C (reversal failure), where HOR is still possible
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with a collapsed anode structure, compared to the regular CR AST at 30° C (HOR
failure).

5.2 Ex-situ imaging analysis

To further validate the assumed anode collapse via in-situ measurements on MEA level,
cross sectional images were taken via SEM prior and after CR AST from MEA-2. The
acquired images representative for the anode thickness decrease and degradation are
shown in Figure 5.15.

Pristine MEA (BOL) After CRAST (EOL)

«<— Membrane:
masked

— Cathode

Figure 5.15: Cross sectional SEM images for MEA-2 to investigate anode degradation and thick-
ness. (a) pristine, as-produced CCM. (b) MEA-2 after CR AST was performed. SEM taken with an
acceleration voltage of 5 kV. The membrane cross-sections cannot be disclosed, and therefore were
masked.

SEM images illustrate how the anode thickness decreases during the applied reversal
stress test homogeneously along the anode catalyst layer. Anode collapse after the
cyclic reversal AST becomes apparent. The average anode thickness decreases by 27 %
(BOL standard deviation: 9%). For the CCL and membrane no significant change in
layer thickness change could be observed. The thickness change was calculated from 30
locations within 6 cross-sections (evenly distributed over the active area) per MEA.
End-of-life disconnection of the anode from the membrane can be observed. Whether
the disconnection is originating from a sample preparation artifact or a disconnection
caused by the AST cannot be evaluated.

The results obtained via in-situ measurements are corroborated by imaging:

e No cathode catalyst layer and membrane thinning observed.

e ACL collapse is the major contributor to MEA failure. This results in substan-
tial increased HOR mass transport, amplified at low temperatures.

e HOR catalyst is still present EOL, leading to the measurable performance at
high temperatures.
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e OER catalyst is still present EOL (bright spots in SEM images). However,
qualitative comparison is complicated due to differing image contrasts.

5.3 Conclusion

The reversal tolerance of PEFCs based on OER co-catalysts can be attained via different
AST approaches. A novel cyclic reversal (CR) AST was developed, which is alternating
short-term reversal operation and normal operation at low temperatures. The AST is
used to approximate the occurrence of realistic cell reversal events occurring during
field operation. Predominantly, the developed AST procedure is aimed at mimicking
degradation caused by reversal events within freeze start-ups of automotive applica-
tions. The degradation caused by CR AST was compared to state-of-the-art non-cyclic
reversal (NCR) ASTs, commonly applied for determining the reversal tolerance of
reversal tolerant anodes (RTAS) based on OER co-catalysts.

Further insights in degradation mechanisms were obtained by combining the developed
cyclic reversal stress test with additional characterization methods such as cyclic volt-
ammetry, EIS and hydrogen pump polarization curves.

Cyclic reversal AST: The possibility of MEA failure during normal operation was
observed. At the same time OER activity stays intact during reversal operation for the
investigated MEAs. Consequently, this result indicates an OER recovery effect for
recurring short-term reversal operation, whereas commonly OER deactivation is report-
ed for non-cyclic reversal ASTs. The OER recovery effect was validated at elevated
temperatures as well and was shown to increase reversal tolerance significantly.

The occurring failure mode was analyzed by further investigating the observed in-
creased overpotentials during normal operation. The increase of ohmic resistances and
cathode overpotential was proven to be negligible for MEA failure due to the reversal
stress test. In contrast, normal operation failure was attributed to a significant increase
in HOR overpotential on the anode. Despite a significant increase in kinetic HOR over-
potential, HOR mass transport overpotential increase was identified as major contribu-
tor for voltage loss during normal operation and subsequent MEA failure. The increase
in mass transport overpotential strongly indicates a substantial change in the ACL struc-
ture with increasing reversal events, most likely due to ACL collapse caused by carbon
corrosion. Additional in-situ results of EOL polarization curves and anode CV meas-
urements corroborate these assumptions. Severe performance decay was observed,
amplified for low temperatures. The structural change and anode collapse indicated by
in-situ measurements were confirmed via SEM imaging. Consequently, the presented
characterization methods were proven to allow fast and cost efficient in-situ determina-
tion of MEA failure during CR AST which can be easily implemented during the testing
of reversal tolerant anodes.
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The reversal tolerance of RTAs based on 1rO2 OER co-catalysts was shown to be signif-
icantly dependent on the HOR catalyst, despite introducing an identical, highly active
OER catalyst. Two MEAs differing solely in the incorporated HOR catalyst were inves-
tigated. For both MEASs platinum supported on graphitized carbon was used, with vary-
ing graphitization degree. An increase in reversal tolerance by a factor of ~ 2.4 due to
the differing HOR catalyst was observed for both investigated ASTs.

Furthermore, OER can be performed without significant voltage loss in the presence of
a strongly corroded and collapsed ACL. This highlights that OER activity is not suffi-
cient evidence for intact anode catalyst layers. Consequently, state-of-the art non-cyclic
reversal stress tests, predominantly monitoring OER activity, are a fast and effective
testing method to screen multiple OER catalysts or concepts for RTAs. However, dif-
ferent testing methods and further scientific research is necessary to investigate the
reversal tolerance of ACLSs realistically and to obtain further insights on complementary
intrinsic degradation effects within the ACL as well as deriving correlations between
incorporated ACL components (e.g. HOR and OER catalyst). The reported dependence
of reversal tolerance on HOR catalyst used within the anode exemplifies this aspect.
Whether this is based on a primary effect due to HOR catalyst properties itself or a
secondary effect, for example due to a changed ACL structure, is beyond the scope of
this thesis.

The developed cyclic reversal AST in combination with hydrogen pump experiments
set an optimal framework to allow for investigations on OER based RTAs, which are
crucial for PEFC durability and thus commercial implementation of the sustainable
PEFC technology across all sectors.
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6 Durability of OER based RTAs
under transient conditions

In this chapter the ageing of PEFC anodes containing an OER co-catalyst during regular
fuel cell operation is investigated and discussed. In the absence of reversal events, the
anode catalyst layer can be exposed to significant degradation caused by transient con-
ditions. Besides ageing of the incorporated HOR catalyst, the OER co-catalyst can
degrade substantially, inducing additional degradation effects. Two varying start-
up/shut-down ASTs were developed to simulate anode degradation. In addition, in-situ
characterization methods were developed to allow for in-depth analysis of the resulting
degradation effects on the anode catalyst layer and MEA.

Anode degradation during start-up/shut-down (SUSD) transient conditions or local fuel
starvation events is believed to be mainly induced by the anode potential cycling from
~0 to ~1 Vrre [35]. Probably the most efficient way to perform potential cycling on
single cell level is by applying potential on the working electrode (i.e. PEFC anode) by
an external power supply under inert gas atmosphere, while the counter electrode (i.e.
PEFC cathode) acts as reference electrode in hydrogen atmosphere. This maintains the
respective electrode potential close to zero. However, ASTs imposing a cycling anode
potential cannot reproduce SUSD events as they would occur during field operation.
Potentiostatic tests may simulate the degradation of the HOR catalyst sufficiently [35].
But in a real-world scenario, the impact of chemical reactions by reactant gases (e.g.
reduction of IrO2 in hydrogen atmosphere) as well as ionic and electric pathways within
the MEA most likely impact the dissolution, migration and redeposition of OER cata-
lyst. Therefore, more realistic SUSD ASTs based on cycling the anode gas supply be-
tween hydrogen and air are used within this work.

Besides HOR induced anode degradation, the SUSD degradation of anode catalyst
layers including 1rO2 based OER co-catalysts was recently investigated [70, 128]. Due
to the reductive hydrogen atmosphere during normal fuel cell operation, IrO2 on the
anode can be reduced to metallic iridium on the catalyst surface [70]. During the chemi-
cal reduction from IrO; to Ir, according to the respective Pourbaix diagram [166], solu-
ble Ir¥* can be formed as an intermediate. Subsequently, these soluble Ir¥* can migrate
to the cathode, referred to as iridium crossover, resulting to reduced reversal tolerance
by a loss of OER activity on the anode and detrimental effects on the cathode ORR
performance [70, 128].

Moore et al. investigated the dissolution of 1rO, catalysts during a novel ex-situ stress
test and the stabilizing impact of OER supports [128]. The dissolution of IrO> during the
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developed ex-situ AST was investigated by determining the dissolved species in the
electrolyte via inductively coupled plasma mass spectrometry. The measured dissolu-
tion of IrO. correlated with a loss in reversal tolerance after SUSD AST. Tovini et al.
investigated the chemical reduction of supported IrO; catalysts to metallic iridium in
hydrogen atmosphere and showed that Ir crossover in MEAs can be caused by SUSD
events, leading to redeposition of Ir species on the cathode and a decrease in fuel cell
performance [70].

However, the development of in-situ SUSD ASTSs, based on gas-switching and focusing
primarily on anode induced degradation in the presence of IrO. co-catalysts, has not
been reported yet. Furthermore, to the best of the author’s knowledge, in-situ character-
ization methods to investigate Ir crossover and its comprehensive impact on MEA
degradation have not been reported so far.

Therefore, the degradation due to transient anode potentials is investigated within this
thesis via cycling the anode gas supply between Hz and air to mimic SUSD events as
they would occur during regular field operation. A major scope during the AST devel-
opment in this work was to suppress the simultaneously occurring cathode degradation
during gas switches to highlight the effect of the anode stressor. Typically, SUSD inves-
tigations are focused on cathode degradation due to the high cathode potentials > 1.4 V
caused by the reverse-current effect, resulting in severe carbon corrosion [38, 97]. How-
ever, recent results are considering anode HOR catalyst degradation occurring during
SUSD events as an stressor which should be considered [35, 96]. Applying this stressor
on reversal tolerant anode concepts containing OER co-catalysts, characterization meth-
ods to investigate the comprehensive degradation of PEFC anodes need to be devel-
oped. Furthermore, the observed degradation should distinguish between degradation
induced by the HOR catalyst (activity and mass transport overpotential) and the incor-
porated OER co-catalyst (Ir crossover and reversal tolerance).

To implement reduced cathode degradation during the developed SUSD stress tests
induced by the reverse-current effect, the residence time of air/hydrogen fronts in the
anode compartment was reduced to a minimum, while simultaneously testing at low
temperatures (see Experimental section for details). Thereby, the reverse-current in-
duced cathode degradation should be reduced significantly [97] allowing for a better
resolution of anode degradation (e.g. HOR overpotential) and cathode degradation
induced by Ir crossover. The latter has been reported most recently for reversal tolerant
anodes containing IrO. co-catalysts [70, 128] and was also reported for Ru-containing
anode concepts aiming for increased CO tolerance [92, 94].

To vary the stressor for possible Ir migration and Ir redeposition, two varying SUSD
ASTs were developed. During the so-called SUSD-pot AST, cell voltage was kept
below 0.5V by potentiostatic load control. This is expected to result in an increased
and/or faster migration of Ir3* species from the anode across the membrane, as the mi-
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6 Durability of OER based RTASs under transient conditions

gration of protons depends on the charge balancing of the external electrical circuit. The
potential load control might also impact the electrochemical state of Ir species on the
cathode. The cathode potential during SUSD-pot AST cycles between =~ 0.5V (H/air
operation) and = 1.5 V during the SUSD event (cf. Figure 4.5).
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Figure 6.1: Schematic Pourbaix diagram for the electrochemical equilibria of iridium in aqueous
electrolyte according to literature (corresponding to an Ir concentration of 10° M at 25 °C) [166,
167]. The water stability window is shown in grey dashed line.

According to the Pourbaix diagram (cf. Figure 6.1) in acidic media (pH = 0) a thermo-
dynamically stable metallic Ir phase on the cathode should change to a thermodynami-
cally stable IrO; phase at voltages above ~ 0.8 V (and vice versa) [166, 167]. Voltage
clipping during SUSD events might further decrease the occurring cathode degradation
induced via reverse-current effect [159]. During the AST variation without drawing any
current, referred to as SUSD-OCV, the migration of Ir** across the membrane is ex-
pected to be reduced due to the absence of charge transfer via the external electrical
circuit. In addition, the cathode half-cell potential should not fall below =1 V (cf. Figure
4.5) during the AST. Therefore, a phase change from crossed-over IrO2 to Ir, which in
turn might dissolve again on the cathode, is not expected.

For both ASTs the anode stressor via gas switch induced anode potential change is
identical (also compare Figure 4.5). Degradation for the two ASTs should vary solely
regarding secondary MEA degradation effects induced by possible Ir crossover and
subsequent Ir precipitation or deposition within the membrane or the cathode catalyst
layer. For both AST variations two identical OER based reversal tolerant MEAs were
investigated.
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To analyze the SUSD induced degradation, several in-situ characterization procedures
were applied before and after the AST (cf. Figure 4.4 and section 4.2.9):

Ho/air polarization curves (MEA performance loss)
Cyclic voltammetry

o Hupd (electrochemical surface area)

o CO stripping (electrochemical surface area)

o OER activity (OER degradation and Ir crossover)
Hydrogen crossover (membrane degradation)
EIS (ohmic and proton resistance increase)

Furthermore, hydrogen pump experiments were performed to assess HOR performance
loss and evaluate possible structural changes within the anode catalyst layer. The impact
of SUSD induced degradation on reversal tolerance was analyzed by performing cyclic
reversal ASTs. Finally, imaging was performed to validate the obtained in-situ results.

A MEA without an OER co-catalyst was used as a baseline sample for better context of
the observations during SUSD testing.
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Figure 6.2: (a)-(c) Performance loss at 68° C for varying current densities during the respective
SUSD AST compared to BOL performance. SUSD events < 0: 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 values. Shaded region: divergence of
two repeated measurements with pristine MEAs. For Pt-MEA only a single MEA was investigated.

To evaluate the impact of SUSD induced fuel cell performance decrease, polarization
curves at 68° C were recorded after MEA conditioning, preceding the BOL characteri-
zation measurements and after each consecutive 300 SUSD events (see Experimental
section Figure 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 depicted for varying current densities. Current densities are chosen to
be representative for the activation, ohmic or mass transport overpotential dominated
regime of the polarization curve, respectively (cf. section 2.3). All investigated MEA
designs were solely differing regarding the incorporated anode catalyst layer, whereas
the employed cathode electrode and membrane were identical. The reversal intolerant
ACL, solely containing Pt/C HOR catalyst, is referred to as Pt-MEA and was aged
using SUSD-pot AST. The reversal tolerant MEAs, referred to as Pt/IrOx-MEAs, were
investigated within both 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 at0.1 Acm™ at1 Acm™ at2.4 Acm™
[uVicycle] [uV/cycle] [uVicycle]
Pt SUSD-pot 3.32 0.76 0.85
Pt/IrOx SUSD-pot 1.37 1.12 7.83
Pt/IrOx SUSD-OCV 5.49 8.08 9.31

Pt-MEA // SUSD-pot AST

During SUSD-pot AST the anode gas supply is switched from air to hydrogen and vice
versa every 30 s while the cell voltage is cycling between ~0.5V (air/H2 on cath-
ode/anode with potentiostatic load control) and ~0 V (air/air). The Pt only MEA is
showing an increased PEFC performance after 300 start-up/shut-downs. Subsequently, a
more or less stable 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 densities (cf. Figure 6.2 a-c).

The performance increase can most likely be explained by a conditioning effect (also
referred to as break-in) of the cathode catalyst layer within the first 300 SUSDs [168].
At the chosen operating conditions and HOR catalyst loadings, the anode overpotentials
for unaged MEAs are negligible (even a substantially degraded and collapsed ACL was
showing minor performance decay at this operating conditions, cf. section 1). Therefore,
performance increase by a structural change of the cathode catalyst layer rather than by
an anode induced effect is indicated. There is ample literature present describing a
cathode catalyst layer porosity increase due to carbon corrosion during SUSD and ex-
ternal cathode potential cycling events [84, 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:

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

o New pathways to previously inaccessible Pt catalyst cluster within the pores of
the carbon support [168].

¢ redistribution of ionomer resulting in a decreased mass transport resistance for
oxygen [169, 172].

The assumption that an increased porosity is causing the initial performance increase is
corroborated by an increased double layer capacitance for this MEA after the AST,
which will be discussed in section 6.1.3.

Furthermore, the results are illustrating the achieved reduction in cathode degradation
for the developed SUSD AST. The voltage degradation rates derived via linear regres-
sion, not considering initial conditioning effects within the first 300 SUSD cycles, are
listed in Table 6.1. For the kinetically dominated voltage loss regime, a voltage loss of
3.32 uVlcycle is observed (cf. Table 6.1). For the 1200 cycles applied this would lead to
an overpotential increase of 3.98 mV if a conditioning effect is not considered. Assum-
ing this overpotential loss is mainly dominated by an increase in ORR activation over-
potential on the cathode, an ECSA loss induced kinetical overpotential estimation can be
derived by the Tafel kinetics (cf. Equation 2.11) [97]:

R-T (ECSAEOL) (6.1)

AEcathode — n
ORR a.-F  \ECSAgoL

where a.=1. For the apparent cathode ECSA loss of 10.4% (mean loss for Hyps and CO
stripping with respect to the BOL value) a kinetical ORR overpotential increase
AES3Hhode of 322 mV would be achieved, which is in good agreement with the experi-
mentally derived voltage loss in the kinetically dominated current regime (0.1 A cm?)
of 3.98 mV.

However, this is indicating that the overpotential increase induced by kinetic overpoten-
tial is most likely compensated via decreased ohmic or mass transport overpotentials at
high current densities. At a current density of 2.4 Acm? a degradation rate of
0.85 uV/cycle is achieved (cf. Table 6.1, adjusted for conditioning effects), leading to a
total voltage loss of 1.02 mV after 1200 cycles. This results in a lower performance
degradation than expected by ECSA loss and performance at 0.1 A cm. Additionally,
the total performance increase by 31 mV is an order of magnitude higher as the degra-
dation rates not considering the initial conditioning effect. Consequently, the degrada-
tion behavior of the MEA containing only Pt catalyst on the ACL demonstrates, that the
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6 Durability of OER based RTAs under transient conditions

developed SUSD-pot AST has a minor impact on reverse-current induced cathode
degradation. This characteristic will allow for a precise monitoring of cathode degrada-
tion induced by Ir crossover.

Pt/IrOx-MEA

SUSD-pot AST:

The SUSD-pot AST was also applied on an MEA containing IrO, as OER co-catalyst.
The absolute BOL performance deviation for this MEA design was comparable to the
Pt-MEA (< 15 mV). However, the performance degradation profile differs significantly
when an OER co-catalyst is introduced to the MEA. Despite an identical cathode cata-
lyst layer, no conditioning effect can be observed for this MEA within the initial cycles.
In contrast, an initial performance decrease can be observed, most pronounced within
low current densities (cf. Figure 6.2). Subsequently, the degradation rates are higher
compared to the Pt-MEA (cf. Table 6.1), except for the performance at 0.1 A cm™.
Especially for the high current density the degradation rate is increased by a factor of
~ 9 compared to the Pt-MEA, indicating a co-catalyst dependent degradation behavior

The differing performance degradation during SUSD-pot AST can be either explained
by a suppressed conditioning effect or by a OER co-catalyst induced degradation effect
superimposing MEA conditioning. The significant increased degradation rate at
2.4 A cm? is leading to a pronounced, linear voltage loss with increasing SUSD events
(cf. Figure 6.2c). Consequently, a continuous and superimposed degradation effect in
the presence of 1rO- is observed. The crossover of Ir (discussed in section 6.1.3) has the
potential to strongly contribute to the continuous performance loss with increasing
SUSD events. The cell performance after 1200 potentiostatic SUSD events is lower as
the initial performance at all investigated current densities, which is in contrast to the
Pt-MEA results. However, the comparably high divergence between repeated measure-
ments should be noted, which could result from sample-to-sample variations.

SUSD-OCV AST:

For the AST variation SUSD-OCYV the anode gas supply was also switched from air to
hydrogen and vice versa. In contrast to the potentiostatic SUSD no load was applied
during the gas switches, resulting in the cell voltage cycling between = 0.95 V (air/H;
on cathode/anode, no load applied) and =~ 0 V (air/air). As outlined before, this could

o decrease Ir crossover (cationic migration across the membrane depends on the
charge balancing of the external electrical circuit)

e impact Ir redeposition (cathode potential not below thermodynamically stable
IrO2 phase)

e impact cathode degradation (no voltage clipping).
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6.1 Electrochemical results and discussion

The anode stressor should be similar within both AST variations. The anode stressor is
induced by the gas switch on the anode, resulting in cycling the anode half-cell potential
between ~ 0 Vrre (H2) and =~ 0.95 Vrue (air). Consequently, a differing performance
degradation between both ASTs is an indicator for a differing cathode degradation.

For SUSD-OCV, the performance degradation is again showing a comparable behavior
as for the potentiostatic AST. No initial performance increase within the first 300 SUSD
cycles is observed. However, a performance decrease is indicative of a negligible or
superimposed conditioning effect in the presence of OER co-catalyst.

The performance decreases and degradation rates are higher as for potentiostatic SUSD
events, emphasized especially for current densities where kinetic and ohmic overpoten-
tials are dominating (cf. Figure 6.2 and Table 6.1). This substantiates increased cathode
degradation:

¢ either by higher primary cathode degradation (carbon corrosion) due to the ab-
sence of voltage clipping during the SUSD events or

e due to increased cathode poisoning induced by a change in Ir crossover and/or
redeposition on the cathode electrode.

However, the higher degradation rates at 0.1 A cm™ and 1.0 A cm™ for this AST varia-
tion is indicative of Ir poisoning being the major contributor. At the chosen operating
conditions (low residence time and low temperature) severe carbon corrosion on the
cathode should be suppressed, even in the absence of voltage clipping. Instead, minor
accelerated carbon corrosion in the absence of voltage clipping is expected to increase
MEA performance due to increased CCL porosity. However, at 2.4 A cm™ no signifi-
cant performance increase for this AST variant is observed. At high current densities, a
porosity increase is anticipated to have the highest performance impact.

To resolve the differences obtained in performance degradation dependent on the incor-
porated IrO co-catalyst and the AST variation, further characterization methods were
performed to investigate the occurring degradation. In the following, degradation is
discussed for each CCM component separately.

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
measurements. The results observed within EIS and CV measurements showed no
significant change in hydrogen crossover nor HFR after 1200 SUSD events (cf. Appen-
dix-Figure 5 and Appendix-Figure 6). The observed minor changes in HFR can, there-
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6 Durability of OER based RTAs under transient conditions

fore, be explained by varying membrane humidification resulting from potentiostatic
pre-conditioning. The minor changes in hydrogen crossover might originate from the
same effect and in addition form the Pt band formation found within the membrane after
SUSD AST (discussed in section 6.2), which is known to impact hydrogen crosso-
ver [173]. Consequently, negligible membrane degradation can be assumed. This as-
sumption is further corroborated by the obtained post-mortem ex-situ results in section
6.2.

6.1.3  Cathode degradation

In the following, the cathode degradation is further investigated and discussed. The
section is structured by the performed characterization techniques. The significantly
increased performance degradation in the presence of IrO; is strongly indicating cathode
poisoning by crossed-over Ir species as major contributor.

The Ir crossover mechanism has been reported as following [70, 128]: Soluble Ir*
species are formed on the anode and subsequently migrate within the ionomer phase
across the membrane. The cation transport across the membrane is driven by the electric
field and the concentration gradient (diffusion). Subsequent redeposition on membrane
or cathode is then determined by local chemical and potential conditions within the
respective layers [128]. Soluble Ir** species for 1rO; based ACL are originating either
from the pristine OER catalyst (e.g. residues from catalyst or MEA manufacturing) or
are formed by reduction of Ir** (IrO,) species during operation [128]. The reduction
from Ir** to Ir3* species is most driven by the so-called transient dissolution, which is
also known from common Pt based catalysts [174]. Transient dissolution describes the
anodic or cathodic catalyst dissolution originating by applying a transient electrical
potential. Therefore, transient dissolution is substantially amplified by potential cycling.
In the case of transient dissolution of Ir, the square-wave like voltage cycling during
SUSD events are believed to mainly promote Ir dissolution [70, 175, 176]. During an
air/air start, the anode potential jumps from =~ 0 Vrue (H2) to = 1 Vrre (air) in a step-
wise form. For a shut-down event, the anode potential jumps vice versa.

To evaluate the possible Ir crossover from the anode catalyst layer to the cathode, an in-
situ method is developed evaluating the OER activity in the cathode catalyst layer.
Former works already proved Ir crossover via ex-situ methods. The research group of
Tovini et al. most recently found evidence of Ir species present on the cathode catalyst
layer after 500 SUSD events applied via XPS measurements [70]. Moore et al. devel-
oped an ex-situ AST to simulate Ir dissolution of reversal tolerant anodes realistically. Ir
crossover within the ex-situ AST and an in-situ performed SUSD were subsequently
quantified via ex-situ measurements of the Ir concentration in liquid electrolyte and via
EDX analysis after the in-situ SUSD [128]. However, the application of measurements
ex-situ before/after the electrochemical characterization on MEA level is challenging in
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6.1 Electrochemical results and discussion

terms of testing time, resources and testing complexity. In contrast, in-situ measure-
ments can be easily implemented using single cell test station equipment in the absence
of external sample preparation. In addition, in-situ characterization methods allow for
intermittent, non-destructive, investigations during ASTs. Therefore, analyzing the OER
activity was implemented as in-situ electrochemical characterization method to detect Ir
crossover. As the OER activity in acidic media should decrease in the following order
Ir > 1rO2 > Pt [146, 177], the crossover and redeposition of Ir species to the cathode in
any form (Ir or 1rO2) 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 s between 0.1 and 1.49 V, 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 V. For the Pt/lrOx-MEAs the averaged values from two samples are
depicted. Operating conditions: N2/Hz with a flow rate of 3.5/5 In min™* on cathode/anode, T=68° C;
p=1 barg, RH=100%. EOT the red and green dashed lines are overlapping (cf. blue insert and see
Appendix-Figure 3). (b) Cathode OER activity change after the performed SUSD AST extracted
from OER polarization curves at 1.48 Vrue 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> catalyst is embedded as anode co-catalyst, no distinct OER onset potential for
the cathode is observed within the investigated potential of < 1.49 Vrue. Consequently,
neither before nor after the performed SUSD-pot 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 with literature, where the
OER onset for platinum in acidic environment was reported for potentials > 1.7 V [177].
The very small, apparent OER activity observed for the Pt-MEA extracted at 1.48 Vrre
even slightly decreases after the applied SUSD AST (-13%, cf. Figure 6.3b). This can
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6 Durability of OER based RTAs under transient conditions

potentially be explained by the observed cathode ECSA loss, which will be discussed
later. An ECSA loss of Pt would, according to the kinetics, increase the OER overpoten-
tial.

Pt/IrOx-MEAs:

When IrO; is introduced to the anode layer to achieve reversal tolerance, the OER activ-
ity on the cathode is increased even before the stress test was performed (cf. Figure
6.3a). Commonly, the OER onset potential of Ir in acidic media is reported to be in the
region of 1.45 to 1.55 Vrue [146, 177], which aligns with the observed OER onset for
Pt/IrOx-MEAs (cf. Figure 6.3a).

As similar pristine cathode catalyst layers were used for all investigated MEAs, the
increase in OER activity is strongly indicating the crossover of iridium. The OER ac-
tivity increase beginning-of-test, compared to the Pt-MEA design, is remarkable. The
incorporated OER catalyst consists of a heat treated IrO. catalyst carried on a metallic
support (see section 4.1). One would expect, that this combination should lead to very
low Ir dissolution rates [128]. However, the increased cathode OER activity BOT for
the Pt/IrOx-MEAs compared to the Pt-MEA is strongly indicating the presence of Ir or
IrO, catalyst on the cathode already at this stage of the testing procedure, without pro-
moting transient dissolution of Ir by SUSD events. Therefore, Ir crossover presumably
occurs already within MEA conditioning and initial polarization curves (cf. Figure 4.4).

Conditioning and performance evaluation procedures included four air- and hydrogen
soaks as recovery procedures to ensure reproducible measurements and catalyst layer
recovery prior to any performance measurement. During each air-/hydrogen soak com-
bination an air-/air start like behavior is performed, leading to an anode potential cycle
from =~ 0 VrrHe t0 = 1 VRrHE In @ square-wave form. This causes transient Ir dissolution,
as discussed in the introduction of section 6.1.3. However, the remarkably increased
cathode OER activity BOT, after only four air/air starts, is corroborating Ir dissolution
by chemical reduction of IrO2 to Ir in the presence of hydrogen as significant contribu-
tor. Intermediate soluble Ir®* species can be formed during this chemical reduction [128,
166]. Such a behavior was reported during electrochemical surface oxide reduction of Ir
at potentials ~0 Vrre [145], which corresponds to the fuel cell’s anode half-cell poten-
tial during normal operation in the presence of hydrogen.

Besides, the increase of OER activity after SUSD AST is significant. For both AST
variations, an OER activity increase by a factor of ~ 1.5 to = 2 is observed (cf. Figure
6.3b), indicating a significant amount of Ir crossover and redeposition during the SUSD
ASTs. As described above, Ir redeposition on the cathode after SUSD ASTs was al-
ready reported by other groups and validated using ex-situ characterization methods (via
XPS measurements [70] and EDX [128]). However, to the best of the authors
knowledge no in-situ characterization method to investigate Ir crossover has been re-
ported so far.
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The electrochemical state of the OER catalyst surface should be comparable between
BOT and EOT state since a cleaning CV was performed prior to the measurement. In
addition, the OER activity for each sample was determined from 9 consecutive CVs
between 0.1 and 1.5 VrHe to increase reproducibility. Consequently, an increase in OER
activity on the cathode should correlate directly with the roughness factor (product of
ECSA and catalyst loading, cf. Equation 3.7 ) increase of the present Ir species. Whether
the present Ir is in metallic, hydrous or oxide form cannot be answered by the in-situ
measurements. However, the low onset potential EOT is indicative of highly active
metallic or hydrous species [146, 175, 178].

The kind of AST (SUSD-pot or SUSD-OCV) has a minor impact on the OER activity
increase. The activity change illustrated by the bar plot (cf. Figure 6.3b) is predominant-
ly arising by a difference in OER activity beginning-of-test. As the same MEAs and
testing procedures prior to the AST were used, this is most likely originating from
sample-to-sample variations. Assuming identical electrochemical iridium species pre-
sent on the cathode after the respective stress test, this should indicate a comparable
roughness factor of the OER catalyst after both ASTs. Therefore, the impact on Ir
crossover and Ir redeposition by the AST variation seems to be minor, despite the dif-
ferent cathode potentials and ionic charge transfer across the membrane induced by the
external electrical circuit. The minor impact of charge transfer could be explained by the
periodic polarization curves performed after each 300 SUSD cycles. Soluble Ir species
still present on the anode could migrate during these polarization curves, independent
on the performed AST.

A comparable Ir crossover and redeposition for both AST variations could imply, that
the observed difference in performance decrease is originating from another degradation
mechanism. For example, one could speculate of increased cathode degradation by the
reverse-current mechanism in the absence of voltage clipping, as discussed in section
6.1.3. In addition, the OER activity measurement might be too imprecise to resolve such
small degradation differences quantitatively.
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6 Durability of OER based RTASs under transient conditions

6.1.3.2 Cyclic voltammetry

To further analyze cathode degradation and the impact of the performed AST, ECSA
measurements were performed via Hupd and CO stripping.
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Figure 6.4: Observed changes in cathode ECSA by CO stripping and Hupa as well as in double layer
capacitance Cq after SUSD AST was applied. Operating conditions: T=68° C; p=1 barg, RH=100%.
Car was estimated from the Hupa CV at a voltage of 0.45 VrrE.

The observed changes in cathode ECSA and double layer capacitance during the ASTs
are illustrated in Figure 6.4. For all investigated MEA and AST variations, a cathode
ECSA loss is observed, both for CO stripping and Hypa. However, the ECSA loss ampli-
tude for Pt/IrOx-MEAs seems to be dependent on the ECSA measurement and the per-
formed AST. Furthermore, a double layer capacitance Cq increase is observed after
SUSD AST. The double layer capacitance was estimated from the Hypg CVs at a poten-
tial of 0.45 VrHe. The increased cathode degradation by ECSA loss for the SUSD-pot
compared to SUSD-OCYV is in contrast to the observed degradation rate during normal
operation. The observed losses in ECSA and Cq are further discussed in the discussion
of the respective cyclic voltammograms.

Hupd

The cathode CVs obtained via Hypd prior and after the AST are depicted in Figure 6.5.
The observed peak characteristics are typical for Pt/C catalysts: hydrogen ad-/desorption
features at a potential range between 0.1 and 0.3 Vrre and Pt oxidation/reduction peaks
at potentials above 0.6 VrHe [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 T=68° C; p=1 barg, RH=100% with a scan rate
of 100 mV s, from which the last cycle is depicted. For the Pt/IrOx-MEAs the current density is
averaged from two investigated samples, respectively. Each CV was corrected by the respective
capacitive charge observed at 0.45 VrHEe to improve visual comparability. For better illustration of
the double layer region see Appendix-Figure 4.

Pt-MEA:

Most distinct is the decrease in Hypg features for the Pt-MEA after SUSD-pot AST. The
resulting peak decrease is in alignment with the determined ECSA decrease (cf. Figure
6.4), most likely caused by a loss of Pt ECSA during SUSD AST [97]. In addition, the
double layer capacitance increases (better visualized in Figure 6.4). An increase of Cq
can be attributed to the onset of carbon corrosion [179]. Commonly, the double layer
capacitance within a SUSD AST initially increases due to increasing porosity in the
cathode catalyst layer. Subsequently, Cai decreases with contiguous SUSD events ap-
plied. The decrease is arising from continuous carbon corrosion leading to structural
change with porosity loss and catalyst layer collapse [179]. Therefore, the observed
ECSA loss and Cq increase (cf. Figure 6.4 and Figure 6.5) are indicating minor cathode
degradation, originating from carbon corrosion (inducing also secondary Pt degrada-
tion) and Pt dissolution. This is corroborated by the minor degradation rates observed
during performance evaluation. This highlights that the developed AST is suppressing
cathode degradation by the reverse-current during SUSD cycles.

Pt/IrOx-MEA:

If IrO2 is introduced to the anode, the general peak characteristics of the cathode CVs
are not substantially affected, neither before nor after SUSD AST. However, two Hypd
features are changing for these MEAs after the stress test. The double layer capacitance
in the region 0.45 to 0.75 Vrue increases, predominantly at higher potentials. This is
again corroborating the crossover of Ir to the cathode, as Ir oxides are commonly show-
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ing increased double layer capacitance within this potential regions [142, 147]. Fur-
thermore, hydrogen desorption/-adsorption features are showing a slight decrease (cf.
Figure 6.5), resulting in the respective ECSA decrease of ~ 7 to 10% (cf. Figure 6.4).
SUSD-pot seems to cause a higher ECSA loss, whereas the Cqi increase is lower (cf.
Figure 6.4). This contradicts the observed performance losses. However, as Hypd iS not
solely possible on Pt, but also on metallic Ir, it is very difficult to determine the real
ECSA loss of the Pt based ORR catalyst after Ir crossover. This could explain to the
discrepancy between performance and apparent ECSA loss.

CO stripping

Therefore, the second ECSA determination method, CO stripping, was applied. CO
stripping is commonly regarded as the more robust method for ECSA determination of
Pt based catalysts, being less prone to changes in temperature and RH and allowing to
determine the ECSA of smaller crystallite sizes [140, 141, 180, 181]. Similar to Hypd,
metallic iridium was reported to allow chemical adsorption of CO species and subse-
quent electrochemical desorption during the stripping CV. In contrast, iridium oxides
were found to be inactive for CO ad-/desorption [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 20 mV s™ are depicted.
The second cycle after the stripping CV (approximately horizontal lines) was used as integration
baseline. For better visual comparison, the CVs were corrected for the capacitive charge obtained
at 0.45 Vrre during the second cycle.

Cathode CO stripping results are depicted in Figure 6.6. For each MEA//AST combina-
tion only one sample was investigated via CO stripping.
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Pt-MEA:

In the absence of IrO; on the ACL, the CO peak shifts to lower potentials after 1200
SUSD cycles. Both, the peak potential as well as the CO onset potential, the intersection
between the onset of CO desorption and the baseline CV from the 2" cycle, are moving
to lower potentials after the AST. Furthermore, EOT a comparable peak shape is ob-
served as BOT but with a lower maximum current density. The shift in the CO peak is
concomitant with an ECSA decrease (= 10%), which is in alignment with the loss ob-
served for Hypg (cf. Figure 6.4) for this MEA. The CO peak shift to lower potentials
could originate from the observed cathode degradation [93] or slight changes in hydro-
gen crossover and/or ohmic resistance (cf. Appendix-Figure 6).

Pt/IrOx-MEA:

If IrO2 is introduced to the anode, the cathode CO peak beginning-of-test is shifted to
lower potentials. As the testing procedure, apart from the SUSD AST, was similar, the
BOT deviation for the two Pt/IrOx-MEAs is most likely induced by reproducibility
issues or sample-to-sample variations (the absolute ECSA deviation for both MEAs was

~0.26 e BOT). However, due to the stress test performed, the shape of the CO peak

9pt
changes significantly after both stress tests. The cathode CO peak becomes wider and a

shoulder at lower potentials (0.54 to 0.58 Vrwe) is formed EOT (cf. Figure 6.6). Fur-
thermore, the CO onset potential is shifted to lower potentials. A comparable behavior,
a cathode CO peak shift to more negative potentials, was reported after Ru crossover to
the cathode for CO-tolerant PEFC anodes containing Ru [92, 94, 182] and direct-
methanol fuel cells containing Pt-Ru anodes [183].

As the OER activity measurements are indicating the presence of Ir species EOT, these
Ir species most likely have a significant impact on the electrochemical CO desorption.
This effect could originate from the following mechanisms:

1) Ir species are weakening the CO-Pt bond
i) The presence of metallic Ir species on the cathode.

A weakening of the CO-Pt bond is commonly reported for Pt catalysts with increasing
temperatures [141] or relative humidity [140]. However, CO peak shifts have also been
reported for Pt nanoparticles deposited on Ir support [184] and Pt/Ir bifunctional cata-
lysts [147] if the mass ratio of Ir was varied. Consequently, a comparable effect is con-
ceivable for migrated and redeposited Ir species on the Pt/C cathode. The second possi-
ble mechanism was also reported in literature: chemical CO adsorption on metallic
iridium and subsequent CO desorption during the stripping CV [142, 185]. This effect
would superimpose the CO ad-/desorption on Pt and affect the correct ECSA determina-
tion for the ORR catalyst. It is difficult to conclude which of the proposed mechanisms
is responsible for the observed cathode CO peak shift EOT, when IrO; was introduced
to the pristine anode. However, the observation is corroborating Ir crossover and re-
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6 Durability of OER based RTAs under transient conditions

deposition on the cathode after the SUSD ASTs, which was indicated by the OER activ-
ity increase.

6.1.3.3 Impact of iridium on ECSA determination

The assumed presence of Ir species on the cathode induced by the SUSD ASTs seems to
have a significant impact on ECSA determination. Whereas the observed ECSA loss for
the Pt-MEA aligns for the Hypa and CO stripping method (= 10%), the ECSA losses
deviate significantly for the Pt/IrOx-MEAs (cf. Figure 6.4). The ECSA loss derived via
CO stripping is lower compared to the ECSA loss derived via Hypd, regardless of the
kind of SUSD AST applied.
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Figure 6.7: Correlations between OER activity and ECSA 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 designs use identical CCLs and membranes. Solid line: linear fit;
shaded region: 95% confidence interval. (a) OER activity at 1.48 VV 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
against the change in ECSA ratio (ECSAco/ECSAHupd). R? of linear fit: 0.83.

To further corroborate Ir crossover to the cathode and a subsequent impact on ECSA
determination, correlations between cathode OER activity and the cyclic voltammetry
results are illustrated in Figure 6.7. Besides the MEAs investigated within this work,
additional MEA designs were included to further validate these correlations. All MEAS
were characterized prior and after one of the here presented SUSD AST and had the
same CCL and membrane incorporated as the MEAs investigated within this chapter.
Except for the Pt-MEA, all MEASs incorporated an IrO2 based co-catalyst on the anode
to achieve reversal tolerance. The data in Figure 6.7a is strongly indicative that an in-
creased OER activity is concomitant with a shift in the CO onset potential to lower
potentials. Furthermore, for all investigated MEA designs an increased cathode OER
activity was achieved compared to the Pt-MEA, even BOL. This corroborates Ir crosso-
ver can already occur during the initial conditioning and performance evaluation proce-
dures.
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6.1 Electrochemical results and discussion

Figure 6.7b shows the impact of Ir crossover, indicated by increased cathode OER
activity, on the ECSA determination. Increased OER activity on the cathode is concomi-
tant with an increased ratio of ECSAco/ECSAHupd On the cathode. This correlation is
highlighting that OER ageing and Ir crossover significantly impact the ECSA determina-
tion. To the best of the author’s knowledge, no such behavior has been reported so far.
As a consequence, for IrO; based reversal tolerant PEFCs ECSA determination via Huypd
and CO stripping, commonly attributed solely to Pt surface area, should be critically
reviewed. This is valid for Pt/C based cathode catalyst layer after (possible) Ir crossover
as well as for Pt/lrO2 based anode catalyst layers. The degradation of the analyzed
catalyst layer could be misinterpreted. However, which of the two ECSA methods is
resulting in a physically more correct ECSA after OER aging and crossover cannot be
resolved within this work.

Moreover, the correlations between cyclic voltammetry and OER activity on the cath-
ode corroborate that both, the CO onset potential as well as the OER activity measure-
ment are promising in-situ characterization methods to monitor Ir crossover due to
transient anode potentials. As the CO ad-/desorption is fully reversible this method
could be preferred over the OER activity method. The latter includes the risk of irre-
versible carbon corrosion in the investigated catalyst layer due to the high potentials
applied (> 1.4 VrHE).

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 1.5 h at normal operation (68 °C) and 1.5 A cm (cf. Table
4.2). Ir species on the cathode could become soluble again at normal operating cathode
potentials (= 0.6 to 0.8 Vrue). TO promote Ir washout of soluble species, the cells were
operated for the first 60 min at 100% RH on anode and cathode. The operating condi-
tions were adjusted according to Table 4.2.
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Figure 6.8: Ir crossover recovery. (a) Cathode OER polarization curves extracted from the anodic
sweep of 9 subsequent cathode CVs at 20 mV s™* between 0.1 and 1.49 V, after SUSD AST (EOT,
dashed lines) and after performing a recovery procedure twice (EOL, dotted lines). Recovery
procedure included normal operation for 1.5 h under increased humidification. Identical pristine
CCLs, solely incorporating Pt/C as ORR catalyst, were used for all MEAs. The current density was
corrected for the capacitive current observed at 1.3 V. For the Pt/lrOx-MEAs the averaged values
from two MEAs are depicted. Operating conditions: N2/Hz with a flow rate of 3.5/5 In min~ on
cathode/anode, T=68° C; p=1 bary, RH=100%. (b) Cathode OER activity change after the per-
formed recovery procedure, extracted from OER polarization curves at 1.48 Vrue With respect to
EOT. Error bars represent standard deviation derived from investigating two similar MEAs,
respectively.

The OER activities are depicted in Figure 6.8. The EOT curves demonstrate the OER
activity after the SUSD AST, whereas the EOL curves represent the OER activity after
the recovery procedure was performed twice. The OER activity decreases by 7% to 14%
(Figure 6.8b), dependent on the MEA//AST combination. In contrast to the increase by
> 150% after the SUSD (cf. Figure 6.3), the OER activity decrease during the chosen
recovery procedure is minor. This is a strong indication for the irreversibility of Ir
crossover to the cathode. Crossed-over iridium species cannot be washed out easily
during normal operation. In addition, the OER activity decrease after the recovery pro-
cedure most likely is imposed by concomitant carbon corrosion and Pt loss originating
from the high cathode potentials during the OER activity measurements (cf. Pt-MEA
OER activity loss).

6.1.3.5 Proton resistance

In order to investigate the proton resistance change in the cathode catalyst layer, EIS
measurements were performed. The corresponding Nyquist plots are depicted in Figure
6.9. The length of the 45° line is representative for the proton resistance (cf. experi-
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) for one
exemplary sample of each MEA//AST combination. Measurements were performed at 68° C,

100% RH and 1 baryg.

For the Pt-MEA, proton resistance is minor due to the absence of a clear 45° line. In
contrast, as soon as IrO2 is incorporated to the CCM, the proton resistance seems to
increase significantly, and the spectra feature a 45° line. From this behavior two conclu-

sions can be drawn:

e Ir crossover is corroborated.
e Crossed-over iridium species significantly increase protonic resistance.

The latter could be explained by the (temporary) chemical bond of soluble Ir¥* species
to the sulfonic acid groups within the ionomer phase of the catalyst layer.

During aging, the change in protonic resistance is not as significant. For the Pt-MEA the
spectrum is shifted to lower Z’, most likely originating from a differing membrane
hydration (cf. section 6.1.2). The proton resistance seems to be unaffected. For the
Pt/IrOx MEAs the observed decrease in proton resistance after the AST is imposed by
the significant BOT variation (cf. Figure 6.9) as well as a huge standard deviation for
the repeated measurements (not shown). Consequently, the impact of SUSD AST on
proton resistance cannot be fully clarified.

In conclusion, strong indication for Ir crossover to the cathode could be found via in-
situ characterization methods. For both SUSD AST variations, comparable Ir crossover
was found. In contrast, the cathode degradation for the SUSD-pot AST seems to lead to
higher ORR ECSA losses and carbon corrosion (indicated by double layer capacitance).
But the cyclic voltammetry results should be considered with caution due to the previ-
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6 Durability of OER based RTAs under transient conditions

ously discussed influencing factors of Ir crossover. The indicated higher cathode degra-
dation for SUSD-pot, found by ECSA and Caqi, is contradictory to the performance deg-
radation rate, which propose a higher degradation rate for the SUSD-OCV.

6.1.4  Anode degradation

Beside cathode degradation, anode degradation induced by SUSD events is significant
for PEFC durability and performance. As outlined before, the SUSD stress tests in this
work were designed to minimize cathode degradation while emphasizing 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 by CO stripping and Hupd as well as in double layer
capacitance Cq after SUSD AST was applied. Operating conditions: T=68° C; p=1 barg, RH=100%.
Car was estimated from the Hupa CV at a voltage of 0.45 VrrE.

In Figure 6.10 the losses in anode ECSA and Cgq for each MEA//AST combination are
depicted. All combinations show significant ECSA losses and decrease in double layer
capacitance after 1200 SUSD events. These results indicate a substantial loss of HOR
catalyst as well as severe carbon corrosion concomitant with ACL porosity loss. How-
ever, there is a significant difference between ECSA loss obtained via CO desorption
compared to hydrogen ad-/desorption. The results are further discussed in the following.
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Figure 6.11: Anode CVs prior (BOT) and succeeding (EOT) SUSD AST. After a cleaning CV four
contiguous CVs were recorded at T=68° C, p=1 barg, RH=100% with a scan rate of 100 mV s™,
from which the last cycle is depicted. For the Pt/lrOx-MEAs the current density is averaged from
two investigated samples, respectively. Each CV was corrected by the respective capacitive charge
observed at 0.45 VrHEe to improve visual comparability.

In Figure 6.11 the anode cyclic voltammograms from hydrogen underpotential deposi-
tion are depicted. The observed peak characteristics are comparable to the cathode CVs
and commonly reported for Pt/C catalysts: between 0.1 and 0.3 VrHe hydrogen ad-
/desorption features are found and Pt oxidation/reduction peaks occur at potentials
above 0.6 Vrhe [48].

Pt-MEA:

The significant lower double layer capacitance in contrast to the ACL containing IrO: is
drastic. Most likely the capacitive behavior of the IrO. co-catalyst is causing this effect
[142]. The difference in absolute Cq values should be considered when discussing the
respective Cq losses after 1200 SUSD events (cf. Figure 6.10 and Figure 6.11). The
decrease in Cg is indicating carbon corrosion [35, 179] as no IrO2 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 hydrogen ad-/desorption features are shifted to
lower currents, signifying HOR catalyst loss which leads to a ECSA loss.

Pt/IrOx-MEAs:

As discussed above, a loss of 1rO> catalyst within the ACL is assumed to be the major
contributor to Cqi loss after 1200 SUSD cycles for the Pt/IrOx-MEAs. As the losses in
Cai are comparable, most likely the degree of Ir dissolution between both AST varia-
tions is equivalent. These observations are in alignment with the indicated Ir crossover
discussed within the cathode characterization section. However, simultaneous carbon
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6 Durability of OER based RTAs under transient conditions

corrosion of the HOR catalyst should not be neglected, as observed for the Pt-MEA. But
considering the absolute contribution to capacitance, this effect can be considered as
minor contributor.

Hydrogen ad-/desorption features for all investigated MEA//AST configurations are
decreasing to lower currents, indicating HOR catalyst loss. However, the ECSA losses
determined via Hypd are significantly smaller as the respective losses measured via CO
desorption (cf. Figure 6.10). For the Pt-MEA a similar behavior is observed, despite no
OER catalyst present in the MEA, which could impact the ECSA measurement (see
section 6.1.3). Lindstrom et al. reported that an increasing overlap of hydrogen evolu-
tion and hydrogen adsorption can decrease the ECSA accuracy via Hupd method [140].
As the hydrogen adsorption/evolution features are only slightly shifting with anode
ageing (cf. Figure 6.11), overlapping hydrogen evolution could result in an overestima-
tion of Hupa charge (charge was determined via integration between 0.1 and 0.4 Vrne of
the ad-/ and desorption after double layer correction). Consequently, one could specu-
late the ECSA loss via Hupa could underestimate the anode aging here. For the cathode,
such a significant discrepancy in ECSA loss between CO stripping and Huypd in the ab-
sence of IrO2 was not overserved (cf. Figure 6.4).

When comparing the two AST variations applied on IrO2 based anodes, only minor
differences in anode degradation can be observed. The change in Hyy features and
concomitant ECSA loss varies only slightly (cf. second ad-/desorption peaks EOT at
~ 0.25 VreE, cf. Figure 6.11), whereas the double layer capacitance is showing no sig-
nificant difference. As the anode stressor is expected to be identical for both ASTs,
these results meet the presumed expectations.

CO stripping

Beside Hupd measurements, CO stripping has been performed to evaluate ECSA losses.
The resulting CO stripping CVs are depicted in Figure 6.12.
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Figure 6.12: 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-
guent stripping CVs at T=68° C; p=1 baryg, RH=100% and a scan rate of 20 mV s are depicted.
The second cycle after the stripping CV (approximately horizontal lines) was used as integration
baseline. For better visual comparability, CVs were corrected for the capacitive charge obtained at
0.45 Vrue during the second cycle.

Pt-MEA:

The CO peak is decreasing significantly EOT, whereas the peak is slightly shifted to
higher potentials. These findings are in contrast to the cathode CO peaks (cf. Figure 6.6)
and could indicate that the CO peak shift to lower potentials on the cathode EOT was an
outlier (cf. Figure 6.7). The decreasing anode CO peak illustrates the severe HOR deg-
radation due to the 1200 SUSD cycles. The ECSA is decreased by 54%, indicating a
significant loss of HOR catalyst induced either by carbon corrosion and/or Pt dissolu-
tion. The potential cycling of the anode between = 0 Vrre (Hz2) and = 1 Vrue (air) dur-
ing each SUSD cycle is commonly considered to be causing Pt dissolution, e.g. via
Ostwald ripening (cf. PEFC Fundamentals). However, Schwédmmlein et al. reported,
SUSD are also causing significant carbon corrosion [35]. This can also be observed
within this work through the anode double layer decrease (cf. Figure 6.10).

Pt/IrOx-MEA:

BOT the CO peaks are showing a different peak shape and a shift to lower potentials
with respect to the Pt-MEA. When IrO> is present on the anode, two distinct peaks are
formed, and the CO onset potential is in the range of = 0.5 Vrue. This effect is corrobo-
rating the observed effect discussed for the CO peak shift after Ir crossover on the cath-
ode. The presence of Ir species in the ACL is either lowering the Pt-CO bond or is
indicating the presence of metallic iridium, which is commonly reported to be capable
of CO ad-/desorption. Da Silva et al reported a comparable formation of two distinct
CO desorption peaks for Pt/IrO2 bifunctional catalysts when IrO2 was introduced [147].
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6 Durability of OER based RTAs under transient conditions

The aging of the ACL during SUSD AST for the reversal tolerant anodes is shifting the
CO peak and CO onset potential to higher potentials. In addition, the corresponding
peaks decrease. The peak decrease is corroborating the loss of HOR catalyst, in align-
ment with the Hypa results. Following the argumentation for the cathode CO peak shift
after Ir crossover, one could speculate the increasing CO onset potential on the anode is
demonstrating the loss of Ir species. The loss of OER co-catalyst on the anode is further
corroborated by the decrease of double layer capacitance and anode OER activity.

Besides the potential shift after anode aging, the general peak shape is maintained for
the Pt/IrOx-MEAs, forming two distinct CO desorption peaks. But, depending on the
performed AST, one of the peaks is found to decrease to a shoulder-like shape whereas
the other peak is still distinct. After SUSD-pot AST, the second peak at higher poten-
tials remains. The potential regime is indicating this peak is predominantly attributed to
CO desorption on Pt (cf. Pt-MEA Figure 6.12). After SUSD-OCV, this corresponding
peak almost disappears, simultaneously leading to a narrower CO peak. Da Silva et al.
reported the evolution of CO peaks with different characteristics dependent on the
respective Pt/IrO, mass ratio of bifunctional catalysts [147]. Consequently, one could
speculate based on the peak characteristics that during SUSD-OCV the loss of Pt area
on the anode is more dominant, whereas the OER co-catalyst is simultaneously facing
lower degradation with respect to SUSD-pot. However, the exact distinction of HOR
and OER impact on the CO peaks is difficult due to the previously discussed interfer-
ence of Pt and Ir with respect to CO and hydrogen ad-/desorption.

But in alignment with the observed Ir crossover, ECSA and double layer loss, severe
anode degradation during the developed SUSD ASTSs appears evident. Therefore, the
developed ASTs are promising to enable the investigation of anode ageing.

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 OER co-catalyst in addition to
the ECSA measurements discussed above. Furthermore, insights in the reversal mitiga-
tion capability of OER based reversal tolerant anodes should be derived, after anodes
were exposed to transient anode conditions, causing substantial anode degradation.

In Figure 6.13 the anode OER activity BOT and EOT as well as the respective losses
are depicted. In alignment with the cathode results, the carbon supported platinum based
HOR catalyst is showing a negligible OER performance in the absence of IrO2, both
prior as well as proceeding the performed SUSD AST. In contrast, for the MEAS incor-
porating an OER co-catalyst a significant OER activity is observed, both BOT and
EOT. This observation validates Ir crossover detection via monitoring the OER activity
on the cathode, as the pristine OER co-catalyst on the anode is showing distinct OER
activity within the investigated potential regime.
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Figure 6.13: (a) Anode OER polarization curves extracted from the anodic sweep of 9 subsequent
anode CVs at 20 mV s between 0.1 and 1.49 V, before (BOT, solid lines) and after (EOT, dashed
lines) the respective SUSD AST was performed. The current density was corrected for the capaci-
tive current density observed at 1.3 V. For the Pt/IrOx-MEAs averaged values from two samples
are depicted. Operating conditions: H2/N2 with flow rates of 1/1 In min~* (cathode/anode), T=68° C;
p=1 barg, RH=100%. (b) Anode OER activity change after the performed SUSD AST extracted
from OER polarization curves at 1.48 Vrue With respect to BOT. Error bars represent standard
deviation derived from investigating two similar MEAs, respectively.

In context with the cathode OER activity it should be considered that the absolute OER
activity was found to be higher for the cathode as for the anode electrode EOT (cf.
Figure 6.3 and Figure 6.13). Consequently, either the OER ECSA and/or the intrinsic
OER activity of the crossed-over and redeposited Ir species could be higher as the intro-
duced IrO> catalyst on the anode.

The anode aging during the SUSD AST is resulting in an anode OER activity decrease
by 22% (SUSD-pot) and 39% (SUSD-OCV; cf. Figure 6.13). Assuming the exchange
current density of the pristine OER co-catalyst did not change during ageing, the OER
activity decrease is indicative of significant IrO2 dissolution. As the anode potential was
cycled identically for both AST variants, the transient dissolution of Ir and the respec-
tive OER species present on the anode EOT should be identical. However, a higher IrO>
loss on the anode after SUSD-OCYV is indicated by the OER activity. This contradicts
previously discussed results, which induce either i) a lower (ACL CO stripping) or ii)
comparable (ACL double layer decrease and cathode OER activity) Ir dissolution rate
for the SUSD-OCV AST. Therefore, quantifying the comprehensive Ir dissolution of an
OER co-catalyst via in-situ measurements is not unambiguous, especially as the OER
aging could affect the oxidation state of the co-catalyst. This would influence the appar-
ent OER activity (e.g. OER activity of Ir > IrOx [146, 177]).

Nevertheless, both AST variants seem to induce significant IrO. dissolution within
conditions expected during field application of fuel cell systems. If the ECSA and/or the
activity of the OER co-catalyst is substantially reduced, the fuel cell’s tolerance against
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6 Durability of OER based RTAs under transient conditions

reversal events will decrease. The respective impact is critical for durability and of great
importance for the assessment and development of reversal tolerant anodes. RTAs
should not only be optimized regarding BOL reversal tolerance but should also ensure
reversal tolerance over the entire targeted lifetime. Therefore, the importance of OER
co-catalyst stability during transient anode conditions is highlighted and can be investi-
gated via the here proposed SUSD ASTSs.

6.1.4.3 Reversal tolerance

1.09(a) i=0.65Acm?
load error pristine
2 0.8 -=—~= after SUSD-pot
o —
E 0.6 4 T~ e \
S it
2 0.4 - ~‘\ unin?ended
3 \\ test interrupt
O A
0.2+ 1
0.0 T T T T T T ' '
06 ]® =047 Aem
—e— pristine
3 -0.8 1 - o . - o - after SUSD-pot
o ST =t==— = — i=0.62 Acm™2
£ 101 ————tmmmpe =, . & —+— pristine
g —+- after SUSD-pot
5 -1.2-
@]
~1.4-

0 50 100 150 200 250 300 350
Reversal cycles applied

Figure 6.14: Cell voltage for two Pt/lrOx-MEAs during CR AST at 30° C, 80% RH, 1.5/1.7 bary
(anode/cathode). Cell voltage is averaged from the last 30 s within 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 0.65 A cm™. Failure for both MEAs observed during normal
operation (failure criterion: cell voltage < 0.1 V; threshold of 0.1 V is not attended in this graph due
to averaging). (b) Reversal operation in N2/air atmosphere at 0.17 (circles) and 0.62 A 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 SUSD-pot AST. Deviating from the test procedure within section 1 (for
details see section 4.2.8), no H2 pump polarization curves, EIS and CVs were performed
during the CR AST. Normal operation at 0.65 A cm~2 (3 min) and reversal operation at
two different current densities are alternated during CR AST.
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The results for two identical Pt-IrOx-MEAs are depicted in Figure 6.14: a pristine MEA
after conditioning (grey lines) and an MEA after SUSD-pot AST (red lines). Both in-
vestigated MEAs are failing 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 substantial anode OER
activity decrease after SUSD-pot AST (-21.6%, cf. Figure 6.13).

During normal operation at 0.65 A cm2 (cf. Figure 6.14a) the previously aged MEA is
showing a decreased cell performance along the entire AST compared to the pristine
MEA. The performance is further decreasing with each reversal cycle applied. There-
fore, the overpotential for the aged MEA is higher (beginning-of-test ~ 61 mV) and
increases at higher rates.

During reversal operation (cf. Figure 6.14b) the cell voltage of the aged MEA is slightly
lower at CR AST start (0 cycles: =~ 43 and =55 mV at 0.17 and 0.62 A cm ™2, respective-
ly). However, with increasing reversal events applied, the cell voltage difference be-
tween the aged and pristine MEA is decreasing. For the higher current density after 171
cycles the cell voltage of the aged MEA even exceeds the cell voltage of the pristine
MEA by = 14mV in reversal mode.

During the SUSD-pot AST the HFR remained approximately constant (< 3 mQ cm? at
68° C). In addition, the proton resistance increase on the cathode is minor (cf. section
6.1.3). Consequently, the increased overpotentials during normal operation can be at-
tributed to ORR and HOR activity and/or mass transport overpotentials. During reversal
events, ORR and OER are taking place on the cathode and anode, respectively. The
cathode ECSA loss at 30° C would induce an ORR activity loss equal to 2.75 mV (cf.
Equation 6.1). Consequently, the lower cell performance during normal operation (ORR
and HOR taking place) within CR AST for the aged MEA can be attributed most likely
to an increased HOR overpotential and degradation rate. As shown within section 5, the
CR failure during normal operation could be attributed to an increased HOR mass
transport overpotential originating from ACL collapse. Simultaneously, the OER per-
formance for the MEA is unaffected from the ACL collapse.

In conclusion, the anode aging originating from the 1200 SUSD events causes signifi-
cant ageing of the HOR and OER co-catalyst. Furthermore, a significant increase in
HOR overpotential is highlighted by the reversal tolerance decrease measured by the
CR AST and OER activity measurements after SUSD induced anode ageing.

6.1.4.4 Hydrogen pump experiments

To provide further insights in the HOR overpotential increase after SUSD AST, hydro-
gen pump experiments were performed at varying temperatures (35, 70, 86 °C), relative
humidity, and hydrogen concentrations (100, 50, 30, 10, 5 vol% of dry gas). For further
information, the reader is referred to section 4.2.7 and 3.1.6. As the cathode degradation
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6 Durability of OER based RTAs under transient conditions

after SUSD AST is assumed to be low (ECSA loss < 10% and Cqi increase =~ 17 to 22%),
the required assumption of negligible HER overpotential is still valid (BOT and EOT
Tfeathode = 6 Tfanode )- IN @ddition, a change in proton resistance within the catalyst
layers can be neglected (for discussion see section 5). For better comparison, an identi-
cal pristine MEA was investigated after conditioning. A decreasing cell potential after
HFR-correction for the hydrogen pump polarization curves with respect to the BOT
MEA is indicating an increased HOR overpotential originating from SUSD aging.

As the anode degradation after SUSD AST is expected to be low with respect to an
MEA after a reversal stress test (e.g. CR AST, cf. section 5), polarization curves with
lower H> concentrations (diluted with nitrogen) were investigated to better resolve HOR
mass transport issues. Due to the high exchange current density of Pt for the HOR reac-
tion, weak structural changes and degradation are hard to distinguish using pure hydro-
gen during polarization.
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Figure 6.15: Hydrogen pump experiments at 35°C, 100% RH and 5 vol% H: concentration (2 baryg
on the anode/cathode). Measurements performed for a pristine Pt/IrOx-MEA after conditioning
(BOL) and similar MEAs after an SUSD AST was performed. (a) HFR-corrected polarization
curves representing the total HOR overpotential (activation and mass transport). (b) Respective
HOR mass transport overpotential against current density, considering the HOR activation overpo-
tential by using a simplified Butler-VVolmer approach.

To illustrate the HOR overpotential increase during the respective SUSD AST, the
HFR-corrected polarization curves at 35° C, 100% RH and 5 vol% H; are depicted in
Figure 6.15a. For the MEAs previously exposed to anode ageing via SUSD AST, a
decreased cell voltage over the complete current density range is observed. As pressure,
flow rate and hydrogen concentrations were equalized for anode and cathode within this
test procedure, the equilibrium potential E .., should be = 0 V.
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6.1 Electrochemical results and discussion

According to Equation 3.18 consequently the HFR-corrected cell voltage Ecej HFr—free
directly correlates with the HOR overpotential:

Ecell HFR—free = —THOR = —THOR,act — NHOR mtx- (6.2)

Therefore, the hydrogen pump polarization curves in Figure 6.15a are strongly indicat-
ing an increased HOR overpotential after SUSD AST. This observation corroborates the
CR AST results with an aged MEA after SUSD AST. To resolve the overpotential
distribution, the kinetic HOR overpotential was calculated using a simplified Butler-
Volmer approach. The resulting HOR mass transport overpotentials are shown in Figure
6.15b.

At the depicted hydrogen concentration (5%), the HOR mass transport overpotential
contributes predominantly to the overall HOR overpotential. In addition, 7yormex
increases in  the same order as the overal HOR overpotential:
BOL < SUSD-OCV < SUSD-pot. Consequently, the aging originating from SUSD
events increases the HOR mass transport overpotential significantly, indicating a loss in
ACL porosity. This is corroborating the observations derived from Cq change after
SUSD events.

The complete set of operating conditions investigated via hydrogen pump experiments
is depicted in Figure 6.16. The resulting HOR overpotential observed at the common
limiting current for all MEAs within a certain temperature/relative humidity combina-
tion is dependent on the RH. For 35° C the respective overpotentials observed at
100% RH are allowing for the best distinction in kinetic and structural anode ageing
after the respective SUSD stress test. At higher temperatures (70° and 86° C) and appli-
cation relevant RH (> 60%) the HOR overpotential becomes minor and the distinction
becomes difficult, especially BOL. For RH < 60% distinct HOR overpotentials can be
observed but are most likely impacted by a significant increase in proton resistance in
the catalyst layers. As a consequence, performing hydrogen pump experiments at low
temperatures and high RH are the most promising operating conditions to investigate
anode ageing and the respective impact on structural degradation. Lowering the hydro-
gen concentration can further improve the distinction of anode ageing. Using higher
hydrogen concentrations, higher current densities must be applied to resolve overpoten-
tial increases. Higher current densities are increasing noises arising from the HFR de-
termination, which is always subjected to small errors and can change with the current
density applied [36].
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Figure 6.16: HOR overpotentials nyog at the respective limiting current against relative humidity
at varying temperatures (columns) and hydrogen concentrations (rows) derived from hydrogen
pump polarization curves. For each T/RH combination the common limiting current density of the
HFR-corrected hydrogen pump polarization curve for all MEAs was determined. Dashed lines
represent linear or non-linear regression which should be regarded as guide-to-the-eye. Apparent
negative values for npyogr, Most likely induced by inaccuracies arising from current independent
HFR determination (cf. Experimental section), were set equal to 0.
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6.1 Electrochemical results and discussion

6.1.4.5 Performance loss at low temperatures

The hydrogen pump experiments are indicating an increased HOR overpotential for
SUSD-pot compared to SUSD-OCV, especially at low temperatures and high RH.
Comparable behavior is observed for Ho/air polarization curves at 40° C and oversatu-
rated anode gas (RHanode = 104 to 139%; increasing with increasing current density).
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Figure 6.17: Performance loss obtained from polarization curves (Hz/air) at 40° C after 1200 SUSD
cycles performed. Shaded region: standard deviation derived from current dependent BOL per-
formance variation from all Pt/IrOx-MEAs investigated. Pressure, flow rates and RH were depend-
ent on current density: p=0.3t01.9/0.2t0o1.5 bary flow rates=0.9to 6.8/1.7 to 16.4 I, min,
RH =104 to 139/73 to 50% (on anode/cathode).

Polarization curves were recorded during performance evaluation prior and post SUSD
AST. The observed performance losses are illustrated in Figure 6.17. The reproducibil-
ity of this test suffers from a high standard deviation for high current densities, even for
BOL MEAs. In addition, catalyst layer degradation between SUSD AST and the polari-
zation curves should be considered. During the characterization sequence EOT, in total
three sets a 10 CVs up to 1.49 Vrye at 68 °C were performed (cf. section 4.2.9) to eval-
uate cathode OER activity and the reversibility of Ir crossover. For these conditions,
accelerated carbon corrosion is reported [97].

Nevertheless, the polarization curves shown in Figure 6.17 are corroborating the previ-
ous results. The increased degradation of the HOR catalyst during SUSD-pot AST is
highlighted. As load is applied during this AST variant within each SUSD cycle under
Ho/air, water is produced by ORR on the cathode. Therefore, one could hypothesize a
higher water content in the whole MEA during SUSD-pot, not only in the cathode but
also within membrane and ACL via water diffusion. As carbon corrosion is known to be
strongly dependent on water content [78, 79], this could be an explanation for the in-
creased degradation in contrast to SUSD-OCV.
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6 Durability of OER based RTAs under transient conditions

In conclusion, substantial ageing of the ACL and substantial HOR mass transport over-
potential increase are present after SUSD AST. At normal fuel cell operating conditions
(60 to 90 °C, high RH) the increased HOR overpotentials become negligible (cf. Figure
6.16). This observation is corroborated by the Ho/air performance evaluation at 68° (cf.
Figure 6.2) and results within section 5. However, as discussed within section 5, the
operation at low temperatures is crucial during the start-up phase of automotive fuel cell
systems. Subsequently, the performance under these operating conditions is application
relevant and should be considered.

In addition, the increase of HOR overpotential and the concomitant decreased OER
activity on the anode by IrO, aging were found to result in a significant loss in reversal
tolerance. To achieve highly durable reversal tolerant ACLs, the ageing impacts during
SUSD events or comparable transient anode conditions have to be considered for prod-
uct development.

6.2 Ex-situ imaging analysis

To validate the observed in-situ characterization results for reversal tolerant anodes,
imaging via SEM and EDX analysis was performed.
6.2.1.1 SEM imaging

To evaluate the catalyst layer and membrane degradation, thickness was qualitatively
and gquantitatively analyzed via SEM images.

Pristine MEA (BOL) SUSD-pot SUSD-OCV

S S N gl e «‘atm-'w.g'.w Ve

Anode—

Membrane: masked

Cathode

Figure 6.18: SEM images were made at 5 kV taken from (a) pristine and (b)-(c) aged MEAs after
SUSD AST. Bright spots in the ACL were identified as IrOx by EDX analysis (Appendix-Figure 7),
in alignment with literature [114]. The band formation (PITM: platinum in the membrane) close to
the cathode after SUSD AST (b)-(c) was identified as platinum precipitation by EDX analysis (see
Appendix-Figure 8). The membrane cross-sections cannot be disclosed, and therefore were masked.

SEM images were taken from a pristine Pt/IrOx-MEA and from identical MEAs after
SUSD-pot and -OCV AST. Representative images are depicted in Figure 6.18. The
quantitative thickness results are illustrated in Table 6.2.
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6.2 Ex-situ imaging analysis

Table 6.2: Layer thicknesses change after SUSD AST for Pt/lrOx MEAs with respect to a similar
BOL MEA. Standard deviation derived from evaluating 30 spots within 6 cross-sections for the
BOL MEA written in brackets.

ACL thickness CCL thickness PEM thickness
AST performed deviation deviation deviation
[%0] [%0] [%0]
SUSD-pot -13(9) -27 (2) -2 (1)
SUSD-OCV -17 (9) -18 (2) +2 (1)

For the membrane, no significant degradation was found after SUSD AST via in-situ
characterization. In alignment with these results, no significant membrane thinning was
observed by SEM imaging. However, the formation of a Pt band (validated via EDX)
was found to evolve after both SUSD AST variants next to the cathode/membrane
interface (cf. Figure 6.18). Depleted areas within the cathode catalyst layer indicate the
Pt band is formed by dissolved Pt from the cathode. The band formation presumably
contributes to the slight changes in hydrogen crossover (cf. 6.1.2) [173].

For the cathode catalyst layer, significant thinning was observed via SEM images. In
general, the cathode thinning supports the observed cathode degradation observed via
in-situ characterization after the SUSD ASTs. However, the thinning is higher than
expected. Subsequent to the SUSD AST, the normal performance loss is <25 mV, the
cathode double layer capacitance is indicating solely the onset of carbon corrosion and
the cathode ECSA loss is < 10 %. However, as discussed within section 6.1.4, the repeti-
tive OER activity measurements between SUSD AST and the following characteriza-
tions, as e.g. SEM, could cause significant carbon corrosion. Consequently, the cathode
thinning observed by SEM imaging could overestimate the contribution of the SUSD
AST. The cathode thinning for the OCV AST was lower compared to the potential
SUSD variant. This observation is in alignment with the increased cathode degradation
indicated by ECSA loss.

For the anode, significant thinning is observed via SEM imaging, confirming the struc-
tural change indicated by HOR overpotential increase at low temperatures (cf. 6.1.4).
Catalyst layer thinning commonly is concomitant with a porosity loss, leading to in-
creased mass transport overpotentials. The HOR overpotential indicated a higher degra-
dation rate for SUSD-pot AST. This correlation cannot be found via ex-situ thickness
characterization. However, due to the high standard deviation for anode thickness, the
correlation between AST variation and the respective anode thinning is flawed. In addi-
tion, anode disconnection from the membrane can be observed after SUSD stress tests.
Whether the disconnection is originating from a sample preparation artifact or from the
AST cannot be evaluated. If the disconnection was already present during operation, an
influence on the measurements caused by inhomogeneous current distribution could be
possible.
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6 Durability of OER based RTAs under transient conditions

6.2.1.2 Energy dispersive X-ray spectroscopy analysis

In order to achieve insights in elemental composition, EDX analysis was performed.
The band formation in the membrane next to the cathode was found to be based on
platinum. No Ir precipitation was found within the membrane in any cross section,
neither BOL nor after SUSD events (Ir detection limit: 0.5 atomic %).

In addition, the presence of Ir on the cathode catalyst layer was investigated. During
operation Ir crossover was strongly indicated by:

e cathode OER activity increase
e change in CO desorption characteristic
¢ significant double layer capacitance increase at high potentials.

However, via EDX no Ir was found in any cathode cross section. Representative EDX
spectra for the CCLs are depicted in Figure 6.19.
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Figure 6.19: Cathode catalyst layer EDX spectra for Pt/lrOx MEAs prior (BOL) and after SUSD
AST. Shaded region: standard deviation. Vertical grey lines: characteristic X-ray energy for iridi-
um and platinum (source: Bruker Espirit 1.9 software documentation and other sources [186, 187]).

As the evidence of Ir crossover during operation was substantiated by various character-
ization methods, one could speculate about the lack of evidence via EDX. Ir redeposi-
tion is dependent on local chemical and potential conditions within the respective layers
[128] and therefore could result in in a very inhomogeneous distribution on the cathode,
resulting in not being traceable within the investigated cross sections. As the penetration
depth for the EDX setup was low (= 100 nm), the total amount of investigated catalyst
layer volume could be below the threshold of a statistically robust evidence and Ir re-
deposition spots could be missed. In addition, the signal of deposited Ir species could be
below the EDX detection limit (0.5 atomic %), while being electrochemically active. In

146



6.3 SUSD AST comparison

conclusion, Ir crossover could not be corroborated by EDX measurements. However,
due to the broad indicative signals found during operation and in literature, the appear-
ance of Ir crossover seems to be reliable evident. This assumption is highlighting the
importance of in-situ characterization methods to investigate Ir crossover.
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Figure 6.20: Ir/Pt atomic ratio for the anode catalyst layer of Pt/IrOx MEAs derived by EDX analy-
sis. A pristine (BOL) and aged MEAs after SUSD AST were investigated.

EDX analysis was also performed on the anode. The elemental composition change on
the anode is depicted in Figure 6.20. The atomic ratio for Ir/Pt decreases after SUSD
AST. This result is indicating a significant loss of OER co-catalyst on the anode, cor-
roborating the results obtained for anode OER activity and reversal tolerance after
SUSD events. In addition, no reliable difference for both AST variants was found via
EDX analysis.

6.3 SUSD AST comparison

The two developed SUSD ASTs are both leading to comparable degradation effects for
OER based reversal tolerant anodes, with minor differences regarding the respective
component degradation. A comprehensive overview of the most relevant degradation
key aspects, dependent on the performed AST, is given in Table 6.3.

For both AST variants the cathode degradation was minimized and significant anode
degradation (OER and HOR catalyst) due to transient anode conditions was achieved.
As for SUSD-pot the PEFC performance loss is decreased and a comparable Ir crosso-
ver indicates that this AST has a slight advantage in effectively simulating anode aging
by transient conditions. Furthermore, this AST should promote the migration of dis-
solved Ir species from the anode to the membrane/cathode due to the applied current
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6 Durability of OER based RTAs under transient conditions

during the AST. However, within the presented characterization methods this effect
could not be confirmed, as for both ASTs comparable Ir crossover to the cathode was
measured by cathode OER activity and a shift in cathode CO onset potential.

Table 6.3: SUSD AST comparison. Mean changes during the AST with respect to BOL values are
depicted. Higher degradation indicated by value is highlighted in red.

Aspect Key value SUSD-pot SUSD-OCV
Performance 0.1Acm? -1.12 mVv -8.08 mV
24Acm? -7.83 mV -9.31 mV
s o - -
ECSAHupd -10.5% -6.8%
Cathode degra- ECSAco -6.4% -1.97%
dation Ca +16.7% +22.2%
Cathode thinning (SEM) -27% -18%
Cathode OER activity +194% +165%
Ir crossover Cathode CO peak shift -46 mV -18 mV
EDX analysis - -
ECSAHupd -25.6% -22.6%
ECSAco -42.6% -44.4%
Cal -26.8% -26.9%
A”Od‘ii‘;igrada‘ OER activity -21.6% -39.4%
Ir/Pt ratio (EDX) -15.8% -16.4%
(35°C, 100%RH,’752|/?ﬁ2, i=03Acm?) +36mvV t24mv
Anode thinning (SEM) -13% -17%
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6.4 Conclusion

The aging of OER based reversal tolerant anodes by transient anode conditions was
investigated under field relevant conditions by developing two start-up/shut-down
(SUSD) accelerated stress tests (ASTs). The developed SUSD ASTs were designed to
investigate the MEA aging by transient anode potentials due to gas switches, as com-
monly occurring during PEFC start-up/shut-down events. Tests were performed on
time- and resource-saving single cell level. Simultaneously, the SUSD induced major
cathode degradation, caused by the so-called reverse-current effect, could be kept on a
moderate level (ECSA loss < 10%). This allows for better distinction of the occurring
anode degradation and subsequently induced secondary degradation effects. In addition,
in-situ characterization methods were established, which allow for fast and efficient
analysis of the dissolution and subsequent crossover of Ir species from the initially
employed anode OER co-catalyst.

A significant PEFC performance decrease during and after 1200 SUSD events was
found if an OER co-catalyst was embedded to achieve RTAs. The performance decrease
was presumably induced by Ir crossover poisoning the ORR catalyst on the cathode.
When no OER co-catalyst was introduced to the MEA, a general performance increase
by a conditioning effect and a very low degradation rate was observed during potenti-
ostatic SUSD AST.

The Ir crossover to the cathode catalyst layer during the SUSD ASTs was shown to be
measurable via OER activity monitoring on the respective electrode. Furthermore, the
onset potential of electrochemical CO desorption was found to correlate with the Ir
crossover indicated by the cathode OER activity. Consequently, Ir crossover can be
investigated by monitoring OER activity and perform CO stripping on the cathode
electrode. Additionally, a significant disturbance of ECSA determination via CO strip-
ping and Hupd Was found in the presence of Ir crossover, resulting in a shifting ECSA-
comupd ratio. Therefore, in the presence of IrO2, derived ECSA values should be re-
viewed carefully, both, for Pt based HOR as well as ORR catalysts.

For the developed SUSD ASTs, a significant anode ageing was attained. The ageing of
the OER co-catalyst was found to result in a decreased anode OER activity. Additional-
ly, a significant HOR catalyst degradation was observed. A substantial loss in anode
ECSA was observed, especially by the commonly more robust CO stripping method. In
addition, a loss in ACL porosity by carbon corrosion during SUSD AST was indicated
by the increase of HOR mass transport resistance, evaluated via hydrogen pump exper-
iments using diluted hydrogen feed gas (Hz in N2). The substantial ageing of the HOR
and OER catalyst was found to lead to significantly reduced reversal mitigation capabil-
ity. The loss in reversal tolerance should be considered for application as well as during
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6 Durability of OER based RTAs under transient conditions

scientific research and development on OER based RTAs. The degradation effects
investigated during operation could be corroborated via SEM and EDX analysis.

The developed SUSD ASTs were found to be a good basis to investigate the durability
of the ACL and its components during transient anode conditions on single cell level.
The resulting SUSD induced degradation was found to be comparable for both AST
variants. However, as Ir migration of dissolved species across the membrane should be
simulated more realistically, SUSD-pot AST is expected to be the stress test most suita-
ble for investigating SUSD induced degradation of OER based RTAs.

However, two challenging questions regarding the Ir crossover remain: Firstly, the
performance impact of Ir crossover if the cathode catalyst layers were previously ex-
posed to any further degradation (e.g., Pt dissolution by voltage cycling). Secondly, the
possible protecting impact on the cathode of crossed-over Ir due to the reverse-current
effect. There were already reverse-current mitigation strategies reported, introducing an
OER catalyst to the CCL to reduce carbon corrosion during SUSD events on the cath-
ode [188, 189].
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7.1 Conclusion

Reversal Tolerance

To mitigate reversal events caused by gross fuel starvation, the introduction of oxygen
evolution reaction (OER) co-catalysts in reversal tolerant anodes (RTAs) has been
established recently. The embedded OER co-catalyst promotes water splitting over
carbon corrosion during a reversal event.

This work presents different AST approaches on single cell level to investigate the
reversal tolerance of OER based RTAs. The developed cyclic reversal (CR) AST is
alternating short-term normal and reversal operation at low temperatures. This AST
simulates short-term reversal events which can occur during freeze start-ups in automo-
tive polymer electrolyte fuel cell (PEFC) stacks and showed a drastic deviating degrada-
tion behavior as observed during state-of-the-art non-cyclic reversal (NCR) ASTs,
which are mimicking a prolonged reversal event.

During more realistic short-term reversal events (CR AST) MEA failure during normal
operation was observed, whereas the OER activity in reversal mode maintained almost
constant. This is strongly indicative of an OER recovery effect for short-term reversal
events. In contrast, during non-cyclic reversal ASTs an OER catalyst deactivation is
observed in the presence of carbon. The recovery effect for cyclic reversal AST was
shown to culminate in still possible OER activity after the MEA failed during normal
operation. Consequently, the application of common non-cyclic reversal ASTs could
lead to unrealistic reversal tolerance determination. During prolonged reversal events,
OER catalyst deactivation occurs and solely monitoring the OER activity is insufficient
evidence for a healthy anode catalyst layer (ACL). Therefore, the developed CR AST
allows for more realistic and comprehensive investigation of reversal tolerance by
considering both, hydrogen oxidation reaction (HOR) and OER catalyst degradation.

The developed in-situ characterization methods allow for fast and cost efficient in-situ
investigation of MEA failure and can be easily implemented during reversal ASTs. For
temporary, repetitive reversal events MEA failure occurred during normal operation and
could be attributed mainly to an HOR mass transport overpotential increase, induced by
carbon corrosion. The hydrogen pump experiments could not just quantify HOR over-
potential distribution but were able to indicate a structural change in the ACL during

151



7 Conclusion and Outlook

CR AST. The structural change culminates in a layer collapse, validated via SEM imag-
es.

A significant dependence between HOR catalyst and reversal tolerance was found.
Increasing the graphitization degree of the HOR catalyst was leading to a higher rever-
sal tolerance (factor ~2.4). This result is indicating, ACL component interactions are
crucial to achieve highly durable RTAs.

The presented characterization methods can now serve as a tool set for fuel cell manu-
facturers to evaluate and optimize varying anode designs regarding their reversal toler-
ance and occurring failure modes. In addition, scientific research can use these methods
and results as valuable input on further investigating the comprehensive reversal toler-
ance (considering HOR and OER capability simultaneously) and its dependency on
material interactions within experimental investigations and numerical simulations.

Durability of OER based RTAs under transient conditions

The second part of the thesis aims at gaining insights into degradation of RTAs contain-
ing OER catalysts (supported IrO2) during transient conditions and developing in-situ
characterization methods to further evaluate the observed fuel cell degradation.

Transient anode conditions were applied by developing two varying start-up/shut-down
(SUSD) ASTs. Moderate cathode degradation by the so-called reverse-current effect
was achieved, to emphasize anode degradation (HOR and OER catalyst) and its subse-
quent impact on PEFC performance and secondary degradation effects within other cell
compartments.

For the first time, in-situ characterization methods were developed to investigate the so-
called Ir crossover effect. Due to the transient anode conditions, the OER co-catalyst
can dissolute, migrate across the membrane and redeposit within the membrane and
cathode electrode. Moreover, a significant impact on the determination of the Pt based
oxygen reduction reaction (ORR) catalyst’s ECSA by CO stripping and Hypd was found
after Ir crossover. To the best of the author’s knowledge, no such behavior has been
reported so far, and this effect should be considered when evaluating electrode degrada-
tion by ECSA if an OER catalyst is present within the MEA.

In addition to the secondary cathode degradation by Ir poisoning, substantial anode
degradation could be provoked by the developed SUSD ASTs. Due to the applied
SUSD events, significant degradation of the HOR and OER catalyst was observed. For
the OER catalyst, substantial dissolution was revealed by a decrease in anode OER
activity. For the HOR catalyst, a significant HOR mass transport overpotential was
observed and magnified at low temperatures and low hydrogen concentrations during
hydrogen pump experiments. Consequently, the anode degradation induced by SUSD
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events strongly indicates a structural impact on the ACL, resulting in reduced catalyst
layer porosity. These results were corroborated by SEM and EDX results, where a
significant anode thinning and OER catalyst dissolution was obtained.

Both, the degradation in HOR and OER capability was shown to substantially reduce
the RTA’s capability to mitigate reversal events. A decrease in reversal tolerance by
51% was observed after 1200 SUSD events, highlighting the importance of this aspect
on application level, where reversal tolerance over the entire lifetime is crucial for
PEFC durability.

The presented characterization methods can be used to comprehensively investigate the
RTA stability regrading OER and HOR capability. The characterization techniques can
be used by PEFC manufactures to investigate varying RTA concepts (varying catalysts,
loadings, processing) regarding SUSD induced degradation. In addition, the results and
methods can help in estimating the degradation impact on application level. Further-
more, scientific researchers can use the methods and results provided as starting point to
gain further understanding in OER co-catalyst stability under transient conditions for
varying co-catalysts and RTA designs as well as operating strategies.

7.2 Outlook

Still questions remain concerning evaluating the degradation of OER based RTA at the
end of this work.

Reversal Tolerance

One of the major remaining questions regarding reversal tolerance is the impact of ACL
components and their respective interactions as well as the impact of the ACL structure.
Within this work a significantly improved reversal tolerance for a varying HOR catalyst
(factor =~ 2.4) was obtained, despite introducing an identical, highly active OER catalyst.
Consequently, further understanding in material interaction is crucial to achieve
optimized OER based RTA concepts. The interactions could be investigated both,
experimentally as well as theoretically through simulations. As higlighted in this work,
the HOR and OER capability as well as the structural integrity of the ACL is crucial for
evaluating application relevant reversal tolerance. Therefore, e.g. the recently reported
aspect of OER catalyst deactivation due to carbon species could be an promising aspect
to further improve the understanding in component interaction. The temporary and/or
local deactivation of OER catalysts most likely promotes carbon corrosion during
reversal events, resulting in a loss in structural integrity and HOR catalyst. Despite an
OER recovery effect obtained after short-term reversal events, supressing this OER
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deactivation could increase reversal tolerance significantly by further decreasing carbon
corrosion rates during reversal events.

Another aspect is to further tailor the developed reversal AST to the specific conditions
expected for different applications. As degradation behavior was shown to substantially
deviate between short-term and prolonged reversal events, reversal tolerance could for
example significantly depend on reversal duration. However, determination of the
expected degradation during field operation is challenging and would require a large
fleet of PEFC systems where reversal events can be reliable characterized and detected.
The latter in turn is requiring a wide range of sensors within the PEFC system (e.g. cell
voltage monitoring, temperature, RH). Therefore, numerical modelling might be able to
support and accelerate considerations on varying reversal durations in field applications.

Last but not least, the limited resource of Ir should be comprehensively considered
when it comes to OER based RTA development. Incorporating IrO> catalysts currently
offers the best trade off between OER activtiy and stability on a commercial level. Ir
demand will most likely become a critical bottleneck in near future due to the targeted
large scale green hydrogen production via PEM water electrolyzers [190]. However,
green hydrogen production is in turn crucial for further commercialization of PEFCs
[11]. Consequently, these competing demands require a comprehenisve consideration of
material-based mitigation strategy by OER based RTAs versus other mitigation
strategies. The OER loading of reversal tolerant PEFCs should be reduced as much as
possible for the respective application and could therefore e.g. be coupled with active
system based mitigation strategies (for example cell voltage monitoring).

Durability of OER based RTAs under transient conditions

The major questions regarding RTA stability are the mechanism of Ir dissolution,
migration of soluble Ir species and subsequent redeposition within other fuel cell
components. Further fundamental understanding is mandatory to derive mitigating
strategies for PEFC performance loss or reversal retention. Consequently, increasing
and decreasing factors for Ir dissolution, either by transient dissolution or in the
presence of reducing hydrogen atmosphere, are of particular interest to reduce primary
degradation. This could be achieved for example by adjusted operation strategies or
material improvements. To mitigate secondary degradation by migration and
redeposition of soluble Ir species, further insigths in the Ir redeposition mechanism are
crucial. For example, controlled redeposition (e.g. introduction of nucleation points)
within the membrane could prevent fuel cell performance decay. Besides, the possible
mitigating impact of crossed-over Ir species on cathode carbon corrosion, commonly
induced by SUSD events, should be further investigated. The introduction of OER
catalyst to the cathode catalyst layer has been previously reported as SUSD mitigation
strategy [188, 189]. The SUSD ASTSs presented in this work cannot resolve this aspect
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circumferentially, as they were aiming for low cathode degradation by reducing the
residence time of the migrating gas front during the SUSD events. However, crossed-
over Ir could decrease cathode degradation during SUSD events in field application e.g.
at high temperatures or RH [78, 97].

Another challenging factor revealed by this thesis is the determination of the apparent
ECSA of Pt based catalysts in the presence of Ir species. The ECSA is a major key value
used to estimate the degradation state of a fuel cell and derive further properties, e.g.
after a durability stress test. Since at least metallic Ir is partly acitive within Hypg and
CO adsoprtion, in-situ ECSA determination on MEA level for the HOR or ORR catalyst
can be interfered by OER co-catalysts. To better destinguish different degradation
effects and improve the understanding in degradation mechanisms, the separate ECSA
determination of Pt and Ir with in-situ characterization methods is desirable.
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Appendix-Figure 1: Equivalent circuit model used for fitting electrochemical impedance spectros-
copy data. Model according to Makharia et al. [148].
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Appendix-Figure 2: H2 pump polarization curves corrected by E,..,, and iR, (points) and their fit to
the Butler-Volmer equation (solid lines) during CR AST for (a) MEA-1 and (b) for MEA-2. For
fitting, a symmetry factor of 0.5 and current densities below the onset of mass transport limitation
(<1 Acm™BOL and <0.2 A cm™ for all subsequent measurements) were considered.
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Appendix-Figure 3: Intercept of cathode OER polarization curves corresponding to Figure 6.3,
illustrating the overlap of the EOT data.
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Appendix-Figure 4: Cathode Hupa CV curves corresponding to Figure 6.5, illustrating the double
layer decrease after SUSD events.
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Appendix-Figure 5: Anode impedance spectra prior (BOT) and succeeding SUSD AST (EOT) for

each MEA//AST combination (cf. legend). Measurements were performed at 68° C, 100% RH and
1 baryg.

oIl _

m T

EEm Pt// SUSD-pot
" mmm Pt/IrOx // SUSD-pot
Emm Pt/IrOx // SUSD-OCV

Deviation / %
1

|
IH, Rrrr R+, cathode

Appendix-Figure 6: Changes in hydrogen crossover current density iy,, MEA’s high frequency
resistance Rurr and CCL proton resistance Rus+, catode after SUSD AST was performed. Values
determined from the respective CV and EIS measurements at 68° C, 100% RH and 1 barg. For
Pt-MEA no Ru-+, cathode COUld be derived via numerical fitting due to the absence of a characteristic
45° line in the Nyquist plot.
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Appendix-Figure 7: EDX mapping analysis performed on the pristine anode catalyst layer of
MEA-2. Images were recorded using a Jeol JEM-ARM200F scanning transmission electron
microscope. (a) Selected area for EDX mapping. (b) Ir element mapping.
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Appendix-Figure 8: (a) SEM image after SUSD-pot AST corresponding to Figure 6.18 (PITM:
platinum in the membrane). (b) Detail from (a) with marked spots, at which EDX analysis was
performed. (c) EDX spectra of the marked spots, identifying the precipitation as platinum.
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