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,....ANd just like that, after a long wait, a day like any else, [...].
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Abstract

Hydrogen produced via the electrochemical splitting of water in a proton exchange membrane
water electrolyzer (PEM-WE) is a promising alternative energy carrier to promote the transition
to renewable energies. The PEM-WE system is technically already quite advanced, however,
there are still some hurdles that have to be passed to enable a large-scale application. Although
today’s commonly used OER (oxygen evolution reaction) catalysts would be sufficiently active,
the high iridium packing density hampers the fabrication of electrodes with sufficiently low
iridium loadings. Lowering the iridium loading while still maintaining a high OER activity can
e.g., be achieved by the dispersion of iridium-nanoparticles on electrically conductive
antimony-doped tin oxide (ATO). The Ir/ATO catalyst not only exhibits a lower iridium
packing density but also a significantly higher mass activity compared to commercially
available catalysts. Beside the activity, the long-term stability is crucial. A method typically
used to assess performance and durability of OER catalysts is the RDE (rotating disk electrode)

method using aqueous electrolytes.

However, RDE cannot be used in the case of Ir based OER catalysts for OER, since the lifetimes
obtained differ from lifetimes obtained from MEA (membrane electrode assembly)
measurements by orders of magnitude. This is due to the extensive accumulation of oxygen
bubbles and the accompanied shielding of active sites within the catalyst layer when using an
RDE setup. The accumulation of oxygen bubbles results locally in high potentials and
consequently rapid catalyst degradation. When additional ultra-sonication is applied during the
measurement, the accumulation of oxygen bubbles and thus the accompanied degradation can
be avoided. Comparing commonly applied stability protocols performed in either an RDE or an
MEA setup reveals that none of them can be used with an RDE setup. Hence, an accelerated
stress test (AST) for an MEA configuration is proposed, in which times of operation alternate
with idle periods. Leaving the cell at open circuit voltage (OCV) during the idle period leads to
the formation of a hydrous iridium oxide, which in combination with the passivation of the used
Ti porous transport layer (PTL) results in an additional interfacial resistance. The latter is
responsible for the gradual decrease in performance over the course of load/idle cycling.
However, when polarizing the cell at 1.3 V during the idle periods, a stable performance can be
maintained, as reduction of the iridium oxide surface can be prevented therewith. Applying a

Pt-wire as a reference electrode, which is centrally laminated between two membranes,



unambiguously proves that an additional contact resistance at the OER electrode is responsible

for the decaying performance during the OCV-AST.
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Kurzzusammenfassung

Wasserstoff, welcher durch die elektrolytische Spaltung von Wasser in einem
Protonenaustauschmembran-Wasserelektrolyseur  (PEM-WE) erzeugt wird, ist ein
vielversprechender Energietrager fur den Ubergang von fossilen zu erneuerbaren Energien.
Auch wenn die Technologie der sauren Wasserselektrolyse bereits weit vorangeschritten ist, so
missen dennoch einige Herausforderungen gemeistert werden, um einen grol3skaligen Einsatz
zu ermoglichen. Zum Beispiel verhindert eine hohe Packungsdichte von Iridium die
Herstellung homogener Katalysatorschichten bei niedrigen Iridium Beladungen, obwohl die
Aktivitat im Hinblick auf die Sauerstoffreaktion (OER) der gangigsten Katalysatoren eigentlich
ausreichend ware. Eine Mdglichkeit zur Reduktion der Ir-Beladung bei gleichzeitig ausreichend
hoher katalytischer Aktivitat ist das Abscheiden von Iridium-Nanopartikeln auf einem
elektrisch leitfahigem Antimon-dotierten Zinnoxid (ATO), wodurch eine hohe Iridium
Dispersion erzielt werden kann. Der synthetisierte Ir/ATO Katalysator zeichnet sich nicht nur
durch eine geringe Iridium Packungsdichte, sondern auch durch eine deutlich héhere OER

Aktivitat im Vergleich zu kommerziellen Katalysatoren aus.

Neben der OER Aktivitat ist bei der Anwendung auch die Langzeitstabilitat entscheidend,
welche haufig mittels der rotierenden Scheibenelektroden (RDE) Methode ermittelt wird. Die
damit bestimmte Lebensdauer ist jedoch um GréRenordnungen Kleiner, als jene, die in
Messungen im Realsystem (d.h. in einem PEM-WE) ermittelt werden. Wahrend einer RDE-
Messung konnen sich Sauerstoffblasen innerhalb der Katalysatorschicht anreichern was dazu
fiihrt, dass ein Teil der Katalysatorschicht ionisch abgeschirmt wird. Dies fuhrt zu einem
signifikanten Potentialanstieg an den noch zugénglichen, aktiven Oberflachen, was wiederum
zur Degradation des Katalysators fuihrt. Eine Anreicherung von Sauerstoffblasen wahrend der
RDE Messung kann durch die Anwendung von Ultraschall verhindert werden, was allerdings
im Fall von Nanopartikeln nicht praktikabel ist. Ein direkter Vergleich etablierter
Stabilitatsprotokolle, gemessen  sowohl mittels RDE als auch in  einer
Membranelektrodeneinheit (MEA) zeigt deutlich, dass die Stabilitdt gemessen mittels RDE um
GrolRenordnungen kleiner ist und keines der Protokolle die Stabilitdt von OER Katalysatoren
verlasslich wiedergibt. Aus diesem Grund wurde ein beschleunigter Alterungstest (AST) fiir
die MEA-Konfiguration entwickelt, bei welchen zwischen Betrieb und Leerlaufphasen
gezykelt wird. Wahrend der Leerlaufphasen bildet sich ein Iridium-Hydroxid (Ir(OH)x) aus,

welches in Kombination mit der Passivierung des Ti-PTLs (portse Transportschicht) zu einem
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zusétzlichen Kontaktflachenwiderstand und damit einhergehend zu einer Verschlechterung der
Leistung fuhrt. Durch die Einflihrung einer Pt-Referenzelektrode konnte zweifelsfrei gezeigt
werden, dass der zusétzliche Widerstand auf einen Kontaktflachenwiderstand auf der Anode

zurlickzufiihren ist.
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1 Introduction

Nowadays the impact of greenhouse gas emissions on the climate change is undeniable. In
Germany the average temperature increased by ~1.9 °C* within the last decade (2011 — July
2020) compared to a reference period between 1881-1910 and if no action is taken, it is expected
to rise even further.? This would result in more frequent ecological disasters (e.g. droughts and
flooding) and a rising sea level — just to mention some consequences of the climate change.
Even though the overall greenhouse gas emission in Germany was reduced significantly from
1990 (1.249 Mt-eq. CO2) to 2019 (810 Mt -eq.CO,)?, the goal is to obtain a neutral
greenhouse gas balance by 2050. The biggest share to the total emission arises from the energy
sector and industry (437 Mt-eq.CO; in 2019)3, wherefore alternative process flows and energy
carriers are needed. Hydrogen can make a major contribution with respect to the energy
transition, since it is a versatile energy carrier. It can serve as a flexible and on-demand energy
carrier or as raw material in industry (e.g. ammonia synthesis). Moreover, it can be used as a
fuel for fuel cell driven vehicles in the mobility sector. Hence, hydrogen can serve as a
sustainable energy storage and supply medium in the long-term. Therefore, the federal cabinet
of Germany approved the national hydrogen strategy in 2020, promoting the opportunity to
meet the climate protection goals for 2050, while providing a framework to establish and
endorse reliable hydrogen technologies.*® The CO.-emission free generation of hydrogen
(green hydrogen) is an indispensable requirement to successfully accomplish the
decarbonization of the energy demand. This will be achieved if the energy is provided by
renewable energies exclusively. However, the share of renewable energies to the overall energy
supply in 2019 in Germany was only 17.1%.° BareiR et al.” showed that the CO2-balance (kg
CO2-eq./ kg Hy) is greatly influenced by the electricity mix and that with today’s electricity mix
in Germany, the global warming impact (kg CO2-eq./ kg H2) for hydrogen produced via water
splitting in a PEM-WE (Proton Exchange Membrane Water Electrolyzer) is =3 times higher
compared hydrogen produced via conventional steam reforming. Thus, the CO»-balance is

affected adversely, as long as hydrogen is not produced by renewable energies exclusively.

Considering that hydrogen is already widely used in the chemical industry (e.g. ammonia
synthesis) and that new process flows using hydrogen should be established (e.qg. steel industry),
the demand for hydrogen will increase significantly.® Hydrogen produced via the
electrochemical splitting of water in a PEM-WE bears great potential due to its flexibility, high

pressure and current density operation as well as the degree of purity of the produced hydrogen.®
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Therefore, the installation of additional electrolyzer systems (targeting 5 GW) are aimed for
and should be operated by 2030, resulting in an annual increase on the order of hundreds of
MW to add up to 5 GW in 9 years.® Although the technology of a PEM-WE is already quite
advanced and some companies already provide electrolyzers in the MW-range,®° there are still
some obstacles that have to be solved in order to provide a large-scale application of PEM-WEs.
Due to the harsh environment during operation such as high anodic potentials and low pH, the
choice of catalyst is limited to platinum group metals (PGM), mostly platinum and iridium.
Besides the catalyst costs, the availability of iridium is a major concern when targeting GW-
scale PEM-WE applications.** Hence, a reduction in iridium loading is a necessity, which is
tackled by the development of new catalysts. One possibility is the deposition of iridium nano-
particles on a porous and highly conductive support material (e.g., antimony doped tin oxide).*2
The synthesis of new catalysts can be time-consuming and is often done on a laboratory scale,
yielding only a few milligrams. Reliable screening tools, such as scanning flow cell
measurements (SFC)° or rotating disk electrode (RDE)® measurements are often used to
assess catalyst activity and stability, requiring only a small amount of catalyst. The lifetimes
obtained from these measurements, however, are orders of magnitude lower than those
measured in a PEM-WE system.!” Therefore, the long-term stability has to be assessed in a
PEM-WE system, which not only requires a larger amount of catalyst (on the orders of grams
rather than milligrams) but also the development of meaningful accelerated stress tests (ASTS).

Within this PhD-thesis, some of these challenges will be analyzed and tackled in more detail.



2 Proton Exchange Membrane Water Electrolysis

The proton exchange membrane water electrolyzer (PEM-WE) provides an efficient way to
produce hydrogen via the electrochemical splitting of water. A schematic of a PEM-WE is
depicted in Figure 2.1, where a polymer based proton exchange membrane serves as an ionic
conductor between anode and cathode as well as an electrical insulation and a gas barrier. On
each side of the membrane the respective catalyst layer is attached, which provides sufficiently
high catalytic activity for the desired electrochemical reactions. Aside from a high catalytic
activity, the catalyst should also constitute a high electrical conductivity as well as a high
porosity for the transport of water and the removal of the generated gas. To ensure sufficient
proton conductivity, an ionomer is usually added to the catalyst layer. This setup is often
referred to as the membrane electrode assembly (MEA) and represents the core component of
a PEM-WE. The MEA is sandwiched between a titanium based porous transport layer (PTL)
on the anode and a carbon fiber based gas diffusion layer (GDL) on the cathode, maintaining a
proper water and gas transport and distribution. At both ends, a bipolar plate (BP) is completing

the sell setup, providing electrical and thermal conductivity.

. ~1.4 -2.2V .

e I+ < e
Titanium Anode H*-exchange Cathode Carbon
PTL Membrane HOR GDL

”~

—— 0, +4 H"+4e

2 - 0, H* @
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H,0 1 N = H — H,
2 \ | [ Yz [ |
300pum 10pum )-200 10pm 300um
\ )
Y
MEA

Figure 2.1 Schematic of a proton exchange membrane water electrolyzer (PEM-WE) cell setup (the single
components are not drawn to scale), depicting the MEA as the main component of the cell including the prevailing
electrochemical reactions on each cathode and anode, as well as both diffusion media and the bipolar plates.

As depicted in Figure 2.1, the prevailing electrochemical reaction at the anode (positive
electrode) is the electrochemical oxidation of water, namely the oxygen evolution reaction
(OER; see equation 2.1) and the concomitant formation of protons (H*), electrons (¢”) and
oxygen (O2). While the protons driven by an electric field can move through the membrane to

the cathode (negative electrode), the electrons are passed through an external electrical circuit
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and are recombined with the protons to form hydrogen (H>) via the hydrogen evolution reaction
(HER; see equation 2.2). The overall reaction in a PEM-WE is depicted in equation 2.3. Both
gases (H2 and O-) are removed via the gas diffusion medium (cathode) or the porous transport
layer (anode) to the gas outlets. Often water is only supplied to the anode side of the cell. Due
to the electro-osmotic drag, however, water molecules will be transported through the

membrane along with the protons during operation, thereby humidifying the cathode catalyst

layer.

1
OER: H,0 - 2H" +2e™ + 502 2.1
HER: 2H* +2e~ - H, 2.2

1
2 H20 i HZ + EOZ 2.3

2.1 Efficiency and Voltage Losses

The production of hydrogen via the electrochemical splitting of water is one way to efficiently
store energy, which is essential to use the full capabilities of renewable energies. Compared to
the well-known alkaline water electrolysis, a PEM-WE bears the advantage to operate at high
current densities (>2 Acmgeo) and high pressures (up to ~165 bar),'81° while covering a wide
power density window.?° However, operating at higher pressures the overall efficiency will be
reduced due to a cross-permeation of both oxygen and hydrogen. In the following section, the

individual performance limiting losses are evaluated.

2.1.1 Thermodynamics

In order to electrochemically split water, both thermal as well as electrical energy input is
required and is represented by the reaction enthalpy (AH]) of the net water electrolysis reaction
(see equation 2.3). Since the reaction enthalpy of both hydrogen and oxygen is 0 kJ mol™ at
standard conditions of 298 K and 1 bar partial pressure per definition, the reaction enthalpy can
be represented by the formation enthalpy of liquid water (AHi120), which is -286 kJmol™ at
standard conditions (oxygen and hydrogen partial pressure of 1 bar; T = 298 K).2! The reaction
enthalpy can be derived from the contributions of both the change in entropy (ASr), representing
the disorder of the system, as well as the change in Gibbs free energy (AG2 = 237 kJmol™* at

standard conditions), the maximum work provided by the system as shown in equation 2.4.

AHR :AGR‘l‘TASR 2.4‘



If the system is operated at equilibrium and no additional losses occur, the reversible potential
(E2,,,) will define the minimum electrical work that is required to allow the splitting of water.
The reversible potential can be calculated by using the defined Gibbs free energy at standard
conditions, the Faraday constant (F = 96485 Asmol™?) and the number of electrons/charge
transferred (z) during the reaction (equation 2.5). By definition, the reversible potential for
electrolytic cells is negative, however, in the electrolysis research community the absolute value

is commonly used.

o _|_AG,2

rev — F = 1.229V 2.5

If the thermal energy required is not provided externally, the system must provide enough
energy (AHD) to sustain the reaction and the so called thermoneutral potential (E9,) can be

calculated by equation 2.6.

=1.481V 2.6

0
R

E% = |-
th 7-F

When operated below EJ,, the electrolyzer requires heat input from the environment in order
to maintain the electrolyzer temperature. Moreover, the reversible potential (E,.,) is also
influenced by the temperature and activity of each individual species participating in the
reaction (a;) and can be derived by the Nernst equation (equation 2.7), where R represents the
ideal gas constant (8.314 Jmol*K™).

R - T aH 0
Erey = Efeyr = 5o I (a il - ) 2.7
H, 0,

The activity of both hydrogen and oxygen can be approximated by the partial pressure
normalized to the standard pressure (1 bar) and since the activity for liquid water is one,

equation 2.7 can be simplified to equation 2.8.

Erop = E° kT ! \ 2.8
rev — bLreyT 2. F n Pi, - Do, / .
1bar ~1bar
The reversible potential at different temperatures can be derived from equation 2.9.2?
Ele,r = 1.2291V —0.0008456 V - (T — 298.15 K) 2.9



Considering that commonly the operation temperature of an electrolyzer is around 80 °C and at
atmospheric total pressure (1 bar), where the water vapor pressure is py,o = 0.47 bar, so that
the oxygen and hydrogen partial pressures are 0.53 bar, e.g., equation 2.7 —2.9 yield a

reversible potential of E,..,, ggoc = 1.168 V.

Due to different losses, which will be explained in further detail within the next sections, the
potential deviates from the ideally reversible potential, wherefore the cell efficiency (ecq) IS
one important parameter of the system. The cell efficiency represents the energy derived from
a system (output) compared to the energy required to operate the system (input) and can be
derived from equation 2.10, Where &gqrqqqic represents the Faradaic efficiency and ey411q4e

represents the voltage efficiency.

Ecell = E€voltage ' €Faradaic 2.10

As already mentioned, gas permeation through the membrane reduces the overall efficiency,
which is captured by the Faradaic efficiency and depends on the materials used (membrane
thickness and composition), the operation conditions (i.e., temperatures and pressure) as well
as the current density applied. The Faradaic efficiency can be calculated by the actual amount

of hydrogen produced (71, req1) » Where crossover losses are accounted for versus the amount

of hydrogen theoretically (71, tneo) Produced (equation 2.11).

_ 7;"Hz,real 211

nHz,theo

EFaradaic

The voltage efficiency (see equation 2.12) can be calculated by the ratio of the amount of energy
theoretically required (AHQ) and the actual energy provided by the system at a certain cell

voltage.

AH)

0
_ _ Eth
€voltage = |~ 2-F - Egop
e

= 2.12
ECell

When liquid water is supplied to the cell, the voltage efficiency must be calculated based on the
higher heating value (HHV), where the system must provide enough energy to evaporate water
(AHY yap 1,0 = 44 KJmol~1). If the efficiency of the individual steps is of interest or if the
hydrogen is used in an application, where the condensation of water has no advantage, the lower
heating value (LHV) will be used. In Table 2.1 both the enthalpies related to the HHV as well
as the LHV are listed.



Table 2.1 Enthalpy (AHg‘Hzo) of water splitting for both water being in the gaseous state (LHV) and water being
in the liquid state (HHV) as well as the corresponding thermoneutral voltage (AEY,

AHY .o [kImol™] AEQ, [V]
lower heating value (LHV) 242 1.25
higher heating value (HHV) 286 1.48

In a full electrolyzer plant, beside the stack efficiency itself, the whole balance of plant (BoP),
amongst other compressor, heaters, etc. needs to be elaborated when calculating the system

efficiency.

2.1.2 Kinetic Losses

Both electrochemical reactions, the OER (anode) as well as the HER (cathode), require a certain
additional amount of energy for the reaction to occur at a given rate, expressed by the so-called
activation overpotential (n,.:). The overpotential depends on the type of catalyst used as well
as the operation pressure and temperature. The activation overpotential caused by the kinetics
of the respective reaction leads to an increase in cell potential and thus to an irreversible loss in
performance. The relationship between activation overpotential and current density can
generally be described by the Butler-VVolmer equation:

) ; a, F-n a."F-n
Leathodic/anodic = lo T'f [exp< aR T >— exp (CR—T>] 2.13

WhEre icqthodic/anoaic describes the current for the forward and backward reaction in each half-
cell and i, is the exchange current density, which is a kinetic constant that describes the reaction
rate at equilibrium and which depends on the electrocatalyst and electrolyte used. Note that here,
for convenience nact was simply expressed by 7. rf is the roughness of the electrode, correlating
the real surface area of the electrocatalyst with the geometric surface area of the electrode
(M2, face/ CMEjectrode) - @q and a, describe the anodic and cathodic transfer coefficient and
usually range between 0 < a, . < 1. a represents the symmetry of the energy barrier for a redox
process and the number of electrons involved in the rate determining step (rds). The difference
between the applied potential and the reversible potential is the so-called overpotential (),
being positive for a cathodic and negative for an anodic reaction. T is the temperature at which
the system is operated, F the Faraday constant, and R is the ideal gas constant. In the following

section, the overpotential of the HER and OER are analyzed individually.



Kinetics of the hydrogen evolution reaction

The hydrogen evolution reaction on the cathode is commonly catalyzed by a platinum based
electrocatalyst and it is well known that due to the fast kinetics of the HER on Pt the resulting
overpotentials (nygr) are rather small,?>?> wherefore equation 2.13 can be linearized to
describe nygg:

R-T 1 , R-T 1

. : . =i . - -— 214
(ag +ac)-F- louer Lpt " Apt HER (ag +ac)-F- Lo, HER rf

NHER = lHER

where a, and a, represent the symmetry coefficients of both the anodic (hydrogen oxidation)
and the cathodic (hydrogen evolution) reaction. The exchange current density for the HER is
represented by i,y and is usually orders of magnitude larger (<500 mA cm2p;)?® than for the
oxygen reduction reaction (=2.5-10° mA cm?p),2® wherefore the assumption of small
overpotentials is valid. Ap, is the electrochemically available Pt surface area in cm2s mgpt and

Lp, is the platinum loading in mge: cMZelectrode.

Kinetics of the oxygen evolution reaction

The Butler-Volmer equation considers both the forward and backward reaction and shows an
exponential increase in current with overpotential. At high overpotentials, however, the
contribution of the reverse reaction becomes negligible, wherefore the Butler-Volmer equation
can be simplified (see equation 2.15), as shown here for the OER at high overpotentials.

. , g FNogr
logr = To " Tf -[exp (aR—T>] 2.15

Rearranging equation 2.15, the direct relation between current and overpotential can be derived
and is called the Tafel equation, where TS is the Tafel slope, representing the overpoential (7gr)
required to increase the current by a factor of 10:

2303 R T iOER ) iOER
n = log < =TS "log| ———— 2.16
OFR a, - F lo,0er " TS lo,0er " Tf

Plotting the iR-free (corrected for ohmic resistances, see chapter 2.1.3) cell voltage, measured
against a stable reference potential (e.g., a reversible hydrogen reference electrode), versus the
current on a logarithmic scale (Figure 2.2), the Tafel-slope (TS) can be determined from the

slope at low current densities (grey dashed line). The exchange current density can be



determined by extrapolating the fitted Tafel slope to the reversible cell voltage (i.e., to

Noer = 0).
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Figure 2.2 Tafel plot of Enrr-free VS l0g(i) measured at 80 °C and ambient pressure in an MEA. An IrO2/TiO;
(75 wt.-% Ir; Elyst Ir75 0480 from Umicore, Germany) catalyst was used on the anode (1.9 mgicm2g,), While a
Pt/C (45.8 wt.-% Pt; TEC10V50E from Tanaka, Japan) catalyst was used on the cathode (0.09 mgecm2geo). The
Tafel slope was determined between 0.01 A cm?ge, and 0.1 A cm?y, (gray shaded region), where mass-transport
losses can be neglected.

Choosing the right current range, where only the kinetic losses of the OER are dominant and
where the HER kinetics and other losses such as proton transport within the electrodes or mass
transport limitations are negligible, is crucial for a proper TS determination. At low current
densities (10 -100 mAcm2ge) this criterion is fulfilled, yielding a TS of ~50 mVdec™. The TS
measured herein is in good agreement with the values reported by Bernt et al.,?” where the TS
for the same IrO2/TiO based catalyst varies between 45 — 50 mVdec? and with the values
reported by Matsumoto and Sato?, where the TS for a sputtered and thermally prepared 1rO;
ranges between 40 — 56 mVdec™. Since there is a strong correlation between the hydration state
and morphology of the iridium and its OER activity, the TS for crystalline IrO is usually higher
than the one measured for amorphous IrOx (see chapter 5.6), which is known to be more active
towards the OER.?*° The TS can give an indication of the rate-determining step of the
electrochemical reaction. While a TS of 40 mVvdec™ indicates that an electrochemical step is
rate-determining (see equation 2.17), a TS closer to 60 mVdec™ would indicate that a chemical
step subsequent to the first electron transfer step is rate-determining (see equation 2.18).3%-32

Here, S illustrates a (active) surface site.



S—OHgys ©S—0+ HY +e- 2.17
S—OHus ©S—0" + H* 2.18

In order to extract the right kinetic information, a proper determination of TS is crucial. As can
be seen in Figure 2.2, the iR-free cell voltage deviates from a linear behavior at higher currents
(> 200 mAcm2ge), which can be attributed to additional mass transport and proton conduction

losses within the electrodes (see chapter 2.1.4).

2.1.3 Ohmic Losses

In addition to Kinetic losses, the overall cell performance is also decreased by ohmic losses (R,)),
originating from electrical contact resistances (R,;) as well as proton transport resistances

through the proton exchange membrane (R;pnic):

R_Q - Rel + RiOTLiC 219

The ohmic voltage losses can be represented by Ohm’s law (See equation 2.20), whereby R, is

often referred to as the high frequency resistance (HFR).

Nno=1-Rg 2.20

Electrical resistances

Electrical resistances are observed for the conduction of electrons through the cell components
and their interfaces. Though highly conductive materials are used (i.e. carbon and titanium), an
increased resistance at the interfaces is caused by geometrical junctions (i.e., low contact area)
and possible resistive surface films as titanium oxide or hydrated iridium oxides. Depending on
the applied pressure of the cell, Bernt et al.2” showed that the contact resistance measured ex-
situ (see chapter 3.2.5) for both the carbon as well as the Ti-PTL can vary between
5-10 mQcm2. The contact resistance measured ex-situ, however, only accounts for the
interface between the flow field (FF) and the carbon GDL as well as the interface between the
FF and the Ti-PTL, wherefore the through-plane bulk resistivity of both materials needs to be
considered as well. For Ti, the bulk resistivity is negligible, whereas the carbon bulk resistivity,
according to the manufacturer, accounts for ~2 mQcmz2.2” Summing these values up, the total

electrical resistance at a pressure of 1.7 MPa on the lands of the FF would be ~12 mQcmz2.?’

10



lonic resistances

The bigger contribution to the ohmic losses stems from the resistance of proton transport
through the polymer electrolyte membrane (R;,,;c), Which can be calculated via the thickness

of the membrane (Lyemprane) as Well as the conductivity of the membrane (0,,emprane):2"

l
Nionic = L * Rionic =1 . Inembrane 2.21
Omembrane
Both the operating temperature as well as the water content in the membrane (4 = T:{;’ﬂ
RSO3H
significantly influence the proton transport:®*
1 1
Orembrane = (0.005139 + 2 — 0.00326) - exp [1268 : (ﬁ — ?)] 2.22

Here, 0membrane 1S iN UNits of Q cm™, with T given in units of K. The water content of the

membrane strongly depends on the pre-treatment and equivalent weight (EW = f;(l’lﬂ) of the
RSO3H

membrane, the temperature as well as the relative humidity (RH).2® Assuming that the
membrane is always exposed to liquid water at a typical operating temperature of (80 °C), the
water content at 80 °C would be A ~ 21.%6-% This would result in a membrane conductivity of
~190 mScm™ and is in good agreement with values reported experimentally.®® Hence, this

equation can be used to estimate the conductivity of a Nafion® membrane.

Since the membrane is exposed to liquid water, the wet thickness (Liyemprane wet) N€EAS to be
considered when calculating the ionic resistance. In this case, only the through-plane expansion
is considered, since little in-plane swelling is assumed due to the extreme aspect ratio of the
membrane and the mechanical constraint at the edges of the membrane when compressed
between the gaskets. Therefore, the increase in thickness (Atemprane) €aN be estimated from

the total increase in volume (AVyembrane):*°

B MHZO * Pmembrane,dry A 2.23
tmembranewet = tmembraneary " |1+ EW -p .

Where prmembrane,ary 1 the density of the dry ionomer (=2 gcm for Nafion®), Pu,o the density
of water, tyempraneary the dry film thickness of the membrane and M, the molar mass of
water. For example, the film thickness of Nafion® 212 at 50%RH (1 = 3.7) and 23 °C is
~50 pum,*-*2 wherefore a dry film thickness of ~45 pm can be assumed. This would lead to an

11



increase in membrane thickness of ~50% at 80 °C compared to the nominal thickness at 23 °C

and when exposed to liquid water (1 ~21).

2.1.4 Transport Losses

Proton sheet resistance

Catalyst layers usually consists of the electrocatalyst as well as a proton conducting ionomer,
whereby commonly perflourinated sulfonic acid based (PFSA) polymers are used (see
chapter 2.3.1). Since the proton conduction mechanism within the catalyst layer is similar to
the one in the membrane, this leads to an additional ionic resistance often referred to as the
proton sheet resistance (Ry+ 4/)- Contrary to the ionic resistance of the membrane, the effective

eff

proton sheet resistance (RH+'C Ja

) depends on the current density, even if the current distribution

were uniform across the entire catalyst layer thickness. In this case the effective proton sheet

eff

resistance would equal 1/3 of the proton sheet resistance (R, . Ja

= %RH"',a/c)' Since the

through-plane electrical resistance of an electro-catalyst layer is usually significantly lower
compared to its proton sheet resistance, the utilization and thus the local current density is
highest at the membrane||electrode interface, except at very low current densities, where it is
approximately uniform. Hence, the change in catalyst layer utilization across the electrode
thickness needs to be considered or otherwise the voltage loss due to the proton conduction in
the electrode would be overestimated.*® Moreover, depending on the operation conditions (e.g.,
relative humidity) and the applied current density, the OER Kkinetics or the proton sheet
resistance effect becomes dominating, thus influencing the current distribution within the

electrode.**

The effective proton sheet resistance of the PEM-WE anode can be expressed by the following

term .44-45

Rl = (Rita 2.24
HYa — g_'_ 3 )
t
Rytq= ——2— 2.25

- Vion.wet/T

where Ry + , depicts the area-based proton sheet resistance (see equation 2.25) within the whole

eff

catalyst layer and R+,

the effective proton sheet resistance responsible for the voltage loss
during operation. In equation 2.25 t, is the anode electrode thickness, o the conductivity of the
ionomer, t the apparent tortuosity of the ionomer phase in the electrode and V;,, ve: the

12



ionomer volume fraction within the electrode when equilibrated with liquid water.?” ¢is a
correction factor (see equation 2.26), accounting for the utilization of the electrode at different

current densities, which can be described as a function of R+ , i and the T'S.“°

RH+ a " l
= ' 2.26
c=1 ( TS )
where i is the current density at which the system is operated and TS the Tafel slope. At low
current densities (¢ = 0) equation 2.24 would result in the correlation derived from a
transmission line model (TLM), which is often used to model the impedance spectra of porous

electrodes (see chapter 2.2.2).

Commonly electrochemical impedance spectroscopy (EIS) is used to determine the proton sheet
resistance within electrocatalyst layers. For this, the cell is usually operated with H2/N2 on the
counter/working electrode (often referred to as “blocking” conditions), so that the charge
transfer kinetics of the working electrode become infinitely large and a simplified TLM can be

applied to extract the proton sheet resistance.*’*

While the proton sheet resistance of the PEM-WE anode side can be derived from a Tafel
kinetic approach, the proton sheet resistance on the PEM-WE cathode can be derived from the
linear HER kKinetics: 444

RH+,C _ .8
R:If+f (eg T e P _l) 2.27
< eP—e B P
with
R
B = < H'c ) 2.28
Ry nEr

where R+ . is the area-based proton sheet resistance within the cathode and RZ’? . the effective

proton sheet resistance responsible for the voltage loss due to proton conduction within the
cathode catalyst layer. Ry ,zr represents the charge transfer resistance of the HER on the
cathode side:

R-T 1

: . 2.29
(aqg +ac) F-igugr 7f

RK,HER =
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Mass transport losses

In order to run the electrochemical reaction, sufficient reactant, in this case water, needs to be
supplied to the electrochemically active sites through both the porous transport layer as well as
through the catalyst layer. At the same time, however, the produced gas needs to exit the cell in
order to prevent any gas accumulation and thus blocking of active sides. One possible model to
describe the transport losses in an electrolyzer is based on the assumption that the mass transport
within the porous electrode is diffusion driven and can be described using Fick’s law:2% 49
]:_Deff'<%> 2.30
where D, is the effective diffusivity of the species i, C; is the molar concentration and J the
diffusion flux. When the removal of produced gases is insufficient during operation, hydrogen
and/or oxygen can accumulate within the electrode and lead to the blocking of active sites, thus
slowing down the reaction. To account for these losses, Fick’s law can be coupled with the
Nernst equation:*

R " T Ci
Naiff = ﬁl <?O> 2.31

where C;is the concentration of the active species at the membrane||electrode interface and

C; othe concentration of the active species within the channels of the flow field.

2.2 Electrochemical Impedance Spectroscopy

2.2.1 Complex Impedance

To obtain a more detailed picture about the individual performance losses occurring during
operation, one commonly applied in-situ technique is electrochemical impedance spectroscopy
(EIS). Impedance spectroscopy is a non-destructive technique, which can be measured during
operation without altering the working conditions. It represents the frequency-dependent
resistance of an electrochemical system upon application of a sinusoidal potential (V) or current
(Iy) perturbation (equation 2.32). The resistance (R), measured in Ohm [Q], of an ideal resistor
is independent of the applied AC frequency and both the applied perturbation and the measured
response are in phase. In case of capacitive or inductive elements the corresponding response

in current (I(t)) or potential (V(t)) can be shifted in phase by ¢ (equation 2.33).%°

14



Vy =V, - sin(wt) 2.32
I(t) = I - sin(wt + ¢) 2.33

where V, and I, are the individual amplitudes and w the angular frequency (27 f).

Using Ohm’s law (equation 2.34) the resistance can be determined by voltage over current.
Based on this relationship the complex impedance Z(w) is determined as the ratio of the

complex voltage to the complex current (equation 2.35). From this the following expression for

complex impedance (equation 2.36) can be derived, where IV“‘ is the w-dependent ratio of
A(w)
voltage to current amplitude.
rR=1 2.34
I
. E(w) 2.35
Z2(w) = =—=
Vy . 2.36
Z(w) = e
Iy(w)
withj = v—-1.

Applying Euler’s formula the complex impedance can be transformed into a polar form
(equation 2.37).%!

Z(w) =|Z|-cos(9) +j-|Z| - sin(p) = Re(Z) +j - Im(Z) 2.37
where Re(Z)represents the real part of the complex impedance and Im(Z) the imaginary part.
Nyquist plots are often used to depict the complex impedance (Figure 2.3).

Im(Z)

>

Z|-cos(¢)
| \
O—-H
|Z| ,
\ — |Z]-sin(¢)
Re(:Z)

Figure 2.3 Representation of a complex impedance (in a Nyquist Plot). Note that for electorchemical systems, it
is common to plot —Im(Z) rather than Im(Z)
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By using equation 2.36 the complex impedance of circuit elements can be calculated. An

overview of the resulting complex impedance of simple circuit elements is given in table 2.2,

Table 2.2 Complex resistance of circuit elements, where L is the inductance [H] and C the capacitance [F].

Resistor Capacitor Inductor
Z R ! jwL
(w) Tl jw

In an electrochemical system, multiple processes occur simultaneously during operation and
hence, the recorded impedance is the sum of the impedances of the individual processes. Each
process can be represented by an electrical circuit element using an equivalent circuit model
(ECM), and by doing so the individual resistances can be extracted. The impedance in series
(equation 2.38) and impedance in parallel rule both apply (equation 2.39).

Z-(w) = z 7 (@) 2.38

2(w) = 2.39

1
2 Zk(w)
Assuming a simple equivalent circuit model (Figure 2.4), the complex impedance can be

calculated as followed:

Rel

-

C

Figure 2.4 Equivalent circuit model of an RC-element, Zq||Zc

Zei*Ze  —J Ry 240
Zel+ZC RelC(l)_]

Equation 2.40 can be rewritten as

ZW(w) = Zol1Zc =

R, | .
Z(w) = oy () R € w)) 241

which when plotted in a Nyquist plot corresponds to a semicircle with a diameter of Re.

16



2.2.2 Equivalent Circuit Model for a PEM Water Electrolyzer

In an electrochemical PEM water electrolyzer cell multiple processes occur simultaneously and
in order to capture all of the occurring processes and to obtain a proper determination of the
single losses, the right choice for an equivalent circuit model is crucial. Overall one has to
consider the contact resistances (Rcont), the charge transfer (Rct) and proton sheet (Rn+)
resistances as well as the double layer capacitance (C) for both anode and cathode. Additionally,
the resistance of the membrane (Rq) has to be accounted for. Mass transport losses, represented
by a Warburg diffusion element (Zw), are neglected since the cell is supplied with an excess of
liquid water and far from the limiting current density. In Figure 2.5 a widely used equivalent

circuit model representing the impedance of an electrolyzer cell is depicted.

Membrane Anode PTL/FF

I ;RCT Rer E E E ERCT E ﬁ E BRc
Rccom, c .L|_¢Z“ Z“ C C ! ? cont

]
ZPore ZPorc

Figure 2.5 Equivalent circuit model of a PEM water electrolyzer cell

The contact resistance along with the purely ohmic resistance of the membrane are current
independent and can be represented by a simple resistor, often referred to as HFR (see

equation 2.42).

HFR = R.pnt. + Ro= RS, + RA .. + Ro 242
For each catalyst layer the double layer capacity (C) as well as the Faradaic charge transfer
resistance (R¢t) need to be considered and are represented by one or several R||C-elements.
Often a constant phase element (CPE) is used instead of a pure C-element in order to account

for the inhomogeneous (non-ideal) catalyst surface.

Since both the OER as well as the HER are known to occur at the triple phase boundary
(ionomer||catalyst||reactant-interface), the proton conduction within the catalyst layer needs to
be considered and is represented by a resistor (Rn+). The model widely used as an approach to
depict the electrical network within a porous electrode (i.e., represents the green shaded or the
grey shaded regions in Figure 2.5) is called transmission-line model (TLM, see
equation 2.43).40.52-53
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1+2-p-s[y1—tanh(v)2 -1 243

Zpore = ZII +Z" tanh(1)2
with
_ ZyZs 2.44
1=z, + 2z
. 2.45
7 = (2, +25)  Z,
p = Zy 2.46
Z, + Z,
<= Zs 2.47
Z, + Z,
_ [zp+z 2.48
v=1"7%

where Z,, is the impedance of the ionically conducting pore phase, Z; is the impedance of the
electron conducting solid phase, and Z, represents the impedance of the electrolyte||solid
interface.>® Here, a similar approach was used as in the study by Landesfeind et al.> Zy
describes the ionic resistance within the electrode (R,re) Zs is defined by the electrical
resistance within the electrode (R,,;), and Z, is described by an RJ|C-element (equation 2.49),

representing the charge transfer resistance (R.;) and capacitive elements at the catalyst layer||

electrolyte interface (Q).

7 = R 2.49
© 7 Rett Qe (iw)%er + 1

In Figure 2.6 the impedance spectra of a 5cm2? PEM-WE cell using two Nafion® 212
membranes at two different current densities are depicted. At the cathode side, a Pt/C based
catalyst is used for the HER. As shown in chapter 2.1.2, the kinetics of the HER on Pt/C is quite
fast and therefore the associated charge transfer resistance assumed negligibly small. Hence, it
is assumed that the ECM shown in Figure 2.5 can be simplified by removing the cathode circuit
elements, and that the anode is dominating the impedance response. At high frequencies the
impedance spectra exhibits a 45°-region (red dotted line) arising from the proton sheet
resistance, with a subsequent semi-circle (green half-circle) representing the R||C-elements of

the anode catalyst layer.

In the limit of f — oo, the capacitors in Figure 2.5 have zero resistance, hence the total
impedance equals RS,,,; + R4.,.; + R = HFR. ldeally, the HFR can be estimated from the
18



high-frequency intercept with the real axis of a Nyquist plot. Due to inductive effects at high
frequencies, however, the HFR determined from the intercept is usually higher than the one
obtained by using an ECM, where the inductance can be taken into account. Hence, one can use
the intercept to estimate the HFR, for a precise determination however, the inductance needs to
be considered. The contact resistances can be determined ex-situ (see chapter 3.2.5) and by
subtracting the contact resistances in addition to the carbon-GDL bulk resistance (=2 mQcm?)?’
(the bulk resistance of the Ti-PTL is negligibly small), from the HFR, the membrane resistance
can be determined. In a study by Bernt et al.,?” the overall contact resistance (flow-field||Ti-
PTL + flow-field||C-GDL) including the carbon-GDL bulk resistance was determined to be
(=12 mQcm?).2” Assuming that the contact resistances account for ~12 mQcm? and that both
Nafion® 212 membranes behave equally, this would result in a membrane resistance of
40 mQcm? for the depicted measurement in Figure 2.6, being in good agreement with what can

be calculated by equation 2.21.

A platinum-based catalyst is typically used for the HER, which exhibits fast kinetics towards
the HER. As shown in chapter 2.1.2, the charge transfer kinetics can be estimated using a
linearized Butler-VVolmer approach (see equation 2.14). Assuming a typical Pt loading of
Lrt = 0.3 mgeicm™ and an electrochemically available Pt-surface area of Apt = 60 m2pgp?,
this would equate to a charge transfer resistance for the HER of ~0.3 mQcm?. Compared to the
overall resistance excluding the ohmic and the contact resistances (Figure 2.6;
AR~110 mQcm?), the charge transfer resistance at the cathode accounts for only ~0.2% and is
hence often neglected. This might be valid for low current densities, where the charge transfer
of the anode is dominant and the charge transfer from the cathode is comparably small. At
higher current densities, however, the contribution from the cathode becomes more significant
(=1.8%) and hence the contributions arising from the cathode, including charge transfer and
proton sheet resistance have to be accounted for. In their study Bernt et al.?’ also estimated the
effective proton sheet resistance on the cathode and anode to be =2.5mQcm? and
14 — 30 mQcm? respectively. As will be shown later (chapter 4.6), the proton sheet resistance
estimated by Bernt et al.?” for the anode matches quite well with the one measured in “blocking”
conditions. Although the contribution of the proton sheet resistance within the cathode is
smaller compared to the anode, one would need to determine the proton sheet resistance of the

cathode and anode individually in order to justify any simplifications.
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Figure 2.6 Electrochemical impedance spectrum of a PEM-WE anode during a voltage hold at 1.5 V (green curve)
and 1.9 V (orange curve) of a 5 cm? PEM water electrolyzis cell recorded at 80 °C, 1 baracathode, 1 0araanode, and
5 mLpzo mint; MEA specifications: =2 mgy CM2yvea anode and =0.3 mge: CM2yvea cathode loading, using two
Nafion® 212 (%50 pm) membranes and a 50 pum Pt-wire with a 9 um PTFE insulation as a reference electrode (see
chapter 4).

Due to the sluggish reaction kinetics of the OER, the contribution arising from the charge
transfer of the anode dominates the overall impedance. A more detailed analysis regarding the
charge transfer kinetics for the OER as well as the proton sheet resistance of the anode is
provided in chapter 4.6.

Overall, the ECM for a PEM-WE cell is quite complex and an unambiguous determination of
the single losses is rather challenging. Properly defined ECMs as well as a-priori knowledge of
the system under study are required to obtain meaningful information from the impedance
measurement. Moreover, by adjusting the conditions during operation (e.g., blocking
conditions)*® 47 or using a reference electrode, the determination of individual parameters is
possible.>+%
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2.3 Materials and Components

2.3.1 Polymer Electrolyte Membrane

The most commonly used polymer electrolyte membrane is the Nafion® membrane from
DuPont®, which is based on a perfluorosulfonic acid (PFSA) ionomer, comprising of a
polytetrafluoroethylene (PTFE) backbone and sulfonic acid groups at the end of double ether

perfluoro side chains (Figure 2.7).

—[(CF,—CF,),—~(CF-CF,), ]~

I
(O—CF,—CF),—0 —(CF,),—SOzH
|

CF,

Figure 2.7 Chemical Structure of perfluorosulfonate membrane; For Nafion® m>1, n=2, x =5-13, y= 1000.%

PFSA based membranes offer a high thermal and chemical stability, along with a good
mechanical strength, while still providing sufficiently high proton conductivity.*? The proton
conductivity of the membrane, however, strongly depends on the hydration state and thus the

water uptake (w) of the membrane:

w —w
w[%] = £ —9Y 2.50
wdry
where aury is the dry mass of the membrane and awet is the mass of the hydrated membrane.
More commonly the water content (4) of the membrane in terms of molecules of water (moly, )

per sulfonic acid group (molg,, ) is used (see chapter 2.1.3):

o EW
A= 2.51
My, o

where EW is the equivalent weight (gionomer molsosr™) of the ionomer and My, the molar mass
of water (18 g mol™?). The water content of the membrane strongly depends on the activity of
water and temperature. Usually, an electrolyzer is operated with liquid water, wherefore a
change in water content during operation is highly unlikely and a fully humidified membrane,
with sufficiently high proton conductivity can be assumed. One major drawback, however, is
the decreasing proton conductivity due to the loss of water beyond 100 °C under ambient
pressure conditions, which limits the operation range of PFSA based membranes at ambient
pressure. Higher temperatures , however, would be beneficial due to i) improved kinetics (lower
overpotential), ii) a decreased membrane resistance and iii) a lower reversible potential (less
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heat to radiate).>®>" Operating the cell at temperatures beyond 100 °C while still maintaining
the liquid state of water would be possible when operated at elevated pressures (e.g., 3 baraand
120 °C).*®

Another main task of the membrane is preventing gas crossover of both O, and H> during
operation, which can lead to the formation of explosive mixtures (>4%H> in O.), a more
complex purification process for hydrogen in case a high purity is required (e.g., for use in a
PEM fuel cell), *° and a decrease in efficiency (see chapter 2.1). It was recently shown, that
with increasing current density and increasing operation pressure hydrogen crossover
increases.>®® In order to operate the system at >70%¢+v and within non-explosive regime, only
a small operation range (1 — 2 Acmge) is feasible for a Nafion® 117 (150 pm) at 30 barcathode.*
A smaller ohmic overpotential by decreasing the membrane thickness would be desirable, but
since the gas crossover is inversely proportional to the thickness of the membrane (see
equation 2.52), a safe operation (outside of the explosion limit) at >70%.+v could not be
realized with a Nafion® 212 (50 pm) membrane at 30 barcatnode.®® The permeation rate Ny ¢

can be estimated based on

Ap
ng;;'m — KP,gas . 6& 2.52
membrane

where Kp 445 denotes the permeability coefficient, 8,emprane the thickness of the membrane,

and Apg, the partial pressure difference between anode and cathode of the individual gas.

One possible mitigation strategy is the incorporation of a recombination catalyst, into the
membrane (i.e., Pt), catalyzing the recombination of hydrogen and oxygen would recombine to

water, thus lowering the gas crossover and preventing the formation of an explosive mixture.

Moreover, during electrolyzer operation water is dragged along with protons via the electro-
osmotic drag (ng,q4) from the anode to the cathode side, depending on the temperature and

water content of the membrane. It was shown that the electro-osmotic drag varies between
2.5 - 2.9 at 30 °C when operated with liquid water. At different temperatures, with liquid water

Ngrag Can also be derived from the following correlation, yielding in a slightly higher drag

coefficient of ~4 at 30 °C:% 62

Ngrag = 0.0134 - T +0.03 2.53
Within equation 2.53 T is in the units of K.
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The drag of water through the membrane is an important parameter when designing the balance

of plant (BoP) for an electrolyzer (e.g., pumps, recirculation, hydrogen processing).
2.3.2 Hydrogen Evolution Catalyst

From fuel cell literature it is well known that the kinetics of the hydrogen evolution reaction on
platinum in acidic media are fast, and therefore a reduction in loading (to as low as
~0.05mgpicm2ge0) Without any significant losses (< 3 mV) is possible.?® 2 5 While in the
beginning Pt-black was applied as a HER catalyst, the support of Pt-nanoparticles on highly
conductive and high surface area carbon (2250 m2g*caron)* allowed for a significant reduction
in Pt-loading due to an improved utilization of the platinum. The spherical carbon particles
(30 — 40 nm diameter) coalesced into highly structured primary agglomerates constitute a high-
structured support material that lead to highly porous electrodes. Owing the high volume
fraction of carbon within the catalyst layer for a typical 50 wt.-% Pt/C catalyst, 3 — 5 um thick
catalyst layers with low Pt loadings can be prepared.®* Based on both the fast HER kinetics and
the possibility to reduce the Pt-loading (wt.-% Pt) by using a high surface area carbon support,
Bernt et al.%® showed that the Pt-loading on the cathode of a PEM-WE can be significantly

reduced (to as low as ~0.025 mgeicm 2geo) Without any significant losses in performance.
2.3.3 Oxygen Evolution Catalyst

According to previously established so-called VVolcano plots, evaluating the activity of different
catalysts, iridium and ruthenium provide the highest activity towards the oxygen evolution
reaction;® however, due to the low stability of ruthenium at high potentials, iridium in the form
of oxides is commonly the catalyst of choice.? 86" Owing the relatively low specific surface
area of iridium in state-of-the-art commercial catalysts and the thus low utilization of iridium,
relatively high iridium loadings (2 mgircm2geo) on the anode are used to ensure sufficiently
high performance.? A lot of effort has been put in reducing the anode catalyst loading and
hence the overall catalyst costs over the past years, focusing on either increasing the intrinsic
activity by alloying®° or increasing the specific surface area of iridium by, e.g., the use of

support materials.!?

Even though it was shown that the activity along with the stability could be improved by mixing
RuO; with 1rO,,”%"* still a rather high loading of noble metal would be necessary to ensure a
good performance. Therefore, the more feasible approach is the reduction of the overall noble
metal content by the use of a support material. One of the most commonly used OER catalysts
is IrO2 supported on TiO2 (e.g., IrO2/TiO2 with 75 wt.-% iridium; Elyst Ir75 0480 from Umicore,
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Germany), where the electrical conductivity is provided through the IrOz layer, since TiO itself
has a rather low conductivity.’> Hence a high amount (=75 wt.-% Ir) of iridium is necessary to
ensure a continuous layer of iridium covering the TiO2, wherefore low loadings cannot be
realized with this type of catalyst due to its high packing density (=2.3 gircm=) and the resulting
very thin and inhomogeneous electrode layers at low loadings (<0.05 mgircm2geo).%° In order to
efficiently reduce the amount of iridium, a highly structured support material, that provides
sufficiently high conductivity (>0.01 Scm™) and is stable at the PEM-WE operating conditions
(high potentials and acidic environment) is necessary.3® This approach would be similar to the
design of the Pt/C catalyst used as an HOR catalyst and will be dicussed in further detail in
chapter 5.2 (“Rational Design and Synthesis of Iridium Oxide Catalyst Supported on Antimony-
Doped Tin Oxide for High Oxygen Evolution Reaction Activity in Acidic Media”).

2.3.4 Porous Transport Layers

The two main tasks of the porous transport layer (PTL) in a PEM-WE are on the one hand the
homogenous distribution of water (reactant) across the active area of the MEA, while at the
same time efficiently removing the produced gases (hydrogen/oxygen) and ensuring good
electrical connectivity between the electrode layer and the bipolar plates. A planar and smooth
geometry with sufficiently high porosity and good electrical conductivity is needed to prevent
any damage of the catalyst layer and the membrane (e.g., shorting, formation of hot-spots) and
to ensure efficient mass transport of liquid water and gases. While on the cathode side carbon
paper or carbon cloths are usually applied as gas diffusion layers (GDL), the high potentials
which would lead to the oxidation and thus the corrosion of carbon (COR; see equation 2.54),

excludes this type of material at the anode.

COR: C + 2H,0 — 4H* + 4e~ + CO, 2.54

The state-of-the-art material for the PTL at the anode is titanium, due to its sufficiently good
stability in the acidic environment and at high anodic potentials. However, one main
disadvantage is the formation of a poorly conductive TiO> surface film due to the oxidation of
titanium at high anodic potentials, leading to an increased ohmic contact resistance,”® wherefore
an additional coating is often used to prevent the passivation of the titanium.”*" Besides a good
electrical conductivity, the morphology, especially the porosity of the PTL is extremely
important. If the pores are too small, mass transport limitations can easily occur due to the
trapping of oxygen and water within the PTL. On the other hand, a high porosity (large pores)
would enhance the gas transport but also result in a decreased electrical contact area. Therefore,

a balanced design of the PTL is one of the main challenges in the design of a PEM electrolyzer
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to improve catalyst utilization, electrical contact resistances, and mass transport.”®’ Commonly,
sintered powder type materials or felts are used due to their adjustable porosity. While the
porosity (50 — 80%) and pore sizes (20 — 200 um) can be varied more freely for different felts,
the sintered powder materials are more rigid, which is beneficial when operating at elevated

pressures.®
2.3.5 Bipolar Plates

The bipolar plates provide the framework for an electrolyzer cell as well as a separation of
adjacent cells within a stack, which is why they are also often called separator plates. They
provide electrical contact between adjacent cells, while at the same time separating the different
gas environments. Usually deionized water (pH~6 —7) is fed to the cells, wherefore the
requirements for the materials of choice are less specific than for PTLs or catalyst support
materials. Nevertheless, bipolar plates have to provide sufficiently high electrical and thermal
conductivity, mechanical stability and need to be gas-tight to prevent any gas-leakage between
the single cells. Since they connect adjacent cells electrically with each other, they have to be
stable at both high anodic and cathodic potentials. Titanium is often used to manufacture PEM-
WE bipolar plates, owing its excellent strength, high initial thermal and electrical conductivity.
However, its surface passivation over time and the accompanied increase in electrical contact
resistance leads to a decreasing performance over time,” and similar to the PTL, an additional
protective coating would be necessary to maintain the initially high electrical conductivity over
the required lifetime of the system (10 — 20 years).2° Cheaper materials such as stainless steel
are considered as an alternative; however, an additional coating to prevent corrosion is
inevitable in this case. To prevent the formation of any potential weak spots, where corrosion
might take place, a homogenous and continuous coating is essential. Contrary to the bipolar
plates applied in fuel cells, the bipolar plates for electrolysis systems utilizing a small cell area
do not necessarily require the implementation of a flow field.?’ Depending on the operation
conditions, the cell design and morphology of the PTL, a flow field might not be necessary to

handle the mass transport of both produced gas and liquid water.
2.4 Operation Conditions

2.4.1 Temperature

Commercial state-of-the-art PEM water electrolyzer operate at temperatures up to 60 °C,’8"
though a higher operating temperature would be desirable to improve the performance. At

higher temperatures not only the activation losses (nact) as well as the ohmic losses arising from
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the membrane would be lower, but also less electrical energy would be required due to a lower
reversible potential at higher temperatures.'! >® Babic et al. showed the impact of temperature
on cell performance, where a significant decrease in cell voltage as well as ohmic resistance
was observed when increasing the temperature from 60 °C to 80 °C.!! At elevated pressures
(e.g., 3 bara) the operation of a PEM-WE beyond 100 °C (e.g., 120 °C), while still sustaining
the liquid state of water, would be possible, however, the increased gas crossover at higher
temperatures and pressures as well as the durability of the membrane under such conditions
may be challenging. While C. K. Mittelstaedt showed that the chemical stability of state-of-the-
art membranes does not seem to limit the operation at elevated temperatures, the mechanical
stability of the polymer especially at high differential pressures could bear a safety risk.
Recently, Garbe et al. showed that, increasing the temperature while decreasing the membrane
thickness, the hydrogen permeation increases significantly and that, when considering a safety
limit of 2% Hz in O, operating the cell at 120 °C and 3 bar, with a thin membrane (Nafion®212;
50 um) at current densities <0.76 Acm g, is not possible.>® Short side-chain PFSA polymers
might be a promising option when aiming for higher temperatures due to their higher
crystallinity observed, when compared to a long side-chain PFSA polymer at the same
equivalent weight.*" 8 Although some promising material improvements were already
established, the stability challenges for today’s commonly used PFSA polymers along with the
temperature limitations for the ion-exchanging resins, which are used to ensure a high purity of

the feed water, still determine the operation temperature for state-of-the-art PEM-WE.!!
2.4.2 Pressure

Desirably hydrogen is stored at elevated pressures and depending on the application up to
1000 bar (in case of a H, fueling station) are required,®* while common state-of-the-art
electrolyzers operate at a pressure up to 35 bar.”® Pressurizing hydrogen electrochemically
would spare additional mechanical pressurizing steps and hence lower the maintenance and
investment costs. An electrolyzer can be operated at either balanced pressure, where anode and
cathode are operated at the same pressure, or at differential pressure, where the cathode is
usually operated at higher pressures. From a thermodynamic point of view operating at elevated
pressures is disadvantageous, since the absolute value of the reversible cell voltage would

increase:

R-T
AErev = ﬁln (p_gz> 255
. pHZ
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where p,‘?,z is the pressure at standard conditions, py,the applied pressure, and AE..,, the shift

of the absolute value of the reversible cell voltage when operated at elevated pressure.
Exemplarily, increasing the Ho partial pressure from 1 to 30 bar while keeping the O partial
pressure constant would lead to a positive shift in E,.,, of <50 mV at 80 °C. On the contrary,
operating at higher pressures should be beneficial in terms of overpotentials caused by gas
bubbles trapped within the catalyst layer, due to a decreased gas bubble size? and improved
mass transport.3* Bernt et al.?” showed that operating a PEM-WE cell at a cathode pressure of
30 bara the cell voltage beyond 300 mAcm 2y, is lower than what would have been expected
from a thermodynamic point of view based on the performance data at 1 bara, cathode pressure.
Since the oxygen side was operated at ambient pressure in their study, the improved
performance was attributed to an increase in partial pressure of hydrogen within the catalyst
layer and thus decreased mass transport resistances on the cathode side. However, they also
showed that at lower current densities the hydrogen permeation through the membrane is
similar to the oxygen production rate and hence an explosive mixture can be formed on the
anode (>4% H; in 02).8% Thus, operating at higher H, pressures might be beneficial in terms of
cost reduction, but the increased H. permeation would lead to lower faradaic efficiencies and
safety issues. Since the hydrogen crossover is not only a function of pressure but depends also
on the thickness of the membrane,® in future scenarios where thinner membranes should be
applied in order to decrease the ohmic losses particularly at the envisaged high current densities,
the hydrogen crossover and the accompanied safety issue will become even more important. To
circumvent the formation of an explosive gas mixture, platinized current collectors or
recombination catalysts within the membrane are proposed.®® & Nevertheless, reliable
operation of a PEM water electrolyzer system for ~20.000 h was shown by Ayers et al.,* where
the cathode was operated at pressures up to 165 bar while the anode was operated at ambient

pressure.

2.5 Degradation Phenomena

25.1 Membrane

One of the main degradation mechanisms observed for Nafion® based electrolytes is an
increasing ohmic resistance!™ 8" due to the presence of cations through either improperly treated
feed water or due to corrosion of the used materials.2 By ion-exchanging the protons within
the polymer electrolyte membrane as well as within the ionomer in both catalyst layers, the

proton transport resistance increases, ultimately leading to the failure of the system. Sun et al.*
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showed that after boiling a used membrane in sulfuric acid the initial performance can mostly
be recovered and hence attributed the decreasing performance over time (7800 h) to cationic
contamination. Commonly water purification ion-exchange (e.g., ion-exchnage resins) and
corrosion-resistant coatings® are applied to prevent cationic contaminations and quite recently
Babic et al.*® proposed a CO-assisted regeneration method, where cationic contaminations can
be removed during operation. In addition to an increase in ohmic resistance, Fenton’s active
cations (e.g., Fe, Ni) can promote the formation of radicals (e.g., OHe, He) and thus the chemical
degradation of the membrane through a peroxyl attack of the ionomer endgroup, which can lead
to the formation of pinholes and cracks.®* Usually the extent of chemical degradation of the
membrane is measured through the hydrofluoric acid (HF) release rate, a product which is
formed during the radical attack of the endgroups. Since hydrogen terminating endgroups are
assumed to be the preferred point of attack, modified Nafion® membranes are used nowadays,
which show a significantly lower chemical degradation.® It was also shown that the degradation
of the membrane strongly depends on the relative humidity during operation and that operation
at low relative humidity accelerates membrane degradation.*® This, however, seems to be less

of an issue for PEM water electrolyzers, since they are commonly operated with liquid water.

Other than the mentioned chemical induced degradation, mechanical stressors resulting in the
deterioration of the membrane cannot be neglected. The main failure mechanisms caused by
mechanical stress are the penetration of the membrane through large protruding particles or
fibers from either the catalyst layer or the PTL as well as tear formation induced by temperature
and RH changes."*® The Ti-based PTLs, which are commonly used at the anode side, are more
stiff and rigid compared to the carbon GDL applied on the cathode. However, the risk of
protruding fibers is quite high, especially when a fiber based PTL and thin membranes (< 50 pm)
are used. Therefore, the fabrication of a smooth surface as well as a proper sealing within the

cell is important.
2.5.2 Catalyst Layer

As already mentioned in chapter 2.3.3, IrOz is the catalyst of choice due to its superior stability
compared to RuO2.% According to the Pourbaix diagram, depicting the thermodynamic stability
of metals as a function of potential and pH, IrO: is stable at high potentials (>1.0 V) and over a
wide pH-range.!® The desired crystalline 1IrO, can be obtained through annealing, where a
certain temperature (> 400 °C) is required to actually form a thick layer of crystalline 1rO> at
the surface,?® while otherwise an amorphous hydrous Ir(OH)x will be formed. Even though the

OER activity of an amorphous hydrous Ir(OH)y is higher than that of a crystalline IrO2,24*° its
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stability is significantly lower. This was confirmed by recent studies, where a scanning flow-
cell (SFC) coupled with an ICP-MS (inductive coupled plasma mass spectrometry) is used to
measure the iridium release rate during a linear voltage scan (LSV) in the OER regime,
revealing the lower stability of iridium metal compared to an iridium oxide, annealed at
different temperatures.'® Therefore, the hydration state along with the morphology of the
iridium-oxide seems to be important regarding the lifetime and stability of the OER catalyst.
Quite recently Kasian et al.1%* showed that a change in hydration state during the OER seems
to trigger the dissolution of iridium and, depending on the surface species and the overpotential,
the dissolution proceeds via different routes. Nevertheless, these findings have to be considered
with caution, since they are based on scanning flow cell measurements and, so far, these
findings have not been confirmed in MEA measurements. Geiger et al.’ already showed that
the lifetimes predicted based on SFC measurements differ quite significantly from the ones
extracted from MEA measurements. This discrepancy is also reflected in the measurements
carried out by Sun et al.,** where iridium black was used as an OER catalyst during a 7800 h
stability test and no degradation of the anode catalyst layer was observed, while SFC
measurements predict a rather high dissolution for iridium black. Up to now, MEA
measurements are necessary to assess the stability and lifetime of individual catalysts. This
issue will be discussed further in Chapter 5.1 (Current Challenges in Catalyst Development for
PEM Water Electrolyzers).

Besides anode catalyst degradation, the carbon supported platinum cathode catalyst layer can
degrade over time, where the following mechanisms are considered as the main cause for a loss
in active surface area: i) dissolution and agglomeration of smaller Pt-particles, resulting in a
lower electrochemically active surface area (Ostwald ripening);1°>1% i) dissolution and
reprecipitation of Pt-particles within the membrane;%* iii) carbon support corrosion.'%
However the proposed degradation mechanisms usually occur at high potentials %1% or when
the potential is cycled. Since the potential of the cathode is usually close to the Ho/H™ reversible
potential (=0 V) during operation, a severe degradation of the cathode catalyst layer due to a
loss in active surface area is not expected. Up to now, rather high Pt-loadings (0.1 — 0.5 mge:cm’
24e0) are commonly used?® and due to the fast kinetics of the HOR only a very large loss in
electrochemically active surface area would lead to a measurable performance loss. Cathode

catalyst degradation, however, will become more important if lower loadings are to be realized.
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2.5.3 Porous Transport Layers and Bipolar Plates

Often titanium based porous transport layers and bipolar plates are used and hence the
passivation of titanium and the accompanied increase in contact resistance is one of the main
issues. An additional coating might be applied to prevent the formation of a passivation layer.”
The choice of material for a protective coating, however, is limited, since it has to withstand
the harsh environment (low pH and high anodic potentials) without getting dissolved or
passivated itself. At the same time, the material should be abundant and cheap in order to keep
the additional costs at a minimum. The latter is hard to be satisfied, therefore, in consideration
of all the aforementioned requirements, platinum is often used.” 1% The bipolar plate itself
already contributes significantly to the costs of a PEM-WE stack” '8 and adding an additional
layer of platinum would increase the costs even further. Just to give some numbers as a ballpark
reference, the DOE (Department of Energy) target for the Pt-specific power density for PEM
fuel cells in automotive applications in 2020 is <0.1 geckW2,19 wherefore the additional
amount of Pt added as a protective layer in a PEM-WE should be very low. In case a Pt coating
thickness of ~100 nm were required in order to prevent the passivation of titanium, this would
result in an additional platinum loading of ~0.5mgeicm™. Operating the electrolyzer at a power
density of 5 Wem2 (3 Acm2 at 1.75 V), this would result in a Pt-specific power density of
0.1grtkWT and hence additional ~2 €kW1.11% Considering that the average long-term cost
targets for a PEM-WE are ~1000 €kW™,!t! the additional platinum coating would only

constitute a share of 0.2% of the overall investment costs.
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2.6 Hydrogen as an Energy Carrier

In a future energy scenario, where energy is mainly provided via renewable energies, hydrogen
as an energy carrier produced through the electrochemical splitting of water can play an
important role. Hydrogen bears the advantage to serve as an energy carrier, as fuel for fuel cell
vehicles and as feedstock in the chemical industry (e.g., ammonia, methanol). However, in
order to meet the aimed climate protection requirements, a MW-scale production of hydrogen
via electrolyzis is necessary (3800 GW would already be needed just to replace the worldwide

fossil energy demand for transportation®®).

In consideration of both, the huge increase in capacity along with the inevitable coupling with
renewable energies, the hydrogen production via polymer electrolyte membrane water
electrolyzis becomes the most promising technology. Even though the energy consumption
nowadays is quite similar for both systems, PEM-WE and alkaline electrolyzer systems (AEL)
(4.8 kWh mn®) and is assumed to become even more similar until 2050, there is still a huge
discrepancy in terms of capital expenditure (CAPEX).!'? The production costs normalized to
the produced amount of hydrogen are almost twice as a high for a PEM-WE system
(=7000 € (Nm3h™)1) compared to alkaline electrolyzis (=4000 € (Nm3h™)™1).12 Even though
projections show that, the costs will eventually level out until 2050 due to the increased progress
in PEM-WE technology development, an upscaling of the PEM-WE system is required for this
cost reduction. Nevertheless, the PEM-WE technology bears the advantage of operating at high
current densities (PEM-WE:1-2 Acm%cen vs AEL: 0.25-0.45 Acm i), enabling pressurized
operation (PEM-WE:30-50 bar vs AEL: 10-30 bar) and offers a higher load flexibility (PEM-
WE:0-100% vs AEL: 20-100%).2 Since the hydrogen production rate scales linearly with the
current density (omitting loss of hydrogen by cross-over to the anode compartment), the PEM-
WE technology (=8.4 Nm3/m3ce) exhibits a roughly 4-times higher cell-area normalized
hydrogen production rate compared to an AEL (1.9 Nm3/m3ci)® and in combination with its
high flexibility and fast response time promotes hydrogen as an alternative carrier, when

coupled with renewable energies.

Up to now PEM-WE systems are often sold in small scales (<1 MW) and the required materials
and components are often custom made, wherefore the production costs of the individual
components are rather high. In light of the fact that an annual increase in capacity in the GW-
range is necessary, the small-scale production of the individual components would turn into a

large-scale production, thereby reducing the specific costs drastically. Nonetheless, this would
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result in temporarily higher investment costs to provide the necessary infrastructure and

production capacity until a certain threshold is reached.

The most critical PEM-WE stack components are the membrane/ionomer, the PTLs, the bipolar
plates, and the catalysts, the latter being the most critical one. Due to the scarcity of iridium and
the fact that it is only obtained as a byproduct during, e.g., Pt or Ni-mining, a significant
reduction of the iridium-specific power density (<0.05 gi/kW?) is necessary to realize a GW-
scale installation.®® 12 As an example, the total primary energy consumption of Germany in
2016 was 13.525 PJ,'*® which would correspond to an annual production of ~100 Mtw, (based
on the higher heating value of hydrogen ~285.8 kimol?) if all energy sectors were to
exclusively run on hydrogen gas as an energy carrier. The corresponding average electrical
power needed to produce this hydrogen via PEM water electrolyzis would be in the range of
~500 GW. With state-of-the-art loadings (=2 mgicm?) and an average power density of
~4 Wcm2, an iridium-specific power density of ~0.5 girkW- can be achieved. Considering the
annual mining rate of iridium of ~7 t,/*2 (recycling of iridium is not considered in this example)
this entire amount of iridium would allow to replace PEM-WE with a total power of
~14 GW/year, so that 50 years worth of iridium would be required just to produce H> that would
be needed for the energy supply of Germany. This example shows that a reduction of the
iridium-specific power density of at least one order of magnitude is necessary to make hydrogen

as an energy carrier competitive.
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3 Experimental Methods

3.1 Rotating Ring Disk Electrode

Rotating ring disk electrode (RDE) measurements are often used as a screening tool to
characterize the activity as well as stability of individual catalysts. Since only a small amount
of catalyst (mg-range) is needed to characterize the catalyst, the RDE technique is favorable
especially for the synthesis and screening of new catalyst materials. Usually a three-electrode
electrochemical cell is used (Figure 3.1), where an interchangeable RDE PTFE or PEEK-holder
(Pine Research Instrumentation, USA) with a 5 mm diameter polycrystalline Au-disk is used
as a working electrode (WE), a reversible hydrogen electrode (RHE) as a reference electrode
(RE), and a high-surface area Au-mesh as a counter electrode (CE). Commonly, the RE is
separated from the main compartment via a closed electrolyte bridge (Luggin capillary). One
issue that frequently occurs is the dissolution and redeposition of gold from the CE, wherefore
an additional porous glass frit is applied to avoid the migration of dissolved gold into the main
compartment. In order to minimize the overpotential of the CE, a high-surface area of the CE
is required, wherefore meshes are commonly used. If one would manage to make the surface
area large enough, then the current during the CV experiments may even be provided by the
(pseudo-)capacitance of the CE and no dissolution would occur. As a reference electrode, a
reversible hydrogen electrode was used, where a Pt-wire was exposed to a hydrogen atmosphere
(=1 bara) while being in contact with the electrolyte (0.1 M H2SQO4). While H2SO4 can undergo
two de-protonation steps (see equation 3.1 and 3.2), only the first de-protonation step (Kai~103)
is considered to be complete and the second to be incomplete (Ka2~107), resulting in a proton

concentration of roughly 0.11 M and thus a potential (E;.¢, (x4, /u+)) Of #5657 mV vs the standard
hydrogen potential (SHE) should be established at the reference electrode (see equation 3.3).

H,S0,(aq) + H,0(l) » H;0% (aq) + HSO; (aq) 3.1

HSO0; (aq) + H,0(l) » H;0%(aq) + S02~(aq) 3.2
0 2.303-RT

Erev(HZ/H+) = Erev(Hz/H*') - 7 "pH 3.3

pH = —log(c(H;0%)) 3.4

0
Erev(Hz/H+)

standard conditions (pH = 0; 25 °C, 1.013 baran2), R the ideal gas constant (8.314 JmolK™),
T the temperature and F the Faradays constant (96485 Asmol™).

is the standard reversible potential (0 V) of a standard hydrogen electrode at
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The pH can be calculated via the negative logarithm of the proton concentration (c(H;0%))
(equation 3.4). However, prior to each measurement the potential of the RE was determined by
applying a Pt-disk exposed to a hydrogen purged electrolyte serving as a reference electrode,
while the reference compartment was operated as a working electrode. Beside a change of the
pH, a change in gas composition can lead to a shift of the reference potential (see equation 3.5).
Hence, a tight sealing of the Pt-wire within the reference compartment is necessary to prevent

any gas leakage and thus, a continuous shift in potential due to a change in gas composition.

0 2.303-R-T 0 3.5
Evevtry ity = Evevityny = — 5 log(Pu,/ph,)

Figure 3.1 Schematic setup of a standard three-compartment electrochemical cell used for rotating disk electrode
measurements, where a interchangeable disk-electrode with a polycrystalline Au-disk serves as a working
electrode (WE), a Pt-wire exposed to a hydrogen atmosphere as a reference electrode (RE) and a high-surface area
Au-mesh as a counter electrode (CE).

Moreover, the right choice of the backing material used as a working electrode is important.
Glassy carbon is unsuitable for OER measurements, since the carbon would corrode at high
potentials!®19” and an additional current stemming from the COR would be measured.
Platinum itself is active towards the OER,3! wherefore it would contribute to the measured
current and should be excluded as disk material. Additionally, Geiger et al. recently showed
that some disk electrode materials passivate over time, leading to an additional ohmic resistance
that compromises stability tests.}'* They recommended to either use gold or boron-doped
diamond as a disk electrode. Since gold does not exhibit an activity towards the OER in the
potential range usually considered during OER measurements (see Figure 3.2) ,*° an Au-disk

was used throughout all measurements.
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Figure 3.2 Electrocatalytic OER polarization curves of a bare Au-disk and a 11 wt.-% Ir/ATO catalysts. All
measurements were performed in Oz-saturated 0.1 M H,SOy4, 25 °C. Catalyst loading: 3.7 ugi/cm?gisk. Scan rate:
5 mV/s. 2500 RPM.

3.1.1 Electrode and Ink Preparation

Prior to each measurement, the polycrystalline Au disk has to be polished with a 0.3 um Al>O3
polishing suspension (Buehler Ltd.) on a water-wetted polishing cloth (Micro Cloth Buehler
Ltd.) in an eight-shaped pattern for at least 3 minutes. Since iridium was found to be adhesive
to the Au-disk, wiping off the previous catalyst coating with either water or 2-propanol was
insufficient to remove the whole coating, wherefore polishing prior to each measurements was
unavoidable. After polishing, the disk was rinsed and sonicated in deionized water for at least
3times and 3 minutes. It is important to note that only the disk was sonicated, since
interchangeable electrodes are not perfectly sealed and the electrical connections within the
PTFE-holder corrode over time during sonication, resulting in a higher ohmic resistance. The
whole electrode is handled carefully to avoid any contaminations, which would falsify the
results. After reassembling the Au-disk into the holder, the catalyst ink is drop-casted onto the
Au-disk and dried at atmospheric conditions. Catalyst inks were obtained by mixing the
respective amount of catalyst (few milligrams) with either water or 2-propanol. No additional
binder was usually added to the ink. The inks were sonicated at least 30 minutes before drop-
casting and the sonication bath temperature was maintained below 35 °C to avoid evaporation
of the solvent.
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3.1.2 Electrochemical Measurement Setup

The used 0.1 M H,SOq4 electrolyte solutions were prepared from high purity H.SO4 (Ultrapur,
96%, Merck Millipore KGaA) and ultrapure water (18.2 MQcm at 20 °C Merck Millipore
KGaA). The gases Ar, O, and Ha used for purging of the electrolyte were of high purity (6.0-
grade, Westfalen AG). The whole cell setup was boiled for at least three times in ultrapure water
to ensure its cleanliness. An Autolab potentiostat (PGSTAT302N, Metrohm AG, Switzerland)
and a rotator (Pine Research Instrumentation, USA) with a polyether ether ketone shaft were
used to perform the electrochemical measurements. In the beginning, the non-compensated
electrolyte resistance was determined in an Ar-saturated electrolyte by electrochemical
impedance spectroscopy (EIS) from 100 kHz to 100 Hz at open circuit potential (OCP) with an
amplitude of 10 mV. Afterwards, cyclic voltammograms in a potential range of 0.05 and 1.45 V
and a scan-rate of 100 mV/s were recorded in an Ar-saturated electrolyte to convert all metallic
Ir (0) (blue CV in Figure 3.3) into hydrous Ir-oxide (red CV in Figure 3.3) when evaluating the
Ir/ATO catalyst. Additional CVs were recorded within the same potential range using a smaller
scan-rate of 20 mV/s, in order to compare the size of the mass-normalized CVs within different
measurements. Finally, the electrolyte solution was purged for at least 10 min with Oz, and
polarization curves to determine the OER activity were recorded from 1.2 VrHe t0 1.7 VRHe at
5 mV/s and 2500 rpm. Generally, these potential ranges were used, unless marked differently.
Potentials are corrected for both the non-compensated electrolyte resistance and the potential

of the reference electrode (vs RHE).
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Figure 3.3 Initial CV (blue) and after 30 cycles (red) of Ir/ATO (11 wt.-%) in Ar-saturated 0.1 M H,SO, at
100 mV/s and 25 °C. Catalyst loading is 44 ugi/cm?gisk.
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3.2 Polymer Exchange Membrane Water Electrolyzer

Compared to an RDE measurement, where only a few milligrams of catalyst are required to
determine the activity of a catalyst, MEA-based measurements require much more catalyst (few
hundred mgq) to fabricate proper catalyst layers. Hence, after a successful pre-screening of the
OER activity, the next step is to obtain the performance of the respective catalyst in an MEA.
The cell setup used throughout the study was developed and presented in the publication
“Influence of lonomer Content in IrO2/TiO> Electrodes on PEM Water Electrolyzer

Performance” by M. Bernt and H.A. Gasteiger.?” A schematic is shown in Figure 3.4.

Aluminium end plates (8)

2 mm Gylon (7)

Copper current collector (6)

PTFE gasket (4)

2 Carbon GDL (3)
ﬁ —— MEA (1)

Ti PTL (2)

Figure 3.4 Schematic cell setup of a 5 cm2 cell.

The core of the single cell consists of an MEA ((1) in Figure 3.4) sandwiched between a
~280+10 um thick carbon fiber GDL on the cathode (TGP-H-120T from Toray, no MPL,
20 wt.-% PTFE; cf. (3) in Figure 3.4) and a ~370+10 pm thick sintered titanium PTL on the
anode (Mott Corporation, USA,; cf. (2) in Figure 3.4). Two ~300 um thick PTFE gaskets ((4)
in Figure 3.4) frame the MEA setup to prevent any gas leakage, and an additional subgasket
(thickness ~10 um) is used on the anode side to prevent an electrical shortening from protruding

Ti-PTL fibers at the edges. The whole setup is placed between gold-coated titanium plates with
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a single serpentine flow-field (5 cm?2ye active area; cf. (5) in Figure 3.4), which is again framed
by the copper current collectors ((6) in Figure 3.4). On each side, a 2 mm thick Gylon sheet
(Type 3545, Garlock® ENPRO Industries Inc., USA,; cf. (7) in Figure 3.4) is used to provide a
homogeneous pressure distribution along with an electrical insulation. Mechanical stability is
ensured by the two ~25 mm thick aluminum endplates ((8) in Figure 3.4), compressed by
twelve M8 screws tightened with a force of 20 Nm. While the titanium PTL is assumed to be
incompressible, the desired compression of the carbon GDL (~25%) was achieved by choosing
the thickness of the PTFE gaskets (compressibility ~3%)*® accordingly. Based on the different
thicknesses and compressibility of the components used, a compression of =1.7 MPa over the
entire land area within the active area of the cell should be achieved.?” Further details about the

cell setup and design are described in the publication and PhD thesis by Max Bernt.?” 116
3.2.1 Membrane Electrode Assembly

An IrO; supported on TiO: catalyst (IrO2/TiO2 with 75 wt.-% iridium; Elyst Ir75 0480 from
Umicore, Germany) as an anode catalyst and a platinum supported on Vulcan XC72 carbon
(46.7 wt.-%Pt/C; TEC10V50E from Tanaka, Japan) as a cathode catalyst was used throughout
the measurements. Catalyst inks were prepared by mixing the respective amount of catalyst
with 2-propanol (purity > 99.9%, from Sigma Aldrich) and Nafion® ionomer solution (20 wt.-
% ionomer; D2021 from lonPower, USA). Due to their high surface area, both materials tend
to ignite in contact with 2-propanol, wherefore the mixing was done in inert atmosphere (N)
using a small glovebox. An example for both an anode as well as cathode ink composition is
shown in Table 3.1. Based on a study by Bernt et al.,?” the ionomer content was adjusted to be
~11 wt.-% for the anode catalyst layers. ZrO> grinding beads (5 mm diameter) were added and
the whole solution was mixed for at least 24 h using a roller mixer (Erichsen, RK K Control
Coater) to obtain a homogeneous suspension. Using the Mayer-rod (K Bar, RK PrintCoat
Instruments Ltd) technique, the catalyst suspension was coated onto an ETFE foil (25 pum thick,
FP361025 from Goodfellow, UK). The thickness of the electrode layers and thus the final
loading (mgivricm?) was adjusted by using coating rods that yield different wet-film

thicknesses.

38



Table 3.1 Example for ink compostions for both anode and cathode electrode layers, resulting in an average
loading of 2.0 mgy,cm and 0.2 mgeicm? respectively. 5 mm ZrO; grinding beads were used and Mayer-rods with
different sizes to adjust the wet-film thickness and thus the loading.

Catalyst 2-propanol _ ZrO»-beads  Coating rod
Nafion® [pL]
[ma] [mL] [9] [um]
IrO2/TiO; 942.3 1.01 582 6 60
Pt/C 325.1 441 510 8 120

After drying, 5 cm?ge, electrode decals were cut at 25 °C and 20 kN using an automated plate-
press (Dr. Collin P 200 PM, Collin GmbH). A Nafion® 212 membrane (50 pm thick; from
Quintech, Germany) was placed between the respective electrodes and sandwiched between
Kapton® and Gylon® sheets (Figure 3.5). These additional layers were added to avoid
contamination and mechanical destruction of the membrane electrode assembly and to ensure
a homogenous pressure distribution. The whole assembly was hot-pressed for 3 min at 155 °C,
applying a pressure of 2.5 MPa. Both electrode ETFE-decals were weighed before and after
hot-pressing using a microbalance (£ 1 pg; from Mettler Toledo, Germany) to determine the

final weight of the anode and cathode catalyst layer within the MEA setup.

Anode

Figure 3.5 Schematic Setup of a Membrane Electrode Assembly used for the Decal Transfer Step via Hot-Pressing

3.2.2 Electrochemical Characterization

In general, all electrochemical measurements of the MEAs were performed using an automated
test station from Greenlight Innovation equipped with a Reference 3000 potentiostat and a 30 A
booster from Gamry Instruments. The Emerald automation software was used to operate the
test station. A BioLogic VSP 300 with a 20 A booster was used throughout the long-term study
(see Chapter 5.6) as well as for all reference electrode measurements (see Chapter 4 and
Chapter 5.7). Thermocouples placed within the flow-fields were used to control the temperature
via the heating rods inserted in the aluminum end-plates and the fans externally placed on each
side of the cell. The anode was continuously supplied with 5 mL min* deionized (DI) water
that was pre-heated to 80 °C throughout all the measurements. During the warm-up the cell was

heated to 80 °C under a nitrogen atmosphere and afterwards a current of 1 A cm™2 was applied
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for 30 min to condition the cell. Subsequently, by flushing the cathode counter electrode with
dry Hz at 50 mL min? to ensure a stable reference potential and by supplying the anode
electrode with 5 mL min't DI water, cyclic voltammograms (CVs) of the anode electrode were
recorded. Usually, the CVs were recorded in a potential range of 0.05 V —1.25 V at 20 mV s
and 80 °C. For further evaluation, the second CV scan was used. A typical CV obtained for the

used IrO./TiO> catalyst is shown in Figure 3.6.

10

Igeo[MA/CT?]

-10 +

15

1 I 1 I 1 I 1 I 1 I
000 025 050 075 1.00 1.25

E [Verel

Figure 3.6 Cyclic voltammograms (CVs) recorded at 20 mV/s, 80 °C, ambient pressure, and 5 mLyzo min?
(anode)/ 50 nccm H» (cathode). MEA specification: 5cm? active-area with ~1.9 mgiycm2g, anode and

=0.07 mgeCM 24, cathode loading using a Nafion® 212 (=50 um thick) membrane.

Afterwards, by increasing the current density from 0.01 to 4 A cm stepwise with a hold time
of 5 min at each current step to ensure a stable cell voltage, five consecutive polarization curves
were taken at ambient pressure (1 bara) and 80 °C. The last 10 s of the cell voltage at each
current density were averaged and used for further evaluation (Figure 3.7 a). At each current
density, additional AC impedance measurements were performed in a range from 100 kHz to
1 Hz. To fulfill the criteria of linearity, while still maintaining a sufficient signal to noise ratio,
the current amplitude at each current density was adjusted to less than 20% of the applied
current, except for a current density of 10 mAcm 24 Where it was 40%. The high frequency
resistance was determined via the high-frequency intercept with the real axis in a Nyquist plot.
The HFR was used to correct for the ohmic and electrical resistance (hollow symbols in
Figure 3.7 b). The described measurement procedure was used as a standard protocol to
characterize the cell and additional measurements were adjusted individually according to the

aim of the study and are described within the respective chapter.
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Figure 3.7 PEM-WE performance data at 80 °C and ambient pressure a) Ecen vs i performance (filled symbols)
and HFR-free performance data (hollow symbols) with an anode water-feed of 5 mL20 min; b) corresponding
HFR values. MEA specification: 5 cm? active-area with =~1.75 mgitm2g, anode and ~0.2 mgpCM2g, cathode

loading using a Nafion® 212 (=50 pm thick) membrane.
3.2.3 Scanning Electron Microscopy

Cross-sectional scanning electron microscopy (SEM) measurements were performed by using
a JEOL JCMG6000PIus NeoScope scanning electron microscope at an accelerating voltage of
15 kV. Embedding the MEA in a room-temperature curing two-component epoxy (Epo Thin 2
resin and hardener; Buehler Ltd.) and drying over night at 80 °C, the SEM samples were
prepared. Using a SiC paper, the sample surface was ground in two steps (grade P320 and P1200,
from Buehler Ltd.) and subsequently polished on a microcloth using a 9 um diamond polishing
agent.

3.2.4 Electrical Conductivity Measurements — 4-Point Probe

Using a 4-point-probe in-plane conductivity measurement (Lucas/Signatone Cooperation, USA)
the electrical conductivities of catalyst layer decals were determined. By applying either

different potentials or currents via the four collinearly aligned tungsten probes, the electrical

resistance and thus the corresponding conductivity of the catalyst layer can be calculated.
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3.2.5 Contact Resistance Measurements

The contact resistances of the PTLs were measured with the test setup described by Bernt et
al.?” Therefore, the PTL was framed with an insulating Kapton® foil (25 pm) to ensure that the
electrical resistance is only measured along the PTL and sandwiched between two gold coated
titanium flow-fields. The whole setup was then placed between two copper plates, which were
electrically insulated by an additional layer of Gylon® to any external components. To simulate
the contact pressure during operation within the cell, a pressure of 1.7 MPa was applied to this
stack. Different currents were applied via the copper plates and by measuring the associated
voltage drop across the stack, the electrical resistance (essentially equating to the contact

resistance) was quantified.
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4 Platinum Wire Reference Electrode

4.1 Pt-Wire Reference Electrode Setup

Electrochemical impedance spectroscopy is a powerful tool to determine and analyze individual
performance losses within an electrochemical cell. However, if solely the full-cell impedance
spectra of a PEM-WE system is measured, the contribution of the cathode to the cell impedance
will usually be assumed to be negligibly small.*® 4" By applying a dynamic hydrogen electrode
(DHE), where two Pt-wires are placed in proximity to the active electrode area, Li et al.t!’
showed, that the impedance of the hydrogen electrode in a fuel cell (hydrogen side) is indeed
smaller than that of the oxygen electrode, however, not negligible. Thus, in order to obtain an
unbiased evaluation of the performance losses occurring during operation of each individual
electrode, a determination of both half-cell spectra is necessary. A quite recent study by Sorsa
et al.>® used a Pt/C-ring (40 wt.-% Pt/C) sprayed equidistantly around the active area as a
reference electrode using this to separate anode and cathode impedance. They showed that the
anode impedance spectrum consists of two separate semi-circles, which they ascribed to mass-
transport (high frequency arc) and charge transfer kinetics (low frequency arc). The
interpretation of the cathode spectra, however, was more complicated. While the semi-circle at
high frequencies was straightforwardly linked to the charge transfer kinetics, the interpretation
of the inductive loop occurring at low frequencies was more challenging. Ultimately, they
assigned the inductive loop to carbon corrosion of the cathode catalyst support, which they state
has to be considered when fitting an equivalent circuit model (ECM) to the spectra.>® Since a
non-linear potential profile in close proximity to the active electrode area or a small
misalignment of the active electrode can lead to erroneous impedance measurements, a proper

positioning of the reference electrode is essential. 118119

Therefore, a similar approach, where the reference electrode is placed centrally between anode
and cathode, and which is already applied successfully within lithium-ion batteries was
considered.> In a previous study by our group, an Au-WRE (gold wire reference electrode) was
introduced to determine individual half-cell spectra of a lithium-ion battery.>* Herein, an
insulated Au-wire was sandwiched between two separators and electrochemically alloyed with
lithium in-situ to maintain a stable reference potential. Subsequent studies showed that with a
proper design of experiments it is possible to separate and determine individual performance

losses, such as the charge transfer resistance (Rct), the contact resistance (Rcont) Or the pore
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resistance (Rpore) Of the individual electrodes.>® 12 Hence, an approach similar to the Au-WRE
was adapted to the MEA of a PEM-WE. In this case, a 50 pm thick Pt-wire with a 9 um PTFE
insulation (Goodfellow, Great Britain) was placed centrally between two 50 pm membranes,
each coated with the respective catalyst layer. A schematic of the setup is depicted in
Figure 4.1a along with an SEM cross-section of such an MEA (Figure 4.1b). As the Pt-WRE
(wire reference electrode) is placed centrally within the cell, it is exposed to both H> as well as
protons (H") during the measurement, wherefore its potential should be close to the reversible
hydrogen potential (=0 Vrre). Upon resuming operation, however, the gas composition at the
tip of the wire might change due to the crossover of produced oxygen and the potential of the
Pt-WRE would be determined by a mixed potential. The SEM cross-section in Figure 4.1b
shows that the Pt-WRE is located centrally between the two half-cell membranes. A
misalignment of the Pt-WRE (e.qg., bending of the tip of the wire) towards one of the electrodes
can lead to erroneous impedance measurements due to inhomogeneous current distribution or,

in the worst case, an electrical shortening of the cell.

Pt wire (50um;insulated) located
a) centrally between the electrodes
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Figure 4.1 a) Scheme of an MEA illustrating the placement of the Pt-WRE and the prevailing operation conditions.
b) Cross-sectional SEM image of an MEA including a 50 um Pt-WRE laminated between two 50 um Nafion®

membranes.
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4.2 Reference Electrode MEA Fabrication

Since the Pt-wire (Goodfellow, Great Britain) is covered with a thin (9 um) PTFE insulation, a
scalpel is used to carefully scratch off roughly 0.5 cm at the tip of the wire (MEA-side; see O
in Figure 4.2). The tip is centrally placed within the membrane and roughly 1 cm insulation at
the end of the wire exiting the cell is also scratched off, which is used to electrically contact the
wire (contact-side; see (2) in Figure 4.2). The MEA-side of the wire is then dipped into a
20 wt.- % Nafion® solution (20 wt. -% ionomer, D2021 from lonPower, USA) and dried at
ambient conditions. The MEA fabrication itself is similar to the standard MEA fabrication
method. Therefore, the prepared wire was placed centrally between two Nafion® 212
membranes (50 um thick, from Quintech, Germany) and together with the already prepared
cathode and anode decal, the setup was hotpressed at 155 °C for 3 minutes at a pressure of
2.5 MPa. An additional layer of PP foil (40 um from Profol,Germany) was added at the
interface with the cell hardware to provide additional mechanical stability (see 3 in Figure 4.2).
By weighing the decals before and after hot-pressing, the actual weight of the electrodes was
determined. Except when labeled differently, the loading was kept constant at

0.3 £ 0.1 mgpt M2y, for the hydrogen cathode and 2.0 £ 0.1 mgir cm2ge, for the oxygen anode.

go §?

Figure 4.2 Scheme of an MEA assembly with a Pt-WRE.

When assembling the Pt-WRE/MEA setup one has to make sure, that the Pt-wire is not placed
in parallel with the heating rods of the cell (see Figure 4.3a). A parallel alignment of the Pt-
wire with the heating rods led to an electrical interference (similar to an inductive coil) and thus
an instable and continuously increasing potential of the Pt-wire. Therefore, the Pt-WRE was

always assembled perpendicular to the heating rods (see Figure 4.3b).
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a) Heating rods b) Heating rods
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For the reference electrode measurements, an automated test station from Greenlight Innovation

Figure 4.3 Scheme of the alignment of the Pt-WRE towards the heating rods of the cell.

4.3 Electrochemical Characterization

using a potentiostat equipped with a current booster (BioLogic VSP 300) was used to perform
all electrochemical measurements of the MEAs. Throughout the whole measurement, the anode
was supplied with 5 mL2o min™t deionized (DI) water and the temperature was maintained at
80 °C. Compared to the standard protocol, after reaching the desired cell temperature of 80 °C,
the cathode was flushed with dry H; at 50 nccm at ambient pressure to assess the functionality
of the reference electrode. When the Pt-wire is centrally placed, and ionically as well as
electrically contacted, the potential of the wire should be close to 0 Vrue and also 0 V with
respect to the H, cathode potential. Afterwards the cell was conditioned at 1 A cm?ge, for
30 min. Polarization curves were taken at ambient pressure (1 bara), by either increasing the
cell potential stepwise from 1.3 to 1.9 V or by increasing the current density stepwise from 0.01
to 4 A cm. Each potential or current step, was held for at least 5 min, while only the last 10 s
of either the cell voltage and current density were averaged for each point. At the end of each
current or potential step an electrochemical impedance spectrum of the cell was recorded from
usually 100 kHz to 100 mHz, recording 10 points per decade and at each point at least
5 repetitions were averaged. Both galvanostatic as well as potentiostatic measurements were
performed. The amplitude was controlled between the WE&CE. In case it was measured in
potentiostatic mode the amplitude was set to 5 or 10 mV, and in case it was measured in
galvanostatic mode the amplitude was set to 20 mA for current densities between
10 — 30 mAcm 24, 40 mA for a current density of 50 mAcm?Zge, and 60 mA for current

densities >100 mACM Zgeo.
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4.4 Analysis of the Electrochemical Impedance Spectra

The aim of implementing a Pt-wire as a reference electrode was to obtain the spectra of anode
and cathode, and thus the individual performance losses of the full-cell. Using a BiolLogic
potentiostat equipped with a current booster (BioLogic VVSP 300), two impedance spectra can
be recorded simultaneously, while the third one is calculated based on the two recorded ones.
As a first indication that the Pt-WRE did not lead to any additional disturbances during the
measurement, the full-cell spectra were considered first. In Figure 4.4, full-cell spectra of a Pt-
WRE cell are shown. The spectrum consists of an inductive contribution at high frequencies
(>12 kHz) and a large semi-circle at lower frequencies, which is decreasing in diameter with
increasing current density. Since the charge-transfer kinetics of the OER are significantly
slower compared to the kinetics of the HER (see chapter 2.1.2), the large semi-circle is
commonly attributed to the charge-transfer resistance of the OER (R¢r ogr ),****% and hence
can be described by a simplified Butler-Volmer relation (high overpotentials; equation 4.1).
Clearly, the decreasing diameter of the semi-circle observed with increasing current densities
is in good agreement with the impedance response for Tafel kinetics (see equation 4.1). The
HFR of the full-cell spectrum of ~93 mQcm?ge is in this case estimated from the intercept with
the x-axis (Re(Z)), which, as will be shown later (chapter 5.7), is only slightly higher than the
HFR obtained by a proper fit of an appropriate equivalent circuit fit. With the used cell setup
the total electrical resistance (i.e., the sum of contact resistances between the GDL||flow-field
and PTL||flow-field as well as the bulk resistances of the GDL and the PTL) is 12 mQcm2ge,?’
as discussed earlier (chapter 2.1.3), while the ohmic resistance of one 50 pm Nafion®
membrane at 80 °C when operated with liquid water ranges between ~41 — 54 mQcm2geo.%’
Since the HFR is the sum of both the electrical as well as the membrane resistance, using two
50 um Nafion® membrane should result in a total ohmic resistance of 94 — 120 mQcm?ge, and
is in good agreement with the recorded ~93 mQcm?yeo, thus suggesting that the implementation

of the Pt-WRE does not lead to any artefacts in the full-cell impedance measurements.
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Figure 4.4 Electrochemical impedance spectra (100 kHz — 300 mHz) of the full-cell at different current densities
(0.01 — 4 Acm?g) of a 5 cm? PEM water electrolyzis cell recorded at 80 °C and ambient pressure (1 bara cathode,
1 baraanode), and 5 mMLyzo mint at the anode. MEA specifications: 1.3 mgir cM2vea anode and =0.3 mgpt CM2yvea
cathode loading, using two Nafion® 212 (=50 um) membranes and a 50 pm Pt-wire with a 9 pm PTFE insulation
as a reference electrode. The frequencies given in the figure indicate the peak frequency of the respective semi-

circle.

More interesting, however, are the individual contributions of both half-cells as a function of
current density. Figure 4.5a and Figure 4.5b depicts the impedance spectra of the anode, while
in Figure 4.5¢ and Figure 4.5d the impedance spectra of the cathode are shown, both measured
simultaneously via the Pt-WRE while recording the full-cell spectra depicted in Figure 4.4. The
HFR of the individual half-cell can be taken as a first indication, whether the reference electrode
is placed properly and whether the impedance spectra can be used for further evaluation. Both
the anode as well as the cathode HFR (=50 mQcm?ge), extracted from the intercept with the x-
axis, is close to but smaller than the HFR expected for a single 50 um Nafion® membrane
(=53 - 66mMQcm2ge) for the used setup.?’” The SEM already confirmed that the Pt-WRE is
centrally placed between the two electrodes; however, the membrane seems to be thinned
around the tip (see Figure 4.1), which would explain the somewhat lower HFR observed.
Taking a closer look at the impedance spectra of the anode (Figure 4.5a), the spectra at low
current densities are similar to the full-cell spectra, exhibiting an inductive branch at high

frequencies (>12 kHz) followed by a semi-circle, with a diameter decreasing with increasing
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current density. At current densities >100 mAcm™ %o, however, the spectra start to develop an
additional inductive feature (see Figure 4.5b). While the observed decreasing semi-circle with
increasing current densities agrees well with the decreasing OER charge transfer resistances
according to the Tafel-relation (equation 4.1), and thus obviously represents the OER kinetics,
the observed inductive feature at low frequencies cannot be explained easily. Although the peak
frequency of the respective semi-circle is rather low (within the Hz-range; e.g., 1 Hz at
10 mAcm2g) for the R||C-element to represent the OER Kinetics, the frequencies are similar
to the peak frequency of the respective semi-circle within the full-cell spectra (see Figure 4.4).
In case the observed semi-circles do not represent the OER kinetics but mass-transport losses,
which is rather unlikely at these low current densities, no linear Tafel relationship should be
obtained, since the OER kinetics would be influenced by mass-transport losses. Since, however,
as will be shown later (see Figure 4.16), a linear Tafel relationship is observed, it is unlikely
that the observed semi-circle represents mass-transport losses rather than the OER Kkinetics.
Therefore, it is assumed that even though the frequencies are lower than would be expected for
OER Kkinetics, the recorded semi-circle can be attributed to the OER kinetics.
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Figure 4.5 Electrochemical impedance spectra of a) the anode at low and b) at high current densities, and c) the
cathode at low and d) at high current densities of a 5 cm? PEM water electrolyzis cell recorded at 80 °C and ambient

pressure (1 baracathode, 1 baraanode), and 5 mLpo mint at the anode.

The cathode impedance spectra depicted in Figure 4.5¢ and Figure 4.5d exhibit an inductive
branch at high frequencies (>12 kHz), followed by a semi-circle, which gets inductive at
frequencies <5 Hz. While at small current densities (Figure 4.5c) the semi-circle slightly
decreases with increasing current density, it remains constant at current density
>300 mAcm” 2, (Figure 4.5d). As the semi-circle observed can most likely be attributed to the
charge transfer kinetics of the HER,'?* and thus can be described by a linearized Butler-Volmer
relation (equation 4.2), it is no surprise that no significant change with current density can be

observed.
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Assuming an electrochemical actvie surface area ECSA of Aptei=60 m2g** and a loading of
Lri=0.3 mgricm2geo the roughness factor (rf) for a Pt/C cathode is rf=180 cm2picm2geo. Using
an exchange current density for the HER at 80 °C of ioner=250 MACMmetai 2,12 the estimated
charge-transfer resistance for the HER would be RctHerx0.34 mQCm?3ge,. Clearly, the
calculated charge-transfer resistance is two orders of magnitude smaller than the one measured
(ReT,HER®34 MQcm?geo), but it is close to what was observed for a similar type of catalyst in the
literature.> The calculated charge-transfer for the HER is based on the assumption that the Pt/C
catalyst is solely exposed to a hydrogen-rich atmosphere. During operation, however, produced
oxygen can diffuse through the membrane from the anode into the cathode compartment and
recombine with hydrogen at the Pt/C catalyst to water, reducing the overall partial pressure of
hydrogen in the cathode compartment. However, the partial pressure of hydrogen would need
to be significantly smaller to explain such a high overall resistance for the cathode, wherefore
it is rather unlikely that the observed feature within the cathode impedance spectra represents
the HER/HOR Kinetics. Up to now, there is no straightforward explanation for the cathode
impedance spectrum, however, using a less active HER catalyst or a membrane exhibiting a

lower oxygen crossover might help to understand the cathode impedance features.
4.5 Analysis of the Inductive Loop at Low Frequencies

4.5.1 Electrical Circuit Setup — Cable Configuration

Depending on the applied cable configuration (electrical circuit; Figure 4.6), two spectra are
recorded during the measurement, whereas the third one is calculated based on the other two.
Therefore, two different cable connections were used, where either the half-cell spectra of the
cathode or the anode was calculated, in order to exclude any electrical interferences due to the

used cable configuration.
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Figure 4.6 Schematic of two different electrical circuits using the Pt-reference setup.

In Figure 4.7, the individual half-cell spectra along with the full-cell spectra at 1 A/cm?2 are
depicted. While the full-cell spectrum (blue shaded spectra) was measured in both cases and
hence, is expected to remain constant, the individual half-cell spectra remain constant as well.
In both cases the cathode spectrum consists of a large semi-circle and an additional inductive
part at low frequencies (green shaded spectra), whereas the anode spectrum (red shaded spectra)
comprises a smaller semi-circle at high frequencies followed by an inductive loop at smaller
frequencies (<60 Hz). Since the obtained half-cell spectra are identical, any electrical
interferences by the potentiostat due to the used cable configuration can be ruled out.
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Figure 4.7 Electrochemical impedance spectra of the anode (red spectra), the cathode (green spectra), and the full-
cell (blue spectra) at 1 Acm2ge, of a 5 cm? PEM water electrolyzis cell recorded at 80 °C and ambient pressure
(1 baracathode, 1 0araanoge), and 5 mLuzo min-tat the anode. Two different electrical setups were used (see Figure 4.6).
The hollow black stars mark the characteristic frequency of 60 Hz in the individual spectra. Same MEA

specifications as in Figure 4.4.
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45.2 Influence of Membrane Thickness

A change in oxygen crossover from anode to cathode according to the applied current,®® while
recording an impedance spectrum, the applied amplitude can cause a fluctuation of the oxygen
permeation and thus a change in oxygen concentration at the tip of the Pt-wire. In chapter 5.7
it will be shown that the potential at the Pt-WRE is caused by the gas composition present at
the tip of the wire: (i) if hydrogen is the prevalent gas, the potential will be close to the potential
of a reversible hydrogen electrode (=0 V); (ii) in case there is an excess of oxygen, the potential
will be biased towards the thermodynamic potential of water splitting (~1.18 V assuming
standard activity of protons and oxygen at 80°C). Therefore, a small change of the prevalent
gas composition at the tip of the wire during an impedance measurement can lead to a changing
potential of the reference electrode. Since a stable potential of the reference electrode is a
prerequisite for an unambiguous impedance measurement, a fluctuating reference potential can
lead to erroneous impedance measurements.® 124 Depending on the applied amplitude and the
corresponding change in current and thus the amount of oxygen produced, the gas composition
at the reference electrode can change during an impedance measurement if the local Hz and O
partial pressures at the electrode/membrane interface vary with current density (Figure 4.8; see
chapter 5.7).

Pt/C (Cathode) [rO,/TiO, (Anode)

i 2
igee>2A/cm?y,,

c(H;) <¢(0y)

c(H,) g ¢(0,)

Figure 4.8 Schematic of the change in gas composition at the Pt-WRE caused by the applied amplitude during an
impedance measurement. The dotted lines represent the H, and O, concentration profiles within the membrane,
showing a scenario where the local flux of O, at the Pt-WRE position is >1/2 of the local flux of H..

Based on equation 4.3 the diffusion coefficient for oxygen (Do) in Nafion® at 80 °C can be
calculated to be ~1.2 10 "6 cm2s1.1% In case, however, the diffusion of oxygen in water is

considered to be the dominant path the diffusion coefficient is ~4.1 10° cm2s1,126-127

—2768 4.3

Dy, =3.1-1073" exp( > [cm?s™1]
For a diffusion length of x = 50 um (from the electrode/membrane interface to the center of the
Pt-WRE), this would result in a corresponding time constant (see equation 4.4) for oxygen

diffusion in Nafion® and water of tnafione = 20 s and tH20 =~ 0.6 S.
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=% 4.4
D

Schalenbach et al.}? showed that gas permeation can occur through both the solid phase (dry
Nafion®) and water. Assuming that the time constant for oxygen permeation through a fully
humidified 50 pm Nafion®212 membrane is in the order of seconds (0.6 —20s), the
corresponding characteristic frequency would be ~50 mHz — 1.6 Hz. As shown in Figure 4.7
the inductive loop starts to occur at frequencies < 60 Hz. Additionally, the osmotic water drag
can influence the water content within the membrane, thus shifting the characteristic time
constant to lower frequencies. Considering the above estimates, a change in gas composition
due to the applied current amplitude might be possible and might thus be responsible for the
inductive loop at low frequencies. Using a thicker membrane at the anode side (see Figure 4.9),
however, should shift the times constants to even lower frequencies (e.g., for a 100 um Nafion®
membrane the characteristic frequencies would be ~ 10 mHz — 40 mHz). Therefore, a 100 um
Nafion® membrane was used at the anode, while a 15 pm membrane was used at the cathode

(see Figure 4.10).

Pt/C (Cathode) IrO, :Yi()y Anode)

Figure 4.9 Schematic of the influence of the membrane thickness on the characteristic time constant
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Figure 4.10 Electrochemical impedance spectra of a) anode and b) cathode utilizing different membrane
thicknesses at 0.2 Acm?g, of a 5cm? PEM water electrolyzis cell recorded at 80 °C and ambient pressure
(1 baracathode, 1 baraanoge), and 5 mLyzo mMin at the anode. MEA specifications: =1.8+0.2 mgr cm2yvea anode and
~0.2+1 mge: cM2yea cathode loading, using either (2) two Nafion® 212 (=50 pm) membranes (light green and
blue) or (1) a 100 um Nafion® 212 membrane at the anode and a 15 um Nafion® 212 membrane at the cathode
(dark green and blue) and a 50 um Pt-wire with a 9 um PTFE insulation as a reference electrode. The blue star in
Figure 4.10a marks an outlier recorded at 10 kHz during the impedance measurement of a 50 uma/50 pmc

configuration.

The HFR recorded for both anode (x50 mQcm?ge0) and cathode (=43 mQcem?geo) utilizing two
50 um membranes is in good agreement with what has been reported in literature.?” Assuming
that the swelling behavior is similar for all Nafion® membranes (see chapter 2.1.3), this would
result in an ohmic resistance of ~19 mQcm?ge, and ~86 MQcm?geo for the 15 um and 100 pm
membrane respectively (light blue and green in Figure 4.10a and b). The recorded HFR of the
100 um membrane is with ~60 mQcm?ge, lower and the recorded HFR of the 15 pm membrane
is with ~35 mQcm?ge, higher than expected (dark blue and green in Figure 4.10a and b). As was
already discussed earlier, the membrane seems to be thinned around the Pt-wire tip and hence,
it is possible that during the hot-pressing step the membrane creeps around the Pt-wire, resulting
in a different HFR than expected. Clearly the impedance spectra look quite similar for both
setups (a semi-circle representing the charge transfer kinetics), and the inductive loop still
appears at similar frequencies for both cases and the utilization of a thicker membrane did not
result in the disappearance of the inductive feature. However, since the HFR at the anode side
is similar for both membranes (50 mQcm?Zgeo Vs 60 MQcm?2ge0) and assuming that the HFR has
a linear relationship with the position of the Pt-wire, this would change the distance only by
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~12 um and the characteristic time frequency to only ~1 Hz. Although the change in membrane
thickness was not large enough to prove that it has no influence on the inductive feature, it is
highly likely that the thickness of the membrane does not affect the impedance loop and that
the cause is related to some other phenomenon.

4.5.3 Influence of the Applied Amplitude

The applied amplitude should be selected carefully in order to maintain linearity.>! Therefore,
different amplitudes were tested to exclude the influence of an incorrectly chosen amplitude.
Figure 4.11 depicts the anode impedance spectra recorded at 80 °C and 1.6 V corresponding to
a current of 0.66 Acm g0, applying different voltage amplitudes (5 — 40 mV). As can be seen,
independent of the chosen amplitude, the recorded impedance spectrum as well as the inductive
feature remains constant and thus, the amplitude does not seem to be responsible for the
inductive loop recorded at low frequencies. Moreover, by changing the magnitude of the
amplitude, the local gas composition should change accordingly, being more pronounced at
higher amplitudes. Since the extent of inductivity does not change with amplitude, this hints

towards the gas composition not being responsible for the inductive loop.
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Figure 4.11 Electrochemical impedance spectra (100 kHz — 1 Hz) of the anode at 1.6 V (cell voltage) and different

amplitudes of a5 cm? PEM water electrolyzis cell recorded at 80 °C and ambient pressure (1 bara cathode, 1 bara anode),

and 5 mLuzo mint at the anode. MEA specifications: =0.8 mgir cM2yea anode and =0.1 mge; cM2yea cathode

loading, using two Nafion® 212 (=50 um) membranes and a 50 pm Pt-wire with a 9 um PTFE insulation as a

reference electrode.
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4.5.4 Comparison with the Literature

In the literature, different explanations can be found describing the origin of an inductive feature
at low frequencies. Sorsa et al.>® used a Pt/C ring that was spray coated symmetrically on the
membrane on the opposite site of the individual electrodes and electrically connected the Pt/C
rings via a Pt wire sandwiched between the two half-cell MEAs. They simultaneously recorded
the individual half-cell spectra while cycling the cell between 1 Acm™ for 60 s and OCV for
300 s. While in this case the reference electrode cannot be used to control the individual half-
cell potentials, since it deviates by roughly -200 mV vs SHE, it was used to record individual
impedance spectra. They showed that the anode impedance spectra comprise two main
processes, namely mass transport and charge transfer resistances. The latter is assigned to the
semi-circle observed at lower frequencies (t ~ 10 — 200 ms corresponding to 100 Hz — 5 Hz)
and is decreasing with current density, whereas the mass transport losses occur at higher
frequencies (t =~ 0.8 ms corresponding to 1250 Hz) and increase with current density. Although
it is rather surprising that the charge transfer kinetics are attributed to the RC-circuit at lower
frequencies, since mass transport phenomena usually appear at lower frequencies than those
described to the OER Kinetics, the anode impedance spectra recorded within this study do not
show any inductive feature. No frequency information is provided within the impedance spectra,
wherefore it is hard to judge whether an inductive feature might be overlapped by the semi-
circles, since the cathode spectra show a distinct inductive loop at low frequencies, similar to
the one recorded within our study (see Figure 4.5). Especially at higher current densities, the
inductive loop observed in their cathode spectra becomes more pronounced in their study.
Taking a closer look at the impedance spectra of the cathode, however, reveals an unlikely high
HFR (=250 mQcm2geo) for the used Nafion® 115 membrane, for which no explanation was
provided. Ultimately, they concluded that the inductive loop is caused by carbon corrosion of
the cathode catalyst layer due to the formation of H.O> and F~ and that these processes would
have to be considered when applying an equivalent circuit model (ECM) for fitting the

impedance spectra.

Kuhn et al.'?® used an insulated carbon filament, where only the tip is in direct contact with the
membrane. This type of reference electrode can only be used for impedance measurements,
since the potential at the tip of the wire is undefined. In this case, the half-cell spectra during
the operation of a PEM-FC were recorded. Within the cathode impedance spectrum they
observed an additional inductive loop, which they attributed to oxygenated species adsorbing
on the surface of the catalyst.*?® While they did not elaborate it in further detail in their study,
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they examined it further in a second study, where the same type of reference electrode was
applied.®*® Herein, the inductive loop present at low frequencies and within the cathode spectra
exhibited a similar characteristic frequency at its maximum, pointing towards a potential
independent process. They attributed it to the formation of OHag, indicating a chemical step

within the reaction mechanism of the ORR.

Schneider et al.*®' operated a nine-fold segmented cell at sub-saturated conditions and
simultaneously recorded the impedance spectra of the single cells. In the sub-saturated part of
the cell they observed an additional inductive loop at low frequencies. They attributed it to the
development of gas oscillation along the flow channels, since the applied sinusoidal signal can
lead to a change in water concentration in the gas channels and thus, a change in membrane

conductivity.**

Lastly, Pivac et al.'*> summarized and discussed several possible explanations describing an
inductive feature at low frequencies in the impedance spectra of PEM-FC. It can either be
ascribed to side reaction with intermediate species — such as adsorption processes on the catalyst
surface or H20> or PtOx formation — or to water transport characteristics, e.g., a change in water
generation or in proton conductivity. Ultimately, they concluded that the interpretation at low

frequencies is still not straightforward.

In summary, the only viable explanation for the observed inductive loop in our study might be
an oscillation of the water content and flux within the membrane. Since the Pt-wire reference
electrode applied in this study is centrally placed within the MEA and the water flux within the
membrane can also change according to the applied amplitude and current, this might lead to
the observed inductive feature due to a change in hydration state of the membrane. However,
up to this point no clear evidence was found for the inductive loop recorded within this study.

4.6 Analysis of the Anode Impedance Spectra

Even though the inductive loop at low frequencies remains an open question, the inductive
artifacts are only observed at high current densities within the anode impedance spectra
(Figure 4.5b). To extract any kinetic information, however, the small current densities are
sufficient (e.g., 10 — 100 mAcm g, for the determination of the Tafel slope; see Figure 2.2).
Hence, a simplified transmission line model was used to fit the anode impedance spectra at low
current densities to extract the Tafel slope (i.e., the charge transfer resistance), the capacitance
as well as the proton sheet resistance. Figure 4.12 illustrates the transmission line model used

to fit the anode spectra.
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Figure 4.12 One-dimensional transmission line model showing the inductance of the system (L) in series with the
through-plane proton transport resistance of the membrane (Req), the incremental proton sheet resistance (R+),
and the electrical resistance (Rcont.) mainly originating from the contact resistance at the electrode||PTL interface.
These resistances are coupled with an incremental RC-element, describing the charge transfer kinetics (Rct) and

the electrode capacitance (C;) which is potential dependent.

When fitting the anode spectrum at 50 mAcm2geo, None of these parameters was fixed and the
recorded data as well as the obtained fit are depicted in Figure 4.13a. At high frequencies, the
intercept with the x-axis depicts the HFR, followed by a 45° degree line representing the proton
sheet resistance and a subsequent semi-circle associated with the charge transfer kinetics of the
OER. The charge transfer resistance of the OER is non-linear, and the overpotential increases
proportional to the logarithm of the current (Tafel kinetics; equation 4.5). Hence, due to the
small current density applied, the charge transfer resistance is dominant and the obtained fit
seems to match rather nicely. Since the residuals are randomly but equally distributed around
the zero line and less than 5% (see Figure 4.13b), we assume that the underlying model

represents the occurring processes quite well.

i
no«TS: log(g) 4.5
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Figure 4.13 a) Electrochemical impedance spectra (100 kHz — 1 Hz) of the anode at 50 mAcm g, (black line) and
the corresponding fit (blue circles) derived from the TLM model depicted in Figure 4.12 of a 5 cm? PEM water
electrolyzis cell recorded at 80 °C and ambient pressure (1 baracathode, 1 baraancdge), and 5 mLizo min at the anode.
b) Corresponding residuals. MEA specifications: =1.3 mgy cm?2yea anode and =0.3 mge: cM2yvea cathode loading,
using two Nafion® 212 (=50 um) membranes and a 50 um Pt-wire with a 9 um PTFE insulation as a reference

electrode.

In table 4.1 the obtained parameters are listed. The HFR calculated based on the fit
(45.7 mQcm?2ge0) matches quite well with the HFR for a 50 pm Nafion® membrane obtained in
the literature, illustrating that the Pt-WRE is centrally placed within the MEA.?’ Bernt et al.?’
estimated the proton sheet resistance for an electrode containing 11.6 wt.-% to be between
14 — 30 mQcm?geo. Hence, the proton sheet resistance derived from the impedance fit
(65.9 mQcm?2geo) is roughly twice as large as would be expected for a 12 wt.-% ionomer
electrode. Usually, the proton sheet resistance is determined in so called “blocking conditions”,
when the charge-transfer resistance is infinitely large.*® 4’ In this case, however, the lowest
current density (50 mAcm2ge0) was used to determine the proton sheet resistance and thus, the
charge transfer resistance might already have an impact on the fit of Rn+. To ensure a proper
determination of the proton sheet resistance, an additional impedance spectrum should be
recorded, where the charge transfer kinetics are infinitely large (e.g., Ho/N2 regime or at
potentials below the OER regime) so that the ECM can be simplified. The charge transfer
resistance can also be extracted from the polarization curve based on the Tafel relation
(equation 4.6), once the proton sheet resistance as well as the ohmic resistance are accounted

for. Based on equations 2.24 — 2.26, the effective proton sheet resistance can be calculated.
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In Figure 4.14 the polarization curve as well as the iR- and Rx+-free polarization curves along
with the HFR are shown.

Table 4.1 Physical parameters obtained by fitting the impedance spectrum recorded at 50 mAcm 2, (Figure 4.13a)
with the TLM depicted in Figure 4.12.

Parameter
HFR 0.009 Q 45.7 mQcm2geo
Ru+ 0.013 Q 65.9 mQcm?geo
Rer 0.370 Q2 1.85 Qcm?geo
Capacity 0.446 F 89 mFcmM2geo
Alpha 0.965

The charge transfer resistance at 50 mAcm 2 estimated based on the Tafel relation (equation 4.6
with a Tafel slope of 52 mVdec™ taken from Figure 4.14) results in 2.26 QcmZgeo. In comparison
to the one calculated based on the here used TLM model (1.85 QQcm?3g,; table 4.1), the
difference is only ~20%, which is quite reasonable. However, both the fitting of the impedance
spectra as well as the determination of the Tafel slope are quite parameter sensitive, and a small
deviation in one of the parameters would lead to a different result. For example, when the Tafel
slope is determined between 0.01 —0.05 Acm 2y, Yielding 48 mVdec?, the charge transfer
resistance calculated from equation 4.6 is 1.95 Qcm?geo, and hence differs by only 6% from the
TLM fit in table 4.1. Therefore, the charge transfer resistance obtained from the impedance
measurement matches quite well with the one estimated by the Tafel relationship. Since the
double-layer capacity cannot be measured directly at higher potentials we assume that the
capacity extracted from the CV at ~1.25V (see Figure 4.15) remains roughly constant. The
capacity derived from the impedance measurement (<89 mFcm2geo) is roughly half of the one
deduced from the CV (=157 mFem 2ge0). Bernt et al.?’ did not observe any difference in capacity
within this range of ionomer content, wherefore this cannot explain this 2-times higher capacity.
Nonetheless, they also observed a higher capacity extracted from the CV compared to the one
they estimated based on the impedance measurement, which they attributed to the fast
electrosorption processes during cycling and the associated pseudocapacitance.*” Up to now,

we cannot explain this difference, but since there is no information on whether there is an
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underlying redox-couple masked by the OER, we believe that the obtained capacities are

sufficiently close to demonstrate the application of the Pt-WRE at this point.
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Figure 4.14 PEM-WE performance data recorded at 80 °C and ambient pressure. a) Ecen vs i performance (dark
blue symbols), HFR-free performance data (light blue symbols), and the iR-and Ru.-free performance data (purple
symbols) with an anode water-feed of 5 mLuzo min™ of an MEA including a Pt-WRE (100 pm membrane); inset:
Tafel plots of Enrr-free aNd Enrr +rH+-free VS 1 (data from Figure 4.14a and table 4.1); Tafel slopes were determined
between 0.01 A cm2, and 0.1 A cm?ge, (gray shaded region); b) corresponding HFR values (extracted from the

intercept in the Nyquist plot). Same MEA specifications as in Figure 4.13.
The second parameter of the CPE next to the capacitance is alpha, which accounts for any
structural inhomogeneity of the electrode surface.'33 As can be seen in table 4.1, the alpha value

obtained from the impedance fit is sufficiently close to a = 1, which is expected for PEM-WE
and PEM-FC electrodes.

In summary, using a TLM for fitting the anode impedance spectrum recorded with the Pt-WRE
at low current densities delivers physical parameters, providing a more precise depiction of the

individual processes occurring during operation.
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Figure 4.15 Cyclic voltammogram (CV) recorded at 50 mV/s, 80 °C, ambient pressure, and 5 mLpzo min?
(anode)/ 50 nccm H; (cathode). Same MEA specifications as in Figure 4.13.

As already mentioned, the determination of the Tafel-slope from the polarization curve is prone
to errors, since all other occurring losses need to be accounted for. Hence, if one were able to
derive the charge transfer resistances at each current density individually, a more precise
determination would be possible. Therefore, the impedance spectra recorded during the
polarization curve up to a current density of 1 Acm g, Was fitted using the TLM in Figure 4.12.
At some point, the semi-circle of the charge transfer resistance merges with the 45° line of the
proton sheet resistance and an unambiguous determination of R+ is not possible, wherefore we
kept Ru+ = 65.9 mQcm?2ge, constant during the fit (i.e., the value obtained for the fit at
50 mAcm2). Moreover, as already shown in chapter 4.4, the anode impedance spectra feature
an inductive loop at low frequencies. To avoid any adulteration of the derived parameters due
to the influence of the inductive loop, the fit was applied to a specific current and frequency
range (see table 4.2).

Table 4.2 Current and frequency range for the application of the TLM to analyze the anode impedance spectra

Current density [mACM 2geo] Frequency-Range
0.01-0.05 100 kHz-1 Hz
0.10-0.20 100 kHz-2 Hz
0.30-0.60 100 kHz-6 Hz

1.00 100 kHz-122 Hz
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Based on the charge transfer resistance obtained from the TLM as a function of the inverse
current using equation 4.6, the Tafel slope can be determined (Figure 4.16). Independent of the
current range the Tafel slope derived from the charge transfer equates to ~43 mVdec and thus,
is roughly 10 mVdec* lower compared to the one obtained by a linearization of the polarization
curve (see Figure 4.14a). Since the small current densities in this analysis have a greater impact
on the Tafel slope, a small deviation at high current densities (e.g., due to a less accurate fit)
would make less of a difference. In summary, if the charge transfer resistance is calculated
based on equation 4.6, the charge transfer resistance for the used catalyst (IrO2/TiO2; Umicore)

will be smaller than what has been derived from the polarization curve.
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Figure 4.16 Charge transfer resistance of the anode as function of the inverse current using equation 4.6; The
charge transfer is estimated by applying the TLM to the anode the impedance data shown in Figure 4.5a and b.

Same MEA specifications as in Figure 4.13.

Besides the charge transfer resistance, the capacitance as well as alpha can be derived from the
TLM and are depicted in Figure 4.17. While alpha remains rather constant and close to one, the
anode capacitance determined from the anode impedance data increases with current. Although
the capacitance is roughly half (<90 mFcm?2g,) of what is estimated based on the CV
(Figure 4.15) at lower current densities (<250 mAcM?geo), at 1 Acmgeo the capacitance
obtained from the anode impedance data (=150 mFcm2geo) is close to the one obtained from the
CV (157 mFcm2ge at 1.2 V).

Even though only part of the anode impedance spectra was used to determine these single
parameters, the values obtained are in good agreement of what would be expected. Up to this
point, no explanation has been found for the inductive loop observed at lower frequencies and
an unbiased impedance measurement and hence, fitting is not possible. Nevertheless, it was

shown that by using the right TLM and only part of the recorded impedance spectra one can
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still obtain physically meaningful parameters, which allow a more precise deconvolution of the

individual processes occurring during operation.
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Figure 4.17 Capacitance (black circles) and alpha (blue squares) derived from the anode impedance as function

of the current density; Both are estimated based on the TLM in Figure 4.12 from the impedance measurements

recorded during the polarization curve (Figure 4.14). The same MEA was used as in Figure 4.13
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5 Scientific Contributions

The following sections show the scientific contributions made by this PhD research as
published work in peer-reviewed journals. In section 5.1, the current challenges in catalyst
development for PEM-WE are revealed, starting from the right choice of catalyst material,
describing the reliability of catalyst screening tools, and exploring accelerated stress tests. The
next section (5.2) deals with the development and characterization of a highly active OER
catalyst, where iridium is deposited on conductive ATO, thereby enabling an OER catalyst with
a lower iridium packing density, which is one prerequisite to enable large scale PEM water

electrolysis.

In order to accelerate catalyst development screening tools are necessary to access the activity
and stability of newly developed catalysts. RDE or other half-cell based methods are commonly
used. Therefore, in section 5.3, the frequently used method (application of constant current) to
access the stability of OER catalysts using the RDE technique will be carefully evaluated. It
will be shown, that the obtained stability is greatly influenced by the accumulation of oxygen
bubbles within the catalyst layer. The shielding of active sites by oxygen bubbles leads to the
loss in performance as well as to a loss of active material. In section 5.4, it will be demonstrated
that the accumulation of oxygen bubbles during an RDE measurement can be prevented when
additional ultrasonication is applied. Subsequently (section 5.5), it will be shown that neither
the application of constant current or potential nor potential cycling can be used to estimate the
lifetime of an OER catalyst using the RDE technique. The results obtained from RDE are
directly compared to the stability measured in an MEA in a PEM-WE: while the catalyst
operates stable in an MEA, a severe decrease in performance can be observed in RDE.

Since it was shown that the RDE method cannot be used to determine the stability of an OER
catalyst, accelerated stress tests are necessary to access the lifetime of an OER catalyst on a
reasonable time scale. Therefore, in section 5.6, an AST mimicking the fluctuating power
supply by renewable energies is proposed, where times of operation and idle periods alternate.
During idle periods, an additional interfacial resistance was shown to develop leading to a
decrease in performance and to the passivation of the Ti-PTL in combination with the formation
of a hydrous iridium-oxide. By introducing a Pt-wire reference electrode it will be shown in-
situ in section 5.7, that an additional contact resistance at the anode is indeed responsible for

the decrease in performance.
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5.1 Current Challenges in Catalyst Development for
PEM Water Electrolyzis

The following review article “Current Challenges in Catalyst Development for PEM Water
Electrolyzer” was submitted to Chemie Ingenieur Technik in July 2019 and accepted for
publication in October 2019 as an open access article under the terms of Creative Commons
Attributions License (CC BY 4.0).1** One can find the article under the permanent web-link:
https://onlinelibrary.wiley.com/doi/full/10.1002/cite.201900101

This review highlights the current challenges in catalyst development for PEM-WE. Although
hydrogen production via electrochemical water splitting in a PEM-WE is a promising method
with respect to the aimed decarbonization of the energy sector, one major obstacle is the harsh
environment (high potentials and high acidity) during operation, which limits the choice of
electrocatalysts to the platinum group metals. While the Pt loading on the cathode side can
easily be reduced due to the fast kinetics toward the HER, the sluggish kinetics of the OER on
the currently used iridium-based catalysts form an obstacle. Therefore, considering the
abundance along with the costs for iridium a significant reduction in iridium loading (40-folds)
is required to enable a GW-range application. It is shown that, in theory, a reduction of the
iridium loading down to 0.05 mgi.cm2geo along with a significant decrease of the Ir-specific
power density (girkW1) is possible with today’s commercial catalyst materials.*3* In a study by
Bernt et al.®® it was shown, that low loadings of one commonly used catalyst namely an 1rO;
coated TiO2 support (IrO2/TiO2; Elyst Ir75 0480 from Umicore, Germany) result in
inhomogeneous catalyst layers and thus in additional performance losses. Although, the activity
of today’s iridium based OER catalysts might be sufficient, obtaining a homogenous catalyst
layer at low iridium loadings requires the development of electrocatalysts with a lower iridium
packing density (gircm) is needed. One approach would be to disperse nanoparticles of Ir or
IrO2 on conductive high-surface area support materials (e.g., ATO), similar to the concept used

for Pt/C electrocatalysts.

To access the activity as well as stability of newly developed catalysts reliable screening tests
are needed. Most commonly methods based on RDE or flow-channel configurations have to be
used. While the activity measured in RDE vs MEA is within the same order of magnitude, the
OER catalyst stability obtained from RDE (couple of hours) differs significantly from the one
measured in an MEA (ten thousands of hours). It was shown that the fast increase in potential

is associated with the accumulation of oxygen bubbles within the catalyst layer during an RDE
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measurement.!'® Since neither RDE nor flow-channel measurements provide reliable stability
results, accelerated stress tests are required to assess the long-term stability of electrocatalysts.
An accelerated stress test, where times of operation alternate with idle periods to mimic the
fluctuating power supply of renewable energies, showed that idle periods (no current is supplied)

should be avoided in order to maintain a constant performance.
Author contributions

Fabrication of membrane electrode assemblies and electrochemical testing in a PEM-WE cell
was performed by M.B., AH.-W. C.S., and J.S. Fabrication of catalyst inks and
electrochemical testing in RDE was performed by M.F.T. Analysis of the experimental test
results was done by M.B., A H.-W., M.T.F,, C.S., and J.S. M.B. and A.H.-W. wrote the
manuscript that was edited by H.A.G. All authors discussed the experimental results and revised

the manuscript.
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This work addresses current challenges in catalyst development for proton exchange membrane water electrolyzers

(PEM-WEs). To reduce the amount of iridium at the oxygen anode to levels commensurate with large-scale application of

PEM-WEs, high-structured catalysts with a low packing density are required. To allow an efficient development of such

catalysts, activity and durability screening tests are essential. Rotating disk electrode measurements are suitable to deter-

mine catalyst activity, while accelerated stress tests on the MEA level are required to evaluate catalyst stability.

Keywords: Accelerated stress test, Catalyst, Iridium, Oxygen evolution reaction, PEM electrolysis
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1 Introduction

With its high power density and excellent load-following
capability, proton exchange membrane water electrolysis
(PEM-WE) presents a promising technology for sustainable
hydrogen production in the context of large-scale energy
storage [1-3]. However, due to the harsh environment (low
pH, potential > 1.5V and high oxygen concentration on the
anode) in a PEM-WE, the choice of electrocatalysts is lim-
ited to platinum group metals (PGMs). Typically, carbon
supported platinum (Pt/C) is used for the hydrogen evolu-
tion reaction (HER) on the cathode, while iridium (Ir)
based catalysts are used for the oxygen evolution reaction
(OER) on the anode. Even though high catalyst loadings are
commonly applied (= 0.5-1.0mgp,cm™ on the cathode
and =~ nglrcm’2 on the anode [4]), catalyst materials
account for only ~ 5% of the total cost in today’s relatively
small (kW range) systems [5]. However, for larger systems
(MW range), the contribution of balance-of-plant costs and
other stack components will be much lower, so that catalyst
costs are expected to become a major cost contributor [6].
Additionally, the limited availability of Ir will become a
concern when PEM-WE installation capacities reach the
GW-scale. For this scenario, a recent study by our group
shows that a significant reduction of the Ir loading from cur-
rently ~ 2mgy, cm ™ to only = 0.05mg;, cm > would be re-
quired to enable a large-scale application of PEM-WE:s [3, 7].

A reduction of the Pt loading on the cathode was shown
to be possible without any impact on performance due to
the extremely fast HER kinetics of Pt in acidic electrolytes
[2, 7-9]. For the Ir catalyst, on the other hand, the OER
kinetic penalty of a reduction in Ir loading for an IrO,
based OER catalyst is illustrated in Fig. 1. The solid red line
presents the measured data for an MEA (membrane elec-
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trode assembly) with a Nafion® 212 membrane (~ 50 nm),
a Pt loading of ~ 0.35mgp,cm™ on the cathode, and an Ir
loading of ~ 2mg;, cm™ on the anode at a temperature of
80 °C and ambient pressure (taken from Fig. 4a in reference
[10]). Due to the thin membrane and the optimized elec-
trode structure, a cell voltage efficiency with respect to the
lower heating value of hydrogen (LHV) of 70 %y ;v (corre-
sponding to a cell voltage of 1.79 V) can be reached at a cur-
rent density of 4 A cm™* [10], equating to a cell energy con-
sumption of ~ 48kWhkgy,'. Based on the typically
observed Tafel kinetics for IrO, based OER catalysts with a
Tafel slope of TS ~ 50mV decade™ [10], the kinetic OER
overpotential increase (Aorr) when the catalyst loading is
reduced from 2 to 0.05mg;cm > would equate to a cell
voltage increase of ~ 80 mV (from Anogr = TSlog[2/0.05]).
Assuming that all other voltage losses are not affected by
the reduction of OER catalyst loading, the voltage vs. cur-
rent density curve would simply be shifted upwards by
80 mV, as is shown by the red dashed line in Fig. 1.
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Figure 1. Ambient pressure PEM-WE performance curves mea-
sured for an MEA with a 50 um thick Nafion® 212 membrane
and catalyst loadings of ~ 2mg,,cm™ and ~ 0.35mgp,cm™ at a
temperature of 80°C (solid red line; 5 cm? single-cell data taken
from reference [10]). The dashed red line gives the projected
performance curve for an Ir loading of 0.05 mg;-cm?, calculated
based on the OER kinetics of the IrO, catalyst and the assump-
tion that all other voltage losses are not affected by the reduc-
tion of OER catalyst loading. The blue lines represent the
Ir-specific power density as a function of current density for

Ir loadings of 2 mg,, cm™ (solid line) and 0.05 mg,, cm™ (dashed
line). The arrows illustrate the consequence of lowering the

Ir loading while keeping either the current density constant
(path A) or while keeping the cell voltage (i.e., the efficiency)
constant (path B).

With regards to the Ir-specific cell power density (i.e., the
Ir loading divided by the cell power density, in units of
g kW™), the projected performance loss when reducing
the Ir loading by a factor of 40 (i.e., from 2 to 0.05 mg;, cm™)
would still result in a ~ 30-fold reduction of the Ir-specific
power density (see solid vs. dashed blue line in Fig.1). In
other words, the performance metrics projection for this
40-fold lowering of the Ir loading can be viewed in either
one of two ways: i) if keeping the current density constant,
the cell voltage at 4 A cm™ would increase by ~ 80mV to
1.87 'V, which corresponds to an increase of the cell energy
consumption by ~ 4% to ~ 50 kWh kgHz'1 (= 67 %y 1y effi-
ciency), but the Ir-specific power density would be reduced
from ~ 0.3 gI,kW'l to ~ 0.007 glrkW"l (see path A marked
in Fig.1); or, ii) when keeping the efficiency constant at
70 %p 11y the current density would have to be decreased by
~27% to ~ 29 Acm™, but the Ir-specific power density
would still be substantially reduced to = 0.01 g, kW™ (see
path B in Fig. 1). Both strategies would lead to a reduction
of the Ir-specific power density to the < 0.01 g, kW™,
which would be required for GW-scale applications of
PEM-WEs [7]. It also should be noted, however, that
the voltage efficiencies of > 70 %;yy at current densities
> 2Acm™ shown in Fig. 1 can only be achieved with thin
membranes [11,12] (= 50um here vs. = 200 um in today’s
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commercial electrolyzers), which in turn requires special
mitigation strategies to prevent the formation of explosive
H,/O, mixtures in the anode compartment [13].

The analysis presented above suggests that the require-
ments for a large-scale application of PEM-WEs could be
met by reducing the Ir loading to 0.05 mg;, cm ™. However,
such a drastic reduction of Ir loading is not possible with to-
day’s commercial catalyst materials. In case of the titanium
oxide supported IrO, (IrO,/TiO,) catalyst (Elyst Ir75 0480
from Umicore, Germany) that was used at an Ir loading of
2 mg;, cm * for the performance curve shown in Fig. 1 (solid
red line), the catalyst layer becomes very thin and inhomo-
geneous when its loading is reduced to < 0.5mg,cm™,
resulting in a much higher performance loss than expected
based simply on the OER kinetics losses [7]. That analysis
shows that while the OER activity of today’s commercial Ir
based catalysts would be sufficient to allow a drastic reduc-
tion in iridium loading at only minor performance losses,
high-structured catalysts, i.e., catalysts with a much reduced
iridium packing density in the electrode, will be required to
enable the fabrication of a homogeneous catalyst layer at
such low Ir loadings. For example, the iridium packing den-
sity of the here used IrO,/TiO, catalyst in the anode elec-
trode is ~ 2.3 g, cm™ (corresponding to a layer thickness of
~ 4.3um (mglrcm‘z)" [7]), which is = 30-fold larger than
that of a typical carbon supported platinum catalyst used in
fuel cells or in the electrolyzer cathode (= 0.08 gp,cm™ or
~ 125pum (mgp, em™)7! for a 15wt % Pt/C catalyst [7]). In
the following section, different concepts to develop such a
high-structured catalyst will be discussed.

2 Concepts for Ir-Based OER Catalyst
Development

In state-of-the-art PEM-WEs, unsupported Ir or IrO, based
catalysts are used for the OER on the anode [4]. There are
different possible approaches to create a high-structured
catalyst which would enable the fabrication of electrodes
with ultra-low Ir loadings and with sufficient thickness
(= 4-8um [7]). One strategy is to maximize the noble
metal dispersion by supporting thin films or nanoparticles
of Ir or IrO, on high-surface area support materials, a con-
cept similar to the Pt/C catalyst used for the electrolyzer
cathode or for PEM fuel cell electrodes. The high electro-
chemical potential on the anode side of > 1.4V, however,
precludes the use of carbon supports which would get oxi-
dized to CO, under these conditions [14, 15]. On the other
hand, titanium dioxide (TiO,) is a stable, commercially
available, and inexpensive material [16], and is frequently
used as a catalyst support for Ir [17, 18]. However, a rela-
tively high amount of Ir or IrO, (> 40 wt %) is required to
generate sufficient electric conductivity by forming a contig-
uous network/film of Ir or IrO, nanoparticles [19, 20], since
TiO, itself is not conductive. A conductive and stable sup-
port material would eliminate the need for a percolating
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network of Ir or IrO, to provide sufficient conductivity
across the catalyst layer and, hence, enable lower Ir load-
ings. Antimony doped tin oxide (ATO) [21-24] and
niobium doped titanium oxide (NTO) [25] have been pro-
posed as potential support materials, but their long-term
stability for PEM electrolysis still needs to be verified.
Another promising support option are titanium suboxides
that have a higher intrinsic conductivity compared to ATO
[26,27], but further research is required to show if this
high conductivity can be maintained during prolonged
electrolyzer operation. Tungsten doped titanium oxide
(W,Ti;_O,) has been presented as another potential sup-
port material and high performance and sufficient stability
over 1000 h at an Ir loading of 0.2 mg;, cm™ has been dem-
onstrated [28]. In the absence of a suitable support material,
alternative catalyst structures, such as Ir based nanowires
[29], nanostructured thin films (NSTFs) [30], or core-shell
structures [6,22] along with improved catalyst layer manu-
facturing techniques, like reactive spray deposition [6],
present another pathway to achieve lower Ir loadings.
Within the Kopernikus P2X project [31], different ap-
proaches to reduce the iridium loading were investigated by
the project partners Greenerity GmbH, Heraeus Deutsch-
land GmbH & Co.KG, the Ludwig-Maximilians-University
Munich (LMU), and the Technical University of Munich
(TUM), which yielded a new high-structured catalyst with
reduced iridium packing density (~ 0.46 g, cm™), which at
a loading of ~ 0.3 mg;, cm ™ still enables a sufficiently thick
electrode of ~ 6.5um. Its performance at this loading and
thickness is compared in Fig.2 (green line) to that of the
commercial IrO,/TiO, catalyst at the higher loading of
2.5 mglrcm’2 with an electrode thickness of ~ 11pm (red
line). Even though the catalyst loading was reduced by a
factor of =~ 8, a slightly higher performance was obtained
for the new catalyst. This presents an important first step to
a significant reduction of the Ir loading required for a large-
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Figure 2. Ambient pressure electrolyzer performance (5cm?
single cell) at 80 °C for an MEA with a commercial catalgst (Ir0y/
TiO,, Umicore) with an anode Ir loading of 2.5 mg,, cm™ (red)
compared to a new high-structured catalyst material with an

Ir loading of = 0.3 mg,.cm™ (green). MEAs were prepared with
~ 50um Nafion” 212 membranes and a cathode Pt loading of
0.3 mgpt cm% the cell hardware and the other cell components
are as described in reference [10].
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scale application of PEM-WE. At a cell voltage of 1.79V
corresponding to a cell voltage efficiency of 70 %y
the current density for both catalysts is ~ 3.4 Acm?,
which would correspond to Ir-specific power densities of
~ 0.41 g kW™ and ~ 0.05g, kW™ for the 2.5mg,cm™
and the 0.3mg;,cm™ anode, respectively. For this new
Ir-based OER catalyst, the projected Ir-specific power den-
sity would already be within a factor of 5-10 of the above
stated target of 0.01 g;, kW', However, the development of
such new OER catalysts requires fast and reliable screening
methods to identify promising materials within a reasonable
time scale. Possible methods and the associated challenges
will be discussed in the following section.

3 Screening of OER Catalyst Activity
and Stability

In order to evaluate the activity/stability of novel OER cata-
lysts, screening tests based on rotating disk electrode (RDE)
or flow-channel configurations [18,32,33] are commonly
used. Typically, RDE measurements are performed in a
three-electrode cell using a reversible hydrogen electrode
(RHE) as a reference electrode, a high surface area gold
(Au) mesh as a counter electrode, and a disk working elec-
trode with a polycrystalline gold disk embedded in a PTFE
body (Pine Research Instrumentation, USA). Often, diluted
sulfuric acid is used as a liquid electrolyte and, in contrast
to MEA measurements, only a few milligrams of catalyst
are needed to assess the OER activity as well as the catalyst
stability. The small amount of catalyst needed is one main
advantage of using the RDE technique. New synthesis
routes often yield only a few milligrams of catalyst material,
and prescreening the OER activity along with the catalyst
stability is beneficial for pre-selecting promising materials
before a lot of effort is taken to produce several grams of
catalyst which are required for MEA preparation and test-
ing in an electrolyzer.

Fig.3a shows the high-frequency resistance (HFR) cor-
rected cell voltage vs. the logarithm of the mass-normalized
current density (a so-called Tafel plot), often used to assess
OER activity and kinetics, for the IrO,/TiO, catalyst
(Umicore) measured at 40 °C, both with the RDE technique
in argon-purged 0.1 M H,SO, and in a PEM electrolyzer
at ~ 1bar,,, O,. The observed Tafel slope is quite similar
for these two different measurement configurations
(= 50mV dec"), indicating that the prevailing OER reac-
tion mechanism is similar in both environments. When
referencing the OER activity at an HFR-corrected voltage of
1.5V vs. the reversible hydrogen reference electrode poten-
tial, the activity of the Umicore (IrO,/TiO,) catalyst
measured by the RDE technique (21 A g, ") is roughly twice
as high as when measuring the same catalyst in an MEA
(10A g[r'l). While this difference of a factor of two is
unclear at the moment, the obtained OER mass activities
are still close enough to provide a reasonable prediction of
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Figure 3. Evaluation of the OER activity and the stability of the
Umicore catalyst (IrO,/TiO,) by the RDE technique (in 0.1 M
H,S0,4 at 10mVs™, purged with pure argon) and in a 5cm? sin-
gle-cell PEM-WE (also at 10mVs ™' and at ~ 1bar,ps O, pressure)
at 40°C: a) Tafel-plots of HFR-corrected cell voltage vs. the loga-
rithm of the mass-normalized current density obtained by the
RDE technique (black line) or by measuring an MEA in a single-
cell PEM-WE (blue circles); b) chronopotentiometry at the same
mass-specific current density of 70 A g, for an RDE (black) at a
loading of 0.4 mg,,cm™ and a geometric current density of

28 mA cm™ and for an MEA measurement (blue) at a Ioading of
2.0mg,,cm™ and a geometric current density of 139 mA cm™.

the performance of a new OER catalyst in an electrolyzer
on the basis of RDE data.

Other than estimating the OER activity of novel catalysts,
obtaining an estimate for their long-term stability is of cru-
cial importance for a successful implementation in a real
system. Research groups synthesizing new OER catalysts
often use a chronopotentiometric (CP) RDE experiment, as
it can be conducted with only mg-quantities of catalyst.
There, a constant current is applied and the corresponding
increase in potential is correlated with catalyst stability.
Fig. 3b shows the resulting potential transient for a constant
mass specific current density of 70 Ag,” applied to the
commercial IrO,/TiO, catalyst whose performance was
shown in Fig. 2 (red line), both using the RDE technique (at
a loading of 0.4 mg;,cm™ and a geometric current density
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of 28 mA cm™) and MEA measurements in a 5cm” single-
cell (at a loading of 2.0 mg;, cm™” and a geometric current
density of 139 mA cm™). In case of the RDE measurements,
the potential increases significantly within the first = 200 h,
until it finally jumps to > 2V. On the contrary, measuring
the catalyst stability in the MEA shows a constant perfor-
mance over the same time period, which is consistent with
previous studies, where it was shown that a PEM-WE can
operate for thousands of hours at constant current without
any significant loss in performance [34]. In the literature,
the increasing potential observed in RDE measurements is
ascribed to the dissolution of active material until its com-
plete loss, at which point the potential jump occurs [35].
However, it was recently shown by our group that the in-
crease in potential is caused by the shielding of active sites
due to the accumulation of oxygen bubbles trapped within
the catalyst layer and that it cannot be correlated to catalyst
degradation [36]. The accumulation of oxygen in the cata-
lyst layer and partial shielding of the active sites results in a
lower effective catalyst surface area. To provide the same
total current the effective current density at the remaining
active sites will increase leading to the observed increase in
potential. Thus, the rising potential and the accompanied
degradation of the catalyst is a result of the partial shielding
of active sites by oxygen bubbles and cannot be related to
the intrinsic stability of the catalyst. In general, filling the
catalyst layer with oxygen bubbles would be a relatively fast
process. However, we believe that some of the formed oxy-
gen bubbles recombine and get removed by rotation leading
to a slower accumulation of oxygen in the catalyst layer.
Other occurring mechanisms, like changes of the wettability
or the hydrophobicity of the catalyst might play an impor-
tant role and have to be studied in more detail. In summary,
we have to conclude that RDE measurements as well as irid-
ium dissolution experiments in liquid electrolyte based elec-
trochemical cells [32] are not a reliable predictor for the
lifetime of newly developed OER catalysts, since trapped
oxygen bubbles within the catalyst layer decrease the appa-
rent stability of the catalyst by orders of magnitude com-
pared to MEA measurements.

Nevertheless, degradation protocols are necessary to
assess the long-term stability of newly developed OER cata-
lysts in real PEM-WE systems. As already mentioned,
under constant current operation the detected performance
losses in PEM-WEs are rather small (< 4pVh™) [34], so
that at least 1000 h of testing would be required to obtain a
voltage loss of only ~ 4mV. Since other non-catalyst related
variables such as temperature variations or membrane thin-
ning can mask such small changes even longer test dura-
tions on the order of several thousands of hours would be
required which is not feasible and would slow down the
development and implementation of new OER catalysts
dramatically. Therefore, accelerated stress tests (ASTs) are
required to mimic operation and trigger certain degradation
mechanisms on a shorter time-scale. One such example
would derive from the need to couple water electrolysis with
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fluctuating renewable energy sources, in which case the
intermittent power supply would result in PEM-WE opera-
tion alternating between hydrogen generation when power
is available and idle periods, where no current is supplied.
In a recent study by our group, a test protocol was devel-
oped, where the cell was operated at 80°C and an H,/O,
pressure of 10/1bar,,, at which condition it was cycled
between high (3 Acm™) and low current densities
(0.1 Acm™), followed by idle periods where no or almost
no current was supplied [37]. During the idle period, the
cell was either left at open circuit voltage (referred to as
OCV-AST) or was polarized at 1.3 Vyyg (referred to as
reference test).

Fig.4a depicts the voltage profile during one cycle for
both the reference test (blue circles) and the OCV-AST
(black line). During the reference test, a cell potential of
1.3V was maintained during the idle period, requiring an
applied current of ~ ImAcm™ [37], while during the
OCV-AST no current/voltage was applied to the electrolyzer
cell during the idle period, resulting in a drop of the cell
voltage to ~ 0V within a couple of minutes. This observed
decrease in cell voltage is caused by an accumulation of
hydrogen in the anode compartment due to hydrogen
crossover through the membrane from the cathode side,
where a hydrogen pressure of 10bar,,, was maintained
[11]. This H,-rich gas-phase at 80 °C leads to the reduction
of the surface of the crystalline IrO, of the catalyst (IrO,/
TiO,, Umicore) to metallic iridium, accompanied by a con-
comitant drop of the anode potential to = 0 Vgyy [37,38].
Upon resuming operation, the anode potential will again
increase to ~ 1.4-1.8 Vyyg (depending on the current den-
sity, Fig.4), where metallic iridium will be oxidized to an
amorphous hydrous Ir(OH), that is more active towards
the OER [38,39]. Thus, during the OCV-AST the cell
voltage is continuously cycled between = 0Vyyug and
~ 1.4-1.8 Vi, resulting in a repetitive transition of the
surface of the iridium catalyst between high and low iridi-
um oxidation states, which we ascribe to be the cause of the
iridium dissolution into the membrane observed by post-
mortem transmission electron microscopy (TEM) [37],
analogous to what occurs during the voltage-cycling in-
duced platinum dissolution in a PEM fuel cell [40]. Note
that the here advanced hypothesis is different from that
proposed by Cherevko et al. [41], who on the basis of half-
cell experiments in an aqueous sulfuric acid electrolyte pro-
posed that the intrinsic dissolution rate of hydrous iridium
oxide is higher than that of crystalline IrO,. Owing to the
high iridium loading in the here shown OCV-AST, the effect
of iridium dissolution on the OER activity is very small
(<20mV [37]) and the vast majority of the observed perfor-
mance losses after 718 OCV-AST cycles (red diamonds
Fig.4b) are due to an increase of the HFR (red diamonds
Fig. 4c). On the other hand, no loss of performance and no
increase of the HFR is observed for the reference test after
500 cycles (blue circles in Fig.4b), where the anode poten-
tial was always kept positive of 1.3 V. Both the increase
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Figure 4. a) Cell potential during the accelerated stress test
(AST) at 80°C and 10:1 bar,ps H,/O;, to mimic an intermittent
power supply of a PEM-WE, with periods of low and high cur-
rent density followed by OCV (“OCV-AST”, black solid line), and
of a reference test in which the potential is held at 1.3V during
idle periods (“reference test”, blue dotted line). b) Ambient
pressure PEM-WE E o vs. i performance (filled symbols) and
HFR-free performance data (hollow symbols) conducted at 80°C
at beginning-of-test (BoT, green symbols), and after either

718 OCV-cycles (red symbols) or after 500 cycles of the reference
test (blue symbols) recorded during the AST shown in Fig. 4a.

¢) Corresponding HFR values. MEA specifications: anode loading
of 1.75 mg;, cm™ (IrO,/TiO; Umicore); 50 um thick Nafion®212;
cathode loading of 0.2 mgp,cm™ (45.8 wt % Pt/C, Tanaka); for
details see reference [37].

in HFR as well as the formation of a hydrous Ir(OH) phase
clearly shown by cyclic voltammetry [37] are both related to
cycling the anode potential between ~ 0 Vgyy during the
OCV-periods and high potentials when current is applied to
the electrolyzer. The main cause for an increasing HFR
along with the observed performance decrease over the
course of the OCV-AST can be related to the formation of
an additional interfacial resistance on the anode side of the
MEA. This additional resistance is the result of a higher
contact resistance due to the passivation of the Ti-PTL
(porous transport layer) in combination with the less elec-
trically conductive Ir(OH), [37]. In summary, significant
degradation of an electrolyzer MEA can occur during
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extended OCV periods during which the anode potential is
allowed to decay to = 0 Vryg, a situation which should be
avoided in a PEM-WE, at least when using non-coated
Ti-PTLs.

4 Conclusions

In this work, an overview of the current challenges in
catalyst development for PEM-WEs is given. Due to the
limited availability of iridium which is currently the only
viable option as an oxygen evolution reaction (OER)
catalyst, a reduction of the iridium loading from currently
~ 2mg,cm” to only ~ 0.05mg;,cm™?, ie., by a factor of
40 is required in order to enable a large-scale application of
PEM-WEs. While the activity of current Ir-based catalysts
would generally be sufficient to achieve the proposed target
values for Ir loading at only minor performance losses (only
4 % increase of the cell energy consumption to produce 1kg
of H,), the development of catalyst structures with a much
lower iridium packing density compared to current catalyst
materials is absolutely required to realize homogeneous
catalyst layers at very low Ir loadings. Several pathways to
develop such high-structured catalysts (i.e., catalysts with a
low iridium packing density) have been proposed in the
literature. Here we show first results that demonstrate that
for a high-structured catalyst a reduction of the Ir loading
by a factor =~ 8 is possible, even with a slightly improved
efficiency compared to a commercial Benchmark catalyst.
With this new OER catalyst developed by Heraeus, the
Ir-specific power density at an efficiency of 70%;v
(=1.79V) of ~ 0.05g, kW' can be achieved at > 3 Acm™
with a 50 um thick Nafion® membrane.

To make the development of new catalyst materials more
efficient, activity and durability screening methods are re-
quired to allow a fast identification of promising materials.
The rotating disk electrode (RDE) method which is com-
monly used to evaluate catalyst performance is shown to be
suitable for a characterization of catalyst activity, while OER
catalyst stability tests are affected by measurement artefacts
and, hence, do not give meaningful information about cata-
lyst lifetime. Consequently, accelerated stress tests (AST) on
the membrane electrode assembly (MEA) level are required
to evaluate catalyst stability at realistic operating conditions.
A test protocol simulating an intermittent power supply by
cycling between open circuit voltage (OCV) and operating
potentials is presented as an example for such an AST. Here,
the recurring transition between reducing and oxidizing
conditions leads to the dissolution of Ir and the formation
of a contact resistance between electrode and PTL resulting
in a much higher degradation rate compared to a reference
experiment without OCV periods. The information gained
from this experiment helps to identify harmful operating
conditions that need to be avoided in real PEM-WE sys-
tems.
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accelerated stress test

ATO antimony doped tin oxide

CP chronopotentiometry

HER hydrogen evolution reaction
LHV lower heating value

NSTF nanostructured thin film

NTO niobium doped titanium oxide
OoCcv open circuit voltage

OER oxygen evolution reaction
PEM-WE proton exchange membrane water electrolysis
PGM platinum group metal

Pt/C carbon supported platinum
RDE rotating disc electrode

RHE reversible hydrogen electrode
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5.2 Iridium Oxide Catalyst Supported on Antimony -
Doped Tin Oxide for High Oxygen Evolution
Reaction Activity in Acidic Media

In this section the article “Iridium Oxide Catalyst Supported on Antimony Doped Tin Oxide
for High Oxygen Evolution Reaction Activity in Acidic Media”'® is presented, which has been
submitted to ACS Applied Nano Materials in November 2019 and accepted for publication in
February 2020. Reprinted (adapted) with permission from (Iridium Oxide Catalyst Supported
on Antimony-Doped Tin Oxide for High Oxygen Evolution Reaction Activity in Acidic Media;
Alexandra Hartig-Weiss, Melanie Miller, Hans Beyer, Alexander Schmitt, Armin Siebel, Anna
T. S. Freiberg, Hubert A. Gasteiger, and Hany A. El-Sayed; ACS Applied Nano Materials 2020
3 (3), 2185-2196; DOI: 10.1021/acsanm.9b02230). Copyright (2021) American Chemical
Society.

The permanent web-link for the article is:
https://pubs.acs.org/doi/pdf/10.1021/acsanm.9b02230

In this study, one approach to design a catalyst with a lower packing density by using a high
surface area (50 m2g?) and highly conductive (2 Scm™) ATO (antimony doped tin oxide)
support material for iridium nanoparticles is demonstrated. The hydrothermal method was used
to synthesize the ATO, which was calcined afterwards in an O2/Ar mixture at 600 °C. Iridium
particles, aiming for a particle size of ~3 nm to obtain the highest activity possible were
synthesized using the polyol method. In a subsequent step, using an ethylene glycol solution,
the iridium particles were deposited on the ATO. Aiming for different iridium loadings (wt.-%
Ir) on ATO, the respective amounts of iridium and ATO were mixed. TEM images showed that
the particle size of iridium (namely, 1.6 +0.4 nm for 11.0 wt.-% Ir) was almost identical for the
prepared catalysts containing different iridium loadings (wt.-% Ir), which was expected since
the iridium nanoparticles were synthesized in a separate step. Additionally, the TEM images
revealed the degree of dispersion changes with iridium loading, resulting in the highest

dispersion at the lowest loading (11.0 wt.-% Ir).

An RDE setup was used to analyze the electrochemical activity toward the OER of the different
synthesized catalysts and of two commercially available catalysts (Ir-black und IrO2/TiO,) for
comparison. The as-prepared iridium particles are of metallic nature and to prevent any

additional oxidation current during the OER activity determination, the iridium was
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electrochemically converted to hydrous iridium oxide by potential cycling prior to OER
measurements. Although a steady state CV was reached during cycling, XPS measurements
showed that the outer surface layer consists of hydrous iridium oxide, while there is still some

electrochemical inaccessible metallic iridium buried in the core.

A comparison of the OER activity determined at room temperature and at a potential of
1.5 Vrue showed an increasing mass specific activity with decreasing iridium loading for the
Ir/ATO catalysts. The highest OER activity was determined to be ~185 Agr* for the 11 wt.-%
Ir/ATO, which is ~35 time higher compared to IrO,/TiO2 (=5 Ag 1) and is still ~4 times higher
compared to Ir-black (=48 Ag ). Even at temperatures more relevant to applications (80 °C)
and at a potential of 1.45 Vg, the 11.0 wt.-% Ir/ATO (=1100 Ag?) significantly outperforms
the two commercial available catalysts (=190 Ag ! for Ir-black and =45 Ag L for IrO./TiOy).
Usually potentials within the Tafel region, where kinetic losses are dominant, are used for
activity determination. Due to an earlier onset of mass-transport related losses, a lower potential
for the OER activity determination needed to be chosen at higher temperatures. The high OER
activity in combination with the lower packing density (~0.27 gixcm3) seems to be promising
for enabling low iridium loadings in a PEM-WE, while still maintaining a homogenous catalyst

layer and sufficiently good performance.
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ABSTRACT: Lowering of the oxygen evolution reaction (OER) noble o 0,

~10nm

metal catalyst loading on the anode of a polymer electrolyte membrane

water electrolysis (PEMWE) is a necessity for enabling the large-scale

hydrogen production based on this technology. This study introduces a
remarkably active OER catalyst that is based on the dispersion of Ir
nanoparticles on a highly conductive oxide support. The catalyst was

designed in a way to combine all characteristics that have been reported

to enhance the OER activity on an Ir oxide-based catalyst, including high 2H,0
catalyst dispersion and controlling the Ir catalyst particle size, so that this 4H +4e'+0,
design approach provides both high surface area to Ir mass ratio and at

the same time ensures maximum synergetic interaction with the oxide 1wt % Ir 75wt.% Ir
support, termed strong metal—support interaction (SMSI). This was
achieved through using a high surface area (S0 m?/g) and highly
conductive antimony-doped tin oxide support (2 S/cm), where combining a high catalyst dispersion and maximum SMSI resulted in
a very high OER activity of the Ir/ATO catalyst (%1100 A/gy, at 80 °C and 1.45 Vgy;). This enhanced activity will allow a
significant reduction (ca. 75-fold) in the precious metal catalyst loading when this catalyst is implemented in the anode of a
PEMWE.

KEYWORDS: oxygen evolution reaction, SMSI, electrocatalysis, PEM electrolyzer, iridium, catalytic activity, ATO

Electrode
layer
~5um

= 0.14mg, /cm?* = 1.2mg, fem?

I. INTRODUCTION high cost due to the use of high loadings of noble metals at the
electrodes, which are necessary due to the highly acidic media
originating from the ionomer used as a binder in the catalyst
layer as well as the perfluorosulfonic membrane used in a
PEMWE.” While the platinum loading on the cathode side can
be reduced significantly without any loss in performance,” high
loadings are required at the anode due to the sluggish kinetics
of the oxygen evolution reaction (OER). Iridium is typically
used as the most stable catalyst for the OER reaction in
PEMWE, but its high cost ($1480 per troy ounce)® and
scarcity require the development of strategies to reduce the
precious metal content of Ir-based OER catalysts, increase the
Ir utilization, and achieve higher activity toward the OER. Even
though Bernt et al. recently showed that a reduction of Ir
loading down to 0.5 mg,/cm® is possible with commercially
available catalysts, a lower packing density, which can be

Hydrogen is considered a clean and efficient energy carrier that
is likely to be used as an alternative to fossil fuels in many of
the applications used today. In particular, for transportation
applications, where hydrogen serves as an energy carrier, the
use of hydrogen in replacement of fossil fuels would provide
immediate benefits in terms of reducing emissions and
therefore will have a positive long-term environmental impact
as long as the hydrogen is produced from nonfossil renewable
resources.' So far, water electrolysis is considered one of the
most promising and practical ways of producing clean
hydrogen from renewable electric power.”’ At low temper-
atures, water electrolysis is performed in alkaline or polymer
electrolyte membrane (PEM, acidic) electrolyzers.” The main
advantages of the polymer electrolyte membrane water
electrolysis (PEMWE) are the high efficiency at high current
densities, system compactness, ease of maintenance, and rapid
response to startups and shutdowns; therefore, PEMWE has Received: November 13, 2019
achieved great attention over the past yenrs.l"z’ Moreover, PEM Accepted:  February 26, 2020
electrolyzers have the advantage of producing hydrogen at Published: February 26, 2020
elevated pressures, allowing for a direct storage in pressurized

tanks and thus saving additional energy for mechanical

compression."”* However, a key limitation of PEMWE is the

© 2020 American Chemical Society https://dx.doi.org/10.1021/acsanm.9b02230
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realized by supporting the active material on a suitable support
and thus lowering the Ir content per unit volume (g;/cm?), is
necessary to reach a target of £0.01 g;,/kW at 70%, iy (= 1.79
V).”” One approach that has been proven to be successful is
the dispersion of Ir particles on a high surface area support,s
enabling an increase of accessible surface area (m?/g) by
decreasing the Ir particle size and increasing the surface to
mass ratio of the catalyst.” This increase of surface to mass
ratio will also result in a lower packing density, thereby
fostering the fabrication of sufficiently thick catalyst layers
although low loadings are used. Carbon support materials,
which are used in polymer electrolyte fuel cells, cannot be used
due to their corrosion at high anodic potential during the OER
reaction.'” Therefore, several support materials have been
investigated as alternative to carbon, which include TiO,,"
Nb,O,,'* $n0,,'* TaC,"* TiC,"® NbC,* WC,* FTO,'
ITO,'® and antimony-doped tin oxide (ATO).*'”'® While
some of these support materials (e.g,, ATO and TaC) exhibit a
sufficiently high electronic conductivity, others (e.g,, Nb,Oj
and SnO,) needed to be mixed with relatively large quantities
of Ir oxide to realize reasonable electronic conductivities.
Among these, ATO is found to be the most suitable catalyst
support due to its relatively high electronic conductivity, its
stability under OER conditions in a PEMWE (high anodic
potentials in an acidic environment), and its thermal stability.”
Controversially, some recent studies showed that ATO might
not be stable at high anodic potentials, which is attributed to
the leaching of Sb."” However, these studies were performed in
liquid electrolyte, and up to now these measurements cannot
be used to reliably predict the stability in a PEMWE.”
Puthiyapura et al. reported the improved OER activity of IrO,
supported on ATO compared to pure IrO,, and the improved
activity was attributed to the better dispersion of the IrO,
catalyst on the ATO support.® However, the loading of Ir on
ATO was still quite high (>60 wt %) in their approach, which
was required to provide a sufficiently high conductivity similar
to that of IrO,. ATO does not only increase the apparent OER
activity of the Ir-based catalyst by the enhanced dispersion, but
it has also been recently reported that the interaction of the Ir-
based catalyst with the oxide support, known as strong metal—
support interaction (SMSI), resulted in enhancing the intrinsic
activity of the Ir catalyst through the electronic effect.”"””” The
high electronic conductivity of the ATO has also been recently
reported to affect the overall performance of the Ir—ATO
catalyst.”® In a very recent study by Ohno et al,, where the
dispersion of IrO,-nanoparticles on doped Me—SnO, supports
(Me = Sb, Ta, and Nb) was investigated, they showed that a
high electronic conductivity of the catalyst is crucial for
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reaching high performance.”* While in RDE all Me—S$nO,
supported catalysts have similar performance, a significant
difference was observed within the MEA measurements. The
decreased performance in MEA was attributed to the
inadequate conductivity of the catalyst and thus a higher
ohmic resistance. Because in RDE only a thin catalyst layer
(~60 nm) is applied, a low conductivity will not lead to a
significant resistance. However, within single cell (MEA)
measurements, where the catalyst layers are roughly 10 ym, a
low conductivity will lead to a lower utilization of the catalyst
layers and thus to a lower performance. Hence, a high
electronic conductivity of the catalyst as well as the support is
necessary to achieve low iridium content as well as high
performance. In this study, we demonstrate how combining all
of the aforementioned features, including the use of highly
dispersed Ir nanoparticles, of a highly electrically conductive
ATO support (2 S/cm) that allows for low Ir loadings due to a
reduced packing density, and the utilization of the SMSI effect
can result in a very active OER catalyst that outperforms all
commercially available catalysts currently in use..

Il. EXPERIMENTAL SECTION

ATO Synthesis. Antimony-doped tin oxide with a molar ratio
(Sb:Sn) of 5:95 was synthesized by using a hydrothermal method.”
The synthesis was performed in a fume hood to avoid inhalation of
any released toxic gases. In an open 100 mL PTFE autoclave linear,
30.0 mL of concentrated HNOj; (69 wt %, puriss. p.a., Sigma-Aldrich)
was added to 50.0 mL of deionized water. To this acidic solution, 2.0
¢ of granulated tin (16.9 mmol, Sn, granulates, 0.425—2.0 mm,
>99.5%, ACS reagent, Sigma-Aldrich) and 130 mg of antimony(1II)
oxide powder (0.440 mmol, Sb,05, nanopowder, <250 nm, >99.9%,
Sigma-Aldrich) were added at once under vigorous stirring. A
significant NO, release occurred upon the formation of a yellowish
colloid. After 10 min, the autoclave (HighPreactor BR-100, Berghof)
was sealed and heated to 140 °C at a heating rate of 2 °C/min. This
temperature was held for 10 h, and then the reaction mixture was
passively cooled to room temperature (RT) overnight. A bluish
powder was obtained and separated from the liquid phase by
centrifugation. The powder was washed thoroughly with deionized
water until the filtrated wash solution reached a pH of 6. After the
final washing step with ethanol, the powder was dried overnight in
static air at 70 °C. The resulting dry powder was calcined in a tube
furnace (Carbolite) in a gas flow mixture of 20% oxygen (O,) in
argon (Ar) (both 5.0 grade, Westfalen) with a flow rate of 400 mL/
min. The samples were heated to 600 °C at 5 °C/min and held at 600
°C for 3 h. After passive cooldown to RT in the furnace, the calcined
samples were ground in a planetary ball mill (Pulverisette 7 Premium
Line, Fritsch) to break up the formed agglomerates during calcination.
In this process, ca. 2 g of ATO was suspended in 6 mL of 2-propanol
and filled into a 45 mL ZrO, milling jar containing 20 ZrO, balls (¢
10 mm). Six milling cycles of 10 min each and 1 min pause between

https://dx.doi.org/10.1021/acsanm.9b02230
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the cycles were conducted at 200 rpm. Again, the product was
separated by centrifugation and dried at 70 °C in static air overnight.

Synthesis of Ir Catalyst. The polyol synthesis setup consisted of
a 100 mL three-neck flask placed in a heating mantel (WHG 2,
Winkler) on a magnetic stirrer and was equipped with a reflux
condenser, a thermometer and a temperature controller (Model 310,
J-KEM Scientific), a magnetic stirring bar inside the flask, and a glass
capillary for the Ar purging. In a typical polyol synthesis, 183 mg of
dihydrogen hexachloroiridate(IV) hydrate (0.450 mmol, H,IrCly
xH,0, 99.98%, trace metal basis, SigmaAAldrich) was dissolved in 10
mL of ethylene glycol (EG, 99.8%, anhydrous, Sigma-Aldrich) in a
small vial at RT under vigorous stirring. After complete dissolution,
the solution was transferred into the aforementioned three-neck flask
that contained 80 mL of ethylene glycol. The total concentration of
iridium was 5 X 107> mol/L in a total volume of 90 mL. The solution
was purged with Ar for 60 min to minimize the O, content before
heating. During heating, the solution was stirred moderately (~S00
rpm) and the Ar atmosphere was maintained. The solution was
heated to 140 °C with a heating rate of ~2 °C/min to allow the
formation of Ir nanoparticles, and then the reaction mixture was
allowed to cool to RT.

Preparation of ATO-Supported Iridium Catalysts. The
prepared Ir nanoparticles were slowly added to the corresponding
amount of ATO, which has been dispersed in 35 mL of ethylene
glycol and sonicated for at least 30 min. The reaction mixture was
stirred at S00 rpm at RT in air for 3 days to allow the nanoparticles to
deposit on the ATO. Afterward, the prepared catalyst was separated
via centrifugation (Eppendorf centrifuge 5810, refrigerated) at 11500
rpm and S5 °C and washed twice with isopropanol with 5 min
sonication in between the centrifugation steps. The obtained black
powder was dried at 70 °C in static air overnight. Ir loadings of 20, 30,
and 40 wt % were targeted, while experimentally, 11.0, 15.3, and 23.4
wt % loadings were obtained due to incomplete Ir deposition on the
ATO support.

Physicochemical Characterization. Energy dispersive X-ray
analysis (EDX) was employed to study the elemental composition of
the prepared catalysts using a JCM-6000Plus from JEOL. The total Ir
content of the sample (the Ir loading of the catalyst in wt %) was
calculated via the obtained actual atomic ratio Ir/(Sn + Sb) from the
measurement. The accuracy of the determination method was tested
with a mixture of Ir (Ir-black, >93%, Johnson Matthey) and ATO
(Sn0,/Sb,0;, nanopowder, <50 nm particle size, >99.5% trace
metals basis, Sigma-Aldrich) of known composition, and the error was
found to be +1.5%. Considering this slight deviation and the proven
excellent reproducibility of the measurements, the obtained EDX
results for the iridium content in Ir/ATO materials were considered
reliable within this error margin.

Morphology and particle size of the materials were investigated by
using TEM analysis. A very small amount of sample was dispersed in
isopropanol and then deposited onto a carbon-coated copper grid
(Cu, 400 mesh, Formvar carbon film, Science Services). The obtained
samples were analyzed under a Philips CMI100EM with an
acceleration voltage of 100 kV and a resolution of 0.5 nm.

The oxidation states of the synthesized Ir/ATO nanoparticles and
electrochemically oxidized Ir/ATO particles were analyzed by X-ray
photoelectron spectroscopy (XPS). Analyses of the samples were
performed on a Kratos Axis Supra spectrometer using monochromatic
Al Ka radiation at an energy of 1486.6 eV. All spectra were recorded
at a total power of 225 W, 15 kV, and 15 mA anode current. The
samples were drop-casted in floating mode onto a stainless steel
sample bar, which was then outgassed (overnight) in an ultrahigh-
vacuum chamber to remove moisture and contaminants, so that the
pressure in the chamber during the analysis was <1.0 X 10~ Torr.
The narrow Ir 4f spectra were collected between 58.5 and 72 eV
binding energy (BE) by using a step size of 0.05 eV and a pass energy
of 20 eV, whereas for the represented data five spectra were averaged
(3 min each). All the binding energy values were calibrated by using
the adventitious carbon signal (C 1s = 284.8 eV) as reference. The
XPS data analysis was performed with the Casa XPS software. A
Shirley function was used as background. As reported in the literature,
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the Ir 4f core spectra exhibit a distinct asymmetric line shape.”® ™ A

functional Lorentzian line shape was used for both iridium metal and
hydrous iridium oxide, whereas the parameters were set to LF(0.6, 1,
150, 300) and LF(0.3, 1.5, 25, 150), respectively.”® The fits of the
doublets of the Ir 4f,, and Ir 4f;;, were fixed with respect to the fwhm
and an area ratio of 4:3.

Electrical conductivity of powder samples was determined by
measuring the corresponding current while applying a constant
voltage at a constant pressure. An ~300 mg sample was placed in a
homemade sample holder with a PTFE tube that was filled with the
sample, which was then compressed by a mechanical press PE-011
from MAUTHE. The press capacity was adjusted to 400 kg (~140
MPa), and the thickness of the compressed pellet (the sample mass
was adjusted as to get a final thickness of ca. 3 mm) was read from the
scale on the die. The measurements were performed at RT at ambient
air. The conductivity was measured by using a chronoamperometry
technique performed on a potentiostat (SP-200 from BIOLOGIC).
The voltages used for the measurements were 1, 2, 4, and 8 mV
applied over 2 min each, and the corresponding average conductivity
was calculated from the obtained currents.

The surface area of the ATO powder was determined by nitrogen
adsorption and desorption measurements. The surface area of ~200
mg of sample powder was determined after outgassing for 15 h at 90
°C. The measurements were performed on an autosorb-iQ_instrument
(Quantachrome Instruments), and the surface area was calculated by
the Brunauer—Emmett—Teller (Muli-Point-BET) method.

Electrochemical Setup and Measurement Procedure. The
electrochemical measurements (cyclic voltammetry (CV), linear
polarization (LSV), and electrochemical impedance spectroscopy
(EIS)) were performed in a glass three-electrode electrochemical cell.
A reversible hydrogen electrode (RHE) and a high surface area gold
(Au) mesh were used as reference and counter electrodes,
respectively. The RHE reference electrode was either directly
connected to the cell or via a Luggin capillary. Rotating ring—disk
electrodes (RRDEs) with a S mm diameter polycrystalline Au
electrode and a platinum (Pt) ring (Pine Research Instrumentation,
USA) supported by a PTFE or PEEK body (Pine Research
Instrumentation, USA) were used as working electrodes. The
reference potential was calibrated in hydrogen saturated electrolyte
prior to every experiment using the Pt ring of the electrode. All
potentials in this article are given with respect to RHE.

Electrolyte solutions were prepared from high-purity H,SO,
(Ultrapur, 96%, Merck Millipore KGaA) and ultrapure water (18.2
MQ cm at 20 °C Merck Millipore KGaA). Ar, O,, and H, used for
purging of the electrolyte were of high purity (6.0 grade, Westfalen
AG).

Electrochemical measurements were performed using an Autolab
potentiostat (PGSTAT302N, Metrohm AG, Switzerland) and a
rotator (Pine Research Instrumentation, USA) with a poly(ether ether
ketone) shaft. Prior to any electrochemical measurements, a cyclic
voltammogram of the gold working electrode was recorded in the
supporting electrolyte to verify the cleanliness of Au disk and the cell.
Afterward, the electrode was removed, dried, and coated with the
catalyst ink by drop-casting and finally dried under a low nitrogen
flow. The catalyst-coated electrode was then dipped in the Ar-
saturated electrolyte, and the noncompensated electrolyte resistance
was determined by EIS from 100 kHz to 100 Hz at open circuit
potential (OCP) with an amplitude of 10 mV. The potential was then
cycled between 0.05 and 1.45 Vpyp at 100 mV/s to convert all
metallic Ir(0) into hydrous Ir oxide. Afterward, the electrolyte
solution was purged for 10 min with O,, and a few polarization curves
were recorded from 1.2 to 1.7 Vg at S mV/s and 2500 rpm. The
second anodic scan was used for OER activity evaluation throughout
the study. The polarization curves were only corrected for the
reference potential as well as for the ohmic resistance.

Electrode and Ink Preparation. Prior to every measurement, the
Au working electrode was polished with 0.3 ym ALO; polishing
suspension (Buhler AG) and sonicated 3 X 3 min in ultrapure water.
Inks were prepared by adding ultrapure water to the dry catalyst (Ir/
ATO) to obtain the desired suspension concentration. The catalyst

https://dx.doi.org/10.1021/acsanm.9b02230
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suspension was sonicated for 30 min in a sonication bath (Elmasonic
S 30 H, Elma Schmidbauer GmbH) to achieve a homogeneous
dispersion. The temperature of the bath was maintained at lower than
35 °C to avoid evaporation of the solvent. No binding agent was
added to the catalyst suspension.

Ill. RESULTS AND DISCUSSION

The aim of this study is to prepare an OER catalyst with a low
Ir loading on a conductive oxide, where the electrical
conductivity is carried mainly by the oxide support, and
therefore it is crucial that the oxide support exhibits high
electrical conductivity. According to a previous study in our
group, antimony-doped tin oxide (ATO) fulfills all the
requirements to serve as a conductive catalyst support.Zs
Therefore, the ATO used in this study was synthesized
accordingly through a hydrothermal method from chlorine-free
precursc»rs,25 followed by calcination and milling steps. Further
details about the ATO synthesis and characterization (XRD,
electrical conductivity, and BET analysis) can be found in the
former study by our group.”®

The homemade ATO (S mol % Sb—Sn0,) is characterized
by its high electrical conductivity (22 S/cm) and high surface
area (%50 m®/g) compared to those of commercially available
ATO (Sn,0/Sb,Os, nanopowder, <50 nm particle size,
>99.5% trace metals basis, Sigma-Aldrich), which exhibits a
2 orders of magnitude lower conductivity (5 X 107 S/cm).
The conductivity achieved for the homemade ATO, even
though lower compared to the often used IrO,/TiO, catalyst
(=50 S/em) (IrO,/TiO, with 75 wt % iridium; Elyst Ir7S
0480 from Umicore), should be sufficiently high to allow a
reduction of Ir loading. Based on the results of a recent study
by Ohno et al,, the conductivity of the homemade ATO (&2
S/cm) used in this study should be sufficiently high to avoid
any additional ohmic losses, mainly observed in thick catalyst
layers (~10 pm).**

It is well-established for many electrochemical reactions,
such as oxygen reduction reaction (ORR), methanol oxidation
reaction, and carbon monoxide oxidation reaction, that there is
a correlation between catalyst particle size and electrochemical
activity.” It was found that there is a critical particle size that
shows the highest activity. This is a result of two competing
effects: the catalyst dispersion which increases with decreasing
particle size (resulting in increasing mass activity of the
catalyst) and the specific activity which decreases with
decreasing particle size. In all investigated cases, the critical
size, at which the maximum activity is obtained, is in the 2—4
nm range.” In addition to the particle size effect, the choice of
the support material was also found to greatly influence the
catalyst activity through the SMSI. For instance, Au nano-
particles supported on titanium oxide were reported to be
significantly more active than when supported on carbon for
gas phase and electrochemical oxidation of carbon monoxide.”
The ORR activity of Pt supported on Tay;Ti,,O, was found to
be higher than that of Pt supported on carbon due to the
electronic effect of the support on the Pt, as was confirmed by
X-ray absorption near-edge structure analysis.”® Therefore,
even though the loading is reduced, the right choice of support
material might lead to an enhanced activity due to SMSL

In the current work, the target hydrous Ir oxide nanoparticle
size is ca. 3 nm, so it is in the size range at which the highest
reaction activity was reported for many other catalytic
reactions as mentioned above. As the as-synthesized Ir
nanoparticles are mostly metallic and the electrochemical
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oxidation results in hydrous Ir oxide, the metallic Ir
nanoparticles should be synthesized in a specific size, which
upon oxidation results in ca. 3 nm hydrous Ir oxide
nanoparticles. Considering the bulk density of metallic Ir and
hydrous Ir oxide, 22.6 and 2.0 g/cm?,** respectively, a metallic
Ir nanoparticle of 1.5 nm should theoretically convert into a
3.2 nm particle upon electrochemical oxidation, assuming all Ir
converts to hydrous Ir oxide. Based on what is known from the
literature, this particle size is promising with respect to catalyst
dispersion and SMSL*'

The polyol method was used to produce Ir nanoparticles of
ca. 1.5 nm diameter, whereby the particle size control was
achieved through the heating profile. Heating for longer
periods of time during synthesis results in nanoparticle size
increase (data are not shown).

Figure la shows a TEM image of ATO used for the
synthesis of all Ir/ATO catalysts reported in this study, where

Figure 1. TEM of (a) ATO support material, TEM, and particle size
distribution histograms of (b) 11.0, (c) 15.3, and (d) 23.4 wt % Ir/
ATO catalysts. The average diameters and size distributions of the Ir
nanoparticles were estimated from at least 150 particles in various
TEM images.

spherical particles with a particle size in the range of 10—20 nm
were obtained, agglomerated to secondary structures on the
order of 100 nm. Three Ir/ATO catalysts were synthesized
with Ir loadings of 11.0 + 1.5, 15.3 + 1.5, and 23.4 + 1.5 wt %,
as estimated by energy dispersive X-ray (EDX) analysis
performed on the catalyst powder. The Ir particle size
distribution of the respective catalysts is shown as inset in
each TEM image. The number-averaged diameters and the
standard deviations of the nanoparticles were 1.6 + 0.4, 1.5 +
0.3, and 1.8 + 0.4 nm for 11.0, 15.3, and 23.4 wt % Ir/ATO
catalysts, respectively. No difference in Ir particle size was
observed among the various catalysts since Ir nanoparticles
were separately made and then mixed with corresponding
amounts of ATO to yield a specific catalyst loading. The only
difference that can be seen from the TEM images (Figure 1b,c)
is the degree of dispersion of Ir particles, where the lowest
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dispersion of Ir on ATO was obtained for the highest loading
of 23.4 wt % (Figure 1d), while the 11.0 wt % Ir/ATO catalyst
exhibited the highest Ir dispersion. In other words, better
dispersion of the Ir nanoparticles is obtained by decreasing the
Ir loading, and therefore fewer Ir agglomerates are observed
(Figure 1b).

As the Ir/ATO catalysts consist of metallic Ir, with Ir oxide
only at the surface (as evidenced by XPS analysis) of the Ir
nanoparticles due to oxidation of the surface when exposed to
air, the catalysts were subjected to potential cycling to convert
metallic Ir into hydrous Ir oxide and thus avoid Ir oxidation
current during OER activity determination. Figure 2 shows the

Before potential cycling

After potential cycling

1 1 1 1 1 1 1 1
00 02 04 06 08 10 1.2 14 1.6

E iR free [Vruel

Figure 2. Initial CV (red) and after 10 cycles (blue) of Ir/ATO (11.0
wt %) in Ar-saturated 0.1 M H,SO, at S0 mV/s and 25 °C. The
catalyst loading is 17 pg;,/cm’ .

cyclic voltammetry of 11.0 wt % Ir/ATO catalyst in Ar-
saturated 0.1 M H,SO, solution at a scan rate of S0 mV/s. It
can be seen that the first cycle (red CV) shows a characteristic
set of H-UPD (hydrogen underpotential deposition) peaks at
0.05—0.6 Vyyy, indicating the metallic state, at least partially, of
the as-synthesized Ir nanoparticles on ATO. Upon potential
cycling (50 mV/s) between 0.05 and 1.45 Vg, the H-UPD
peaks rapidly decreased in size, indicating the conversion of the
catalyst from metallic Ir to a hydrous Ir oxide, and a steady-
state CV (blue CV) is ultimately obtained for the formed
hydrous Ir oxide. The main set of redox peaks, centered at
around 1.0 Vyyp, is due to the Ir’*/Ir** redox reaction, and
upon potential cycling, it is anticipated that this set of peaks
increases in size due to a complete conversion to hydrous Ir
oxide formation, but this was not seen here.*!

In contrast to the almost constant features observed at ~1.0
Viup the H-UPD features at low cathodic potentials (0.05—
0.3 V) continue to decrease with potential cycling, meaning
Ir(0) is still oxidized; however, the increase in amount of
hydrous Ir oxide cannot be observed in the CV. This may be
attributed to the strong metal—support interaction (SMSI)
that may alter the electrochemical behavior of the forming
oxide; however, the investigation of such SMSI is not the focus
of this study. The other two catalysts, 15.3 and 23.4 wt % Ir/
ATO, showed exactly the same electrochemical behavior upon
potential cycling as the 11.0 wt % Ir/ATO.

The fitted data of the Ir 4f XPS spectra of the three Ir/ATO
catalysts (Figure 3ab,d) confirm that the as-synthesized Ir
nanoparticles on ATO are composed of metallic Ir(0) and
Ir(IV); the latter may correspond to the molecular formula of
Ir(OH),. Table 1 shows the detailed information obtained
from peak fitting, indicating that the three catalysts have similar
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Figure 3. Detailed Ir 4f XPS spectra of as-synthesized Ir/ATO catalysts: (a) 11.0, (b) 15.3, and (d) 234 wt %. (c) XPS spectra of the
electrochemically oxidized 11.0 wt % Ir/ATO catalyst. The parameters for the deconvolution of the Ir(0) (gray), the Ir(IV) (green), and the Ir(IIT)

(red) species are listed in Table 1.
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Table 1. Parameters of the Ir 4F XPS Fits: Binding Energy
(BE), Full Width at Half-Maximum (FWHM), Raw Peak
Area (RPA), and Component Atomic Concentration (at. %
conc)

BE FWHM at. %

OER catalyst name (eV) (eV) RPA  conc
234 wt % Ir/ATO  1r(0) 4f 60.99 1.30 41728 100
(0) 4F7/2 6094 086 14857 35

r(0) 465/2 6395 086 11142 27

(V) 467/2 6143 120 9049 22

Ir(1V) 4f §/2 64.45 1.20 6786 16

15.3 wt % I/ATO  1r(0) 4f 6111 142 62213 100
1:(0) 467/2 6100 087 19346 31

1r(0) 45/2 6400 087 15167 24

1:(IV) 467/2 6149 116 15225 25

K(IV) 465/2 6456 116 12192 20

11 wt % Ir/ATO lr(O) 4f 61.14 1.50 12429 100
Ir (0) 4f 7/2 60.92 0.88 3857 31

1r(0) 4f 5/2 63.91 0.86 2893 23

1r(IV) 4f 7/2 61.44 1.06 3281 26

r(1V) 4f 5/2 64.44 0.99 2461 20

11 wt % Ir/ATO 1r(0) 4f 62.16 2.06 26482 100

(after oxidation)

(0) 467/2 6094 113 4585 17

1r(0) 4f 5/2 63.94 2 13 3438 13

(V) 467/2 6163 080 w612 17

Ir(IV) 4f 5/2 64.63 0.76 3459 13

Tr(T1T) 4f 7/2 62.21 0.94 5936 22

Ir(111) 4f 5/2 65.21 0.93 4452 18

Ir(0) to Ir(IV) ratios. Specifically, the atomic weight
percentage of Ir/(Ir oxide) in the Ir nanoparticles was found
to be 54/(46), 56/(44), and 62/(38)% for 11.0, 15.3, and 23.4
wt % Ir/ATO, respectively (as calculated from Table 1). Based
on the average Ir particle diameter of 1.5-1.8 nm (see Figure
1), the Ir oxide content is consistent with a surface monolayer
of Ir(OH), on a metallic iridium core (calculated assuming
spherical particles and using the covalent radius of Ir of 141
pm).

Although the potential cycling of the Ir/ATO catalysts
between 0.05 and 1.45 Vi ultimately results in a steady-state
CV with no H-UPD features, indicating full oxidation of
Ir(0),”* the XPS results (Figure 3c) reveal that the Ir
nanoparticles are composed of Ir(0), Ir(III), and Ir(IV) after
potential cycling. The overall amount of Ir(0) detected is
greatly reduced by potential cycling from 54% to 30%. These
results suggest that there is still metallic Ir(0) in the core of the
nanoparticles, which is not electrochemically accessible under
the aforementioned cyclic voltammetry conditions. This can be
attributed to the formation of a compact anhydrous oxide layer
(inner oxide layer) between the hydrous Ir oxide (outer oxide
layer) and the metallic Ir(0) core.*’ During potential cycling,
the oxidation state of the outer surface layer changes from a
metallic iridium (Ir(0)) to a hydrous Ir oxide (III/IV), while
the forming compact layer shields the metallic core from the
solution, resulting in a gradual decrease in the H-UPD features,
but at the same time protecting the rest of the metal core from
oxidation.”® Thus, extensive potential cycling may result in
complete oxidation of the Ir(0) core due to exposing the
metallic core to solution and to further oxidation.

The catalytic activity for the oxygen evolution reaction
(OER) of the Ir/ATO catalysts was examined in O,-saturated
0.1 M H,SO, at room temperature (25 °C) by using rotating
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disk cyclic voltammetry at a constant areal loading of 3.7 ug;,/
cm’. Figure 4a shows OER polarization curves (not iR-
corrected and normalized to the geometric disk area) of the Ir/
ATO catalysts compared to commercial Ir-black (99.8%,
metals basis, Alfa Aesar) and IrO,/TiO, (IrO,/TiO, with 75
wt % iridium, Elyst Ir7S 0480 from Umicore) reference
catalysts, both commercially available, while Figure 4b shows
the corresponding iridium mass-normalized OER activities. It
is evident that the Ir/ATO catalysts significantly outperform
the Ir-black and IrO,/TiO, reference catalysts over the whole
potential range. The OER catalytic activity rises in the order:
IrO,/TiO, < Ir-black < 23.4 wt % Ir/ATO < 15.3 wt % Ir/
ATO < 11.0 wt % Ir/ATO. Concomitant with an increasing
OER activity, the onset potential for the OER is shifted to
lower overpotentials for the Ir/ATO catalysts, resulting in
higher efficiencies when applied in a PEMWE. The enhanced
OER mass activities of Ir/ATO catalysts over Ir-black and
IrO,/TiO, are attributed to the significant increase in the
hydrous Ir oxide active surface area because of the use of small
Ir nanoparticles (1.5—1.8 nm). On top of the active surface
area increase, the high dispersion of the Ir catalyst on the
conductive ATO support, ensuring high utilization of the OER
active sites, might further enhance the OER activity. Lowering
the packing density (g,/cm®), realized by increasing the
surface area (m?/g) and the dispersion of iridium, is decisive
for the production of a cost-efficient OER catalyst, which is not
exhibited by the two commercial OER catalysts investigated
here.

The bar diagram in Figure 4c shows the mass activities of the
three Ir/ATO catalysts and two reference catalysts determined
at 1.5 Viyg. The most active Ir/ATO (11 wt %; ~185 A/g;,) is
at least 35 times more active than the IrO,/TiO, (~5 A/g;,)
catalyst and about 4 times more active than the Ir-black (48 A/
gy,) catalyst at 25 °C. The OER activities were extracted from
Figure 4b at 1.5 Vi and after subtracting the baseline current
at 1.45 Vyyy that corresponds to the Au oxide formation peak
current and any capacitive contribution.

The iR-free Tafel plots obtained from the fits of the
polarization curves of all the catalysts are shown in Figure 4d.
The Tafel slopes (TS) obtained for the Ir/ATO catalysts are in
the range 45—52 mV/dec, similar to the one measured for the
Ir-black (5§ mV/dec) catalyst, whereas the IrO,/TiO, exhibits
the largest TS (66 mV/dec). The obtained TS for the IrO,/
TiO, is in good agreement with the 60 mV/dec slope typically
reported for IrO,-based catalysts in H,SO, solutions.*~ The
60 mV/dec slope is believed to be associated with an
electrochemical reaction whose rate-determining step involves
a chemical step subsequent to the first electron transfer
step.’* ™" Because there is a strong correlation between the
hydration state of the iridium and the OER activity,w’“ the
lower TS measured for the Ir/ATO as well as the Ir-black
compared to the IrO,/TiO, can be explained by the formation
of a hydrous Ir oxide, which exhibits higher OER activity
compared to a thermally treated IrO,.*" The fact that the Ir/
ATO catalysts exhibit an even smaller TS than Ir-black
suggests that there is an enhancement in the OER reaction
kinetics due to SMSI between the hydrous Ir oxide and the
Sb—Sn0, support.”**>'* It has been reported that the OER
reaction rate can be enhanced by the rapid removal/oxidation
of hydroxyl OH,y4 species that might adsorb as intermediates
on the OER active site of the hydrous Ir oxide surface.*”*
SnO, could catalyze such oxidation of OH4 to O,y on the

https://dx.doi.org/10.1021/acsanm.9b02230
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Figure 4. Electrocatalytic OER polarization curves (a) geometric and (b) Ir mass-normalized current densities, (d) corresponding Tafel slopes, and
(c) mass activities determined at 1.5 Vpyy of the Ir/ATO catalysts (11.0, 15.3, and 23.4 wt %) as well as of Ir-black and of IrO,/TiO, reference
catalysts. All measurements were performed in O,-saturated 0.1 M H,SO, at 25 °C. Catalysts loading: 3.7 pg;,/cm’y. Scan rate: 5 mV/s (2500

rpm).

hydrous Ir oxide surface, thus promoting the reaction kinetics
and altering the TS.”

As most low-temperature PEM electrolyzers typically
operate at temperatures up to 60 °C,*"* the OER activity of
the most active catalyst, 11 wt % Ir/ATO, was investigated at
temperatures higher than 25 °C to give an indication of the
realistic activity this catalyst may provide when implemented in
a real application.

Figure Sa depicts the OER polarization curves (not iR-
corrected and normalized to the geometric disk area) of the
11.0 wt % Ir/ATO catalyst measured at four different
temperatures in the range 25—80 °C, while Figure 5b shows
the corresponding iridium mass normalized activities of the
catalyst at the same temperatures. Increasing the temperature
from 25 to 80 °C leads to a less positive shift of the apparent
onset potential from 1.47 to 1.39 Vyyy, indicating enhanced
kinetics at higher temperatures. The determination of the OER
mass activities is commonly done at an iR-free potential of 1.5
Ve where kinetic losses are dominant (Tafel region) and
mass-transport related losses, which can occur at high
geometric current densities due to partial shielding of the
catalyst layer by oxygen bubbles, can be excluded. Clearly, a
proper determination of the activity at 1.5 Vg is not possible
at higher temperatures (60 and 80 °C) due to the occurrence
of mass-transport losses. Therefore, the activity at lower
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temperatures (25 and 40 °C) was determined at the commonly
used iR-free potential of 1.5 Vyyg, while at high temperatures, a
lower potential (1.4S Vi) was used. Quite clearly, the Tafel
lines at 25 and 40 °C very well represent the measured OER
data up to ~1.53 Vi 4. and to #1.51 Vig ¢, respectively, so
that the mass specific OER activity of the Ir/ATO catalyst at
L.S Vig free can be determined with high fidelity to be 166 A/
g at 25 °C and =686 A/g;, at 40 °C (coinciding with the
geometric current density of ~0.6 and of ~2.5 mA/cm” at 1.5
Vir-rees L€Spectively). On the other hand, at 60 °C the deviation
between the Tafel line and the actual data occurs already at
~1.47 Vi geo and thus the activity was determined at 1.45
Virue yielding 2230 A/g;,. Finally, at 80 °C excessively large
geometric current densities would be required to reach 1.5
Vir-frewr SO that also here the best approach is to use 1.45 Vg .
for determining the mass activity, yielding #1100 A/g;,.
From Tafel plots, the OER mass activity (80 °C) at 1.4
Vyue of the 11.0 wt % Ir/ATO catalyst is determined to be
1100 A/g;,. In comparison with other studies, the activity of
the 11.0 wt % Ir/ATO catalyst at room temperature (25 °C;
~166 A/g;,) is among the highest OER activity reported in the
literature,™ whereas at higher temperatures, a similar type of
catalyst (11 wt % IrO, on Sb-SnO,) synthesized by Ohno et al.
exhibits a 3 times higher activity (%3000 A/mg;,) in a liquid
cell at 1.45 Vg and 80 °C.* However, the catalyst

https://dx.doi.org/10.1021/acsanm.9b02230
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Figure S. Electrocatalytic OER polarization curves (a) geometric and (b) Ir mass-normalized current densities and (c) corresponding iR-corrected
Tafel plots of Ir/ATO (11.0 wt %) at 25, 40, 60, and 80 °C. All measurements were performed in O,-saturated 0.1 M H,SO, rotating at 2500 rpm.
Catalysts loading: 3.7 pg;,/cm?y. Scan rate: S mV/s. Using the reference potential at each temperature (E”), we can determine the activities at
given OER overpotentials (7 = 0.20 V, purple circles; 7 = 0.225 V, green circles; 7 = 0.25 V, red circles) as well as at 1.5 Vg .. (blue circles) and at

synthesized by Ohno et al. showed a significantly lower
performance in a MEA (450 A/g;, at 1.45 Viy) due to the low
electronic conductivity of the catalyst layer. Hence, even
though the performance of the herein studied catalyst
measured in a liquid electrolyte is lower, the high conductivity
of the applied ATO should be beneficial to enable high
performance in single cell measurements (MEA) without an
additional loss in performance. In general, the high activity,
which can most likely be attributed to the high catalyst surface
area and good dispersion, and hence results in a reduced
packing density (~0.27 g;/cm®) compared to a commercial
catalyst (Umicore IrO,/TiO,: 2#2.3 g, /cm?), can be achieved
with this catalyst design, therefore allowing a reduction of the
Ir loading at the anode side of an electrolyzer as explained
later.”

For the following analysis of activation energy, an estimate of
the OER kinetics was obtained by extrapolating the Tafel
kinetics observed at lower current densities to 1.5 Vg g, as is
shown in Figure Sc. The iridium mass-normalized OER
activities estimated at temperatures between 25 and 80 °C in
0.1 M H,SO, were used to draw the corresponding Arrhenius
plots at various overpotentials, 0.20 V (purple solid circles,
Figures Sc and 6a), 0.225 V (green solid circles), and 0.25 V
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(red solid circles), as displayed in Figure 6a. The over-
potentials were referenced to the standard reference potential
at each temperature (E,; see Figure 6b) as well as to a partial
pressure of O,, calculated individually for each temperature
considering an ambient pressure of 1 bar and the
corresponding water vapor pressure (see eqs 1 and 2) and a
constant partial pressure of H, (py, = 0.969 bar,). Moreover,
since the reversible potential of the reference (E,,”) changes
along with temperature (eq 4), the temperature of the
reference compartment was measured separately, and the
reversible cell potential was corrected for the potential of the
reference electrode accordingly. Herein, it was assumed that
the first deprotonation step is complete (Ka, ~ 10*), while the
second deprotonation step (Ka, 107%) is incomplete,
yielding a concentration of ¢(H") ~ 0.11 mol L™". Over-
potentials lower than 0.20 V or higher than 0.25 V were
avoided to make sure all activity values used to determine the
activation energy at a constant overpotential (eq 3) were
within the experimental or near-experimental Tafel lines.**

E In “(Hz)\) “(Oz)

2F a(H,0)

~
~

0
Er Tev +

e

\'=E
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Figure 6. (a) Arrhenius plot of the OER activity data presented in Figure Sc at given constant OER overpotential 7ogg. All measurements were
performed in O,-saturated 0.1 M H,SO,, 2500 rpm. Catalysts loading: 3.7 pg./cm’ 4. (11.0 wt % Ir/ATO). Scan rate: S mV/s. (b) Standard OER
potential at various temperatures (E”) and iR-free potentials for a given OER overpotential (0.20, 0.225, and 0.25 V) and the corresponding OER

activities.

EQ, = 1.2291V — 0.0008456V (T — 298.15 K) (2)
0 In(i)
_R( 1/T ] = Eact(l[:cnn.\'t)
=const (3)
(AV)
Erefz 0 _E i pH:(c)
rev rev ] +\2
2F
p’e(H) @

The OER activation energy on the Ir/ATO catalyst was
determined to be approximately 37, 39, and 43 kJ/mol at
overpotentials of 0.20, 0.225, and 0.25 V, respectively. The
activation energy values reported here are similar to of those
reported in a very recent study by Suermann et al. for the OER
reaction (50—45 kJ/mol for overpotentials between 0.20 and
0.25 V) based on Ir-black or IrO,/TiO, catalyst."® In our
study, a hydrous iridium oxide, which is known to exhibit a
higher activity than crystalline IrO,, was studied, while
Suermann et al. applied an IrO,-based catalyst.*"*” The higher
activity exhibited by an amorphous iridium oxide might explain
the slightly lower activation energy obtained in in this study.
Because of the narrow potential range used in this study to
determine the activation energy, no clear correlation between a
change in overpotential and activation energy can be drawn.
However, in general, a decreasing activation energy with
increasing overpotential would be expected based on the Tafel
kinetics. Nevertheless, the observed range of activation
energies matches quite well with the activation energies
obtained by Suermann et al. and lies within the error range
observed in their study (n = 02-03 V; E, = 39-52 kJ
mol™!).*
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The performance of the Ir/ATO (11.0 wt %) catalyst at 80
°C was compared with the reference catalysts, Ir-black and
IrO,/TiO,. Figure 7a shows the iR-free anodic polarization
curves for Ir/ATO (11.0 wt %) and the two reference catalysts
in O,-saturated 0.1 M H,SO, solution at 80 °C, in which the
current was normalized by the iridium mass, while Figure 7b
shows the corresponding Tafel plots of the three catalysts. The
OER onset potential of the Ir/ATO is at ~1.39 Vyyy, ie., 40
and 70 mV less positive than that of Ir-black and IrO,/TiO,
catalysts, respectively. The difference in Tafel slopes at high
temperature is consistent with that obtained at lower
temperature (Figure 4d) and is most likely due to the
interaction of the hydrous Ir oxide with the ATO support,
which results in a lower TS for the Ir/ATO catalysts as
explained earlier. The OER polarization curves clearly show
the significant difference in OER activity at 80 °C between the
Ir/ATO (11.0 wt %) catalyst and the reference catalysts
(Figure 7c). The OER activity values reported in Figure 7c are
determined from the Tafel plots (Figure 7b) at 1.45 Vg from
the experimental Tafel lines (solid lines in Figure 7c). This
clearly shows that the synthesized Ir/ATO catalyst (21100 A/
gi:) outperforms both the Ir-black (2190 A/g;,) and the IrO,/
TiO, (~4S A/g,) drastically, thereby proving that by
dispersing a high surface area Ir catalyst on a conductive
oxide support, superior OER activities can be achieved.
Therefore, measurements employing the 11.0 wt % Ir/ATO
as an anode catalyst layer in a PEMWE are in progress, where
the actual activity due to the absence of mass transport should
be exploited.

It has been recently shown that the Pt loading on the
cathode side of an electrolyzer can be reduced to very low

https://dx.doi.org/10.1021/acsanm.9b02230
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Figure 7. Electrocatalytic OER polarization curves (a) Ir-mass-normalized current densities and (b) corresponding iR-corrected Tafel plots of Ir/
ATO (11.0 wt %), Ir-black and IrO,/TiO, (Umicore) catalysts, and (c) OER activities (determined from Tafel plots) at 80 °C at 1.45 Vi, All
measurements were performed in O,-saturated 0.1 M H,SO,. Catalysts loading: 3.7 pg;,/cm’ 4. Scan rate: 5 mV/s.

values, such as 0.025 mgp,/cm?, without any negative effect on
the performance of the electrolyzer.” This was only possible
because of the fast kinetics of the hydrogen evolution reaction
(HER). On the other hand, the kinetics of OER on the anode
is slower than that of the HER, and therefore high loadings of
the OER catalyst (2 mg;,/cm?) are typically used at the
anode to compensate for such slow kinetics of the OER. It has
been recently demonstrated that by using a thermally treated
IrO,/TiO, as an OER catalyst the loading can be reduced to
~1 mg,/cm® without sacrificing the anode performance at
operational current densities (>1 A/cm”).” It was even
suggested in that study that very low Ir loadings might be
achieved without significantly affecting the performance.
However, because of the extremely high Ir content (75 wt %
Ir) of the OER catalyst used in that study,” as well as all
commercially available OER catalysts, achieving such low
loadings was not possible due to the inhomogeneity of the very
thin catalyst layer, resulting in a significant decrease in
performance. The use of an OER active catalyst that is
characterized by a low iridium packing density (g;,/cm®) will
help achieve low Ir loadings on the anode with reasonably
thick electrocatalyst layers that are homogeneous enough to
not influence the anode performance. Generally, the OER
activity of the IrO,/TiO, (Umicore) catalyst would be
sufficient to realize low loadings; however, because of the
large packing density (g;,/cm?), inhomogeneous catalyst layers
would be conceived, resulting in an additional loss in
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performance. In comparison to that, the low packing density
of the Ir/ATO (11.0 wt %) catalyst would allow for a
significant decrease in loading down to 0.015—0.025 mg;,/cm?,
i.e,, similar to that of the Pt catalyst at the cathode side. The
performance of such low loadings and the durability of the Ir/
ATO catalyst in a PEM electrolyzer are currently under
investigation.

IV. CONCLUSION

In this study, we have successfully designed and synthesized an
OER catalyst that combines all parameters that have been
reported to enhance OER activity of oxide-supported Ir
catalyst. The catalyst consists of Ir nanoparticles supported on
antimony-doped tin oxide (ATO), and it exhibits the highest
OER activity reported in the literature based on initial activity
measurements. The very high OER activity is a result of the
careful catalyst design in which the size of the Ir oxide
nanoparticles is controlled in the 2—4 nm range, and therefore
it provides both high surface to mass ratio and at the same time
might enhance the synergetic interaction with the oxide
support, called strong metal—support interaction (SMSI). The
very high electrical conductivity of the ATO (2 S/cm) used in
this study and its high surface area (50 m?/g) along with a high
catalyst dispersion results in a very high OER activity of the Ir/
ATO catalyst (1100 A/gj, at 80 °C, at 1.4S Vgyg). In contrast
to the state-of-the-art OER catalysts that require high Ir
loadings, the low loading Ir catalyst (Ir/ATO) presented here
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can help to reduce the precious metal loading on the anode of
a PEMWE by several orders of magnitude, which is an
important step for facilitating the scaled-up manufacturing of
PEM water electrolyzers.
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5.3 OER Catalyst Stability Investigation Using RDE
Technique: A Stability Measure or an Artifact?

The following section deals with the article “OER Catalyst Stability Investigation Using RDE
Technique: A Stability Measure or an Artifact?”,'®> which was submitted to the Journal of
Electrochemical Society in February 2019 and accepted for publication in April 2019 as an open
access article distributed under the terms of the Creative Commons Attribution 4.0 License (CC
BY). The study was presented by H.A.E.-S. at the 2018 MRS Fall Meeting in Boston,
Massachusetts. The permanent web-link for the article IS:
https://iopscience.iop.org/article/10.1149/2.0301908jes/pdf

A commonly used method to assess the long-term stability of an OER catalyst from RDE
measurements is the application of a constant current (e.g., 10 mAcm2gis). The observed
gradual increase in potential, terminating in a sudden jump in potential (>2 V) is attributed to
the degradation of the catalyst and thus to its stability. While in a PEM-WE catalysts operate
stable with only a marginal loss in performance over ten thousands of hours, the stability
obtained in an RDE setup is orders of magnitude lower. Within this study, an Ir/ATO catalyst

was used to reveal the discrepancy of lifetimes measured by the RDE technique vs in an MEA.

Therefore, the stability of an 11.0 wt.-% Ir/ATO catalyst was analyzed using an RDE setup. By
applying three different geometric current densities (mAcm2isc), the stability of the catalyst
was assessed. At a higher current density, a more severe increase in potential was observed, and
the final jump in potential occurred earlier (e.g., after ~20 h for 5.50 mAcm 2gisk compared to
~30 min for 27.5 mAcm 2gis). The potential measured at the end of test (after the jump in
potential) was similar to the one measured on a bare Au disk, meaning that no catalyst is left at
the electrode surface or it is electrochemically not accessible. If the increase in potential were
indeed related to the degradation of the catalyst, the severity should depend on the mass-specific
current density (Ag™y). Therefore, the loading was changed while the mass-specific current
density was kept constant. The results, however, showed that although the same mass-specific
current was used, a lower loading and thus a lower geometric current density resulted in a higher

apparent stability.

Considering these observations, the overall oxygen production rate (dependent on the geometric
current density) and thus the formation of oxygen bubbles within the catalyst layer seems to
influence the stability of the catalyst. An additional hint that the formation of oxygen bubbles
is partially responsible for the rapid increase in potential is the fast decrease in performance
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when cycling the electrode within the OER regime. However, after purging the electrolyte with
Ar for 30 min, roughly 40% of the activity was regained. This suggests that during operation
oxygen bubbles get trapped within the catalyst layer and lead to the shielding of active sites. To
prove that the stability measurements using an RDE setup are falsified by the accumulation of
oxygen bubbles, constant current measurements were performed, where a CV was recorded
after a pre-defined increase in potential (e.g., 45 mV, which equals one Tafel slope value). In
case the potential increase is related to catalyst degradation, after a potential increase by one
Tafel slope suggests that only ~10% of the catalyst should have remained on the surface of the
electrode substrate (according to the Tafel equation). The CVs measured after a 30 min Ar
purge, however, indicate that even after a potential increase corresponding to three TS values
as well as after the potential jump occurred (>2 V), there is still ~50% of catalyst surface present
on the electrode substrate. This confirms, that the accumulation of oxygen bubbles within the
catalyst layer leads to the shielding of active sides, and thus to an increase in potential at the
still accessible sites to provide the applied current. Ultimately, the local increase in potential
results in the dissolution and degradation of the catalyst. If the accumulation of oxygen bubbles

could be prevented, the thus induced degradation would be avoided.

In summary, this study showed that the commonly used technique to access the stability of an
OER catalyst by RDE is not reliable, since it is influenced by trapped oxygen bubbles within

the catalyst layer and the thus induced shielding of active catalyst surface area.
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The rotating disk electrode (RDE) technique was frequently used for investigating the stability of oxygen evolution reaction (OER)
catalysts under galvanostatic conditions, where the increase in potential is reported to be due to catalyst degradation. The galvanostatic
RDE stability test typically results in catalyst life-time of several hours, although the same catalyst can last for thousands of hours
in a PEM electrolyzer under similar conditions, a discrepancy that is still unresolved. In this work, we present a careful examination
of the use of the RDE technique as a tool for the investigation of the OER catalyst stability. Our findings provide a clear evidence
that the change in potential during the stability test is not related at all to catalyst degradation, but is rather due to an experimental
artifact caused by nano- and micro-bubbles formed within the pores of the catalyst layer during the OER, which cannot be removed
by electrode rotation. Instead, they accumulate and shield the OER active sites from the electrolyte, resulting in an increase of the
potential, which is mistakenly interpreted as catalyst degradation in previous literature. Thus, reliable OER catalyst stability tests
other than testing in a real electrolyzer cell still needs to be designed.
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The development of oxygen evolution reaction (OER) catalysts
for polymer electrolyte membrane water electrolysis (PEMWE) re-
quires the use of reliable methods for both activity and stability test-
ing. To date, IrO-based materials, state-of-the-art catalysts for OER
in acidic media, have been optimized for the highest OER activity
through controlling catalyst morphology and the type of the oxide
support.'

Itis very well-established that the OER catalyst activity can be reli-
ably estimated by using rotating disk electrode (RDE) or flow-channel
methods in half-cells or by full-cell testing in an electrolyzer.>'? On
the other hand, the evaluation of OER catalyst stability over the whole
lifetime under realistic conditions is not practical, as the current in-
dustrial life-time targets are five to ten years.'* Therefore, accelerated
degradation tests using cells with liquid electrolyte or actual proton
exchange membrane (PEM) electrolyzer are performed in order to
carry out comparative stability studies of various catalysts.'*'? A pro-
tocol for the OER catalyst stability using RDE was proposed by the
Joint Center for Artificial Photosynthesis (JCAP) group and is now
frequently used by other research groups.?” In this protocol, OER cat-
alyst stability is determined using galvanostatic electrolysis, where a
constant current (e.g., 10 mA/cm? 4y ) is applied in a RDE configura-
tion at a constant rotation rate of 1600 RPM and the change in potential
as a function of time is monitored for a few hours.?® The increase of
the potential during the test is considered as an evidence of catalyst
“deactivation”, while a steady potential indicates a stable catalyst. The
authors indicated that this stability protocol does not distinguish be-
tween the various mechanisms of catalyst deactivation; like corrosion,
material degradation, or surface passivation.

This protocol was then used by other researchers to compare the
stability of their developed OER catalysts against reference materials.
For example, Oh et al. reported the enhanced stability of antimony-
doped tin oxide (ATO)-supported Ir nanodendrites (ND) over all of
their investigated reference catalysts, including carbon-supported Ir
nanoparticles, Ir-black, Ir-ND, and Ir-ND/C.2' The authors reported
that when a constant current density of 10 mA/cm?gy is applied
on all of the catalysts, all reference materials showed a gradual in-
crease of the potential as a function of time, followed by a sudden
potential jump, which the authors considered an indication of com-
plete catalyst degradation.?! Only Ir-ND/ATO showed a very small
increase in potential for 15 hours without any potential jump, sug-
gesting the superior stability of this catalyst compared to the refer-
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ence materials.”! Using the same protocol, Oh et al. reported another
study on the existence of the strong metal-support interaction (SMSI)
in IrO,/ATO (compared to IrO,/C).'"® In that study, the absence of
a potential jump over 15 hours of testing in case of IrO,/ATO and
the observation of a potential jump after 10 hours for IrO,/C was in-
terpreted by the authors to indicate a superior stability of IrO,/ATO
vs. IrO,/C, which may attribute to the SMSI effects. Wang et al.
also used the same approach and concluded on the superior sta-
bility of their developed aerogel catalyst (Ir/SnO,:Sb-mod-V) over
conventional catalysts, again using the potential jump as an indica-
tion of full catalyst degradation.?> Zhang et al. reported the stabil-
ity test of Ir catalyst anchored on 3D graphite foam using the same
RDE stability protocol, where no potential jump was observed up to
10 hours for the developed catalyst, with no comparison to any refer-
ence material. >

Geiger et al. noticed that the galvanostatic RDE stability test over-
looks many aspects and that the catalyst life-time defined by the poten-
tial jump is inconsistent with stability results from a PEM electrolyzer,
in which a catalyst can be stable under similar operating conditions
(current density, pH, temperature, etc.) for ten thousands of hours.
The discrepancy indicates that this RDE stability test may have some
limitations.'® Furthermore, they showed that the catalyst life-time,
measured by RDE, depends on the nature of the electrode substrate
on which the catalyst powder is being supported. Specifically, it was
suggested that the potential jump, used as an indicator of full cata-
lyst degradation, is actually due to glassy carbon passivation, making
the catalyst no longer electrochemically accessible due to the high
contact resistance, ultimately leading to the sudden potential jump.
Consequently, other electrode substrates were tested to avoid mate-
rials that passivate at high potential, and it was recommended that
gold and boron-doped diamond should be used as they show better
stability of the catalyst under investigation, while glassy carbon and
fluorine-doped tin oxide electrodes were deemed unsuitable for such
stability tests.'? Although Geiger et al. found that the potential jump
depends on the electrode substrate, the results still do not explain the
inconsistency between stability results from an electrolyzer and those
from an RDE test.

In general, the potential increase during a galvanostatic RDE stabil-
ity test can result from passivation of the RDE electrode substrate, from
catalyst degradation (dissolution), from physical detachment of cata-
lyst material or from the accumulation of oxygen bubbles. In this study,
a homemade iridium catalyst supported on antimony-doped tin oxide
(ATO), recently reported to provide extremely high OER activity,® is
used to identify the main cause for the potential increase in a galvano-
static stability test and to conclude whether the galvanostatic RDE
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stability test is a reliable technique to determine the stability of OER
catalysts.

Experimental

ATO support synthesis.—Following the procedure developed by
Beyer et al., antimony-doped tin oxide (ATO) with a molar Sb:Sn
ratio of 5:95 is prepared in an open 100 ml autoclave with a PTFE
liner (HighPreactor BR-100, Berghof), where 30.0 ml concentrated
HNO; (69 wt%, puriss. p.a., Sigma Aldrich) are added to 50.0 ml
deionized water. 2.0 g tin (16.9 mmol, Sn, granulates, 0.425-2.0 mm,
> 99.5%, ACS reagent, Sigma Aldrich) and 130 mg antimony(III)
oxide powder (0.440 mmol, Sb,O3, nanopowder, < 250 nm, > 99.9%,
Sigma Aldrich) are added at once to the acidic solution under vigorous
stirring.* After 10 minutes, the autoclave is sealed and heated to 140°C
at a heating rate of 2°C/min. This temperature is held for 10 h, followed
by cooling the reaction mixture passively to room temperature. A
bluish powder is obtained and separated from the liquid phase by
centrifugation. The powder is washed thoroughly with deionized water
until the washing water reaches pH 6. After the final washing step
with ethanol, the powder is dried overnight in static air at 70°C. The
resulting dry powder is calcined in a tube furnace (Carbolite) in a gas
flow of 20% O, in Ar (both 5.0-grade, Westfalen) with a flow rate of
400 ml/min. The samples are heated to 600°C at 5°C/min and held
at 600°C for 3 h. After passive cool down to room temperature in
the furnace, the calcined samples are ground in a planetary ball mill
(Pulverisette 7 Premium Line, Fritsch) in order to break up the formed
agglomerates during calcination. In this process, ca. 2 g of ATO are
suspended in 6 ml isopropanol and filled into a 45 ml ZrO, milling
jar containing 20 ZrO, balls (@ 10 mm). Six milling cycles of 10 min
each and 1 min pause between the cycles are conducted at 200 rpm.
Again, the product is separated by centrifugation and dried overnight
at 70°C in static air.

Synthesis of Ir nanoparticles.—The polyol synthesis setup con-
sists of a 100 ml three-neck flask with magnetic stirrer placed in a
heating mantel (WHG 2, Winkler), equipped with a reflux condenser,
a thermometer, and a temperature controller (Model 310, J-KEM Sci-
entific). Additionally, there is a glass capillary, which is connected to a
high purity argon supply (5.0-grade, Westfalen). The whole system is
sealed off with septa. In a typical polyol synthesis, 183 mg dihydrogen
hexachloroiridate(IV) hydrate (0.450 mmol, H,IrClg x H,0, 99.98%,
trace metal basis, Sigma Aldrich) are dissolved in 10 ml ethylene gly-
col (EG, 99.8%, anhydrous, Sigma Aldrich) in a small vial at room
temperature under vigorous stirring. After complete dissolution, the
solution is transferred into a three-neck flask with another 80 ml of
ethylene glycol. The total iridium concentration is 5- 10~ mol/l in a
total volume of 90 ml. The solution is purged with argon for 60 min in
order to minimize the O, content before heating. During heating, the
solution is stirred moderately (at approx. 500 RPM) under argon. The
solution is heated up to 140°C at a heating rate of approx. 2°C/min,
where it is held for one hour, after which time the reaction mixture is
allowed to cool down to room temperature.

Preparation of ATO-supported iridium catalysts.—The prepared
iridium nanoparticles are slowly added to the ATO suspended in 35 ml
ethylene glycol by sonication for at least 30 min. The reaction mixture
is stirred at 500 RPM at room temperature under air for three days
until all the nanoparticles are deposited on the ATO. Afterwards, the
prepared catalyst is separated via centrifugation at 11500 RPM and
5°C, and washed twice with isopropanol with 5 min sonication in
between the centrifugation steps. The obtained black powder is dried
at 70°C in static air overnight. The morphology and composition of the
final catalyst was confirmed using transmission electron microscopy
(Philips CM100 EM) and energy dispersive X-ray analysis (JCM-
6000Plus from JEOL).

Electrochemical setup and measurement procedure.—The clec-
trochemical measurements (cyclic voltammetry, galvanostatic polar-

ization, and electrochemical impedance spectroscopy (EIS)) were per-
formed in a glass three-electrode electrochemical cell. A reversible
hydrogen electrode (RHE) and a high surface area Au wire were used
as reference and counter electrodes, respectively. The RHE reference
electrode was either directly connected to the cell or via a Luggin
capillary. Rotating ring-disk electrodes (RRDEs) with a 5 mm diam-
eter polycrystalline gold (Au) electrode and a Pt ring supported by a
PTFE-body (Pine Research Instrumentation, USA) were used as work-
ing electrodes. The reference potential was calibrated in H,-saturated
electrolyte prior to every experiment using the platinum ring of the
RRDE and all potentials in this publication are given with respect to
RHE.

Electrolyte solutions were prepared from high purity H, SO, (Ultra-
pur, 96%, Merck Millipore KGaA, Germany) by addition of ultrapure
water (18.2 MQ.cm at 20°C, Merck Millipore KGaA, Germany). Ar,
0,, and H; used for purging of the electrolyte were of high purity
(6.0-grade, Westfalen AG).

Electrochemical measurements were performed using an Autolab
potentiostat (PGSTAT302N, Metrohm AG) and a rotator (Pine Re-
search Instrumentation) with a polyether ether ketone shaft. Prior to
any electrochemical measurements, a cyclic voltammogram of the
gold working electrode was recorded in the supporting electrolyte to
verify the cleanliness of the Au disk and the cell. Afterwards, the elec-
trode was removed, dried, and coated with the catalyst ink that was
allowed to dry under a low flow of nitrogen.

The coated electrode was then dipped into the Ar-purged elec-
trolyte and the electrolyte resistance between reference and working
electrode was determined by EIS from 100 kHz to 100 Hz at open
circuit potential (OCP) with an amplitude of 10 mV. The potential
was then cycled at least 20 times between 0.05 and 1.45 V RHE at
100 mV/s to convert all metallic iridium into (hydrous) iridium ox-
ide. Afterwards, the electrolyte solution was replaced by fresh 0.1 M
H,SO, and saturated with O,. After fully saturating the electrolyte
with O,, polarization curves were recorded from 1.2 Vgyg to 1.7 Vrug
at 10 mV/s at a rotation rate of 2500 RPM. Galvanostatic experiments
were carried out directly after the linear polarization curves, whereby
a constant current density was applied and the resulting potential was
recorded over time.

Electrode and ink preparation.—Prior to every measurement,
the Au working electrode was polished with 0.3 pm Al,O; polishing
suspension (Buhler AG) and sonicated various times in ultrapure wa-
ter. Inks were prepared by adding ultrapure water to the dry catalyst
(11 wt% Ir/ATO) to obtain a catalyst ink concentration of 1 mgc,/1 ml.
The catalyst suspension was sonicated for 30 min in a sonication bath
(Elmasonic S 30 H, Elma Schmidbauer GmbH) to achieve a homoge-
neous dispersion. The temperature of the bath was maintained at less
than 35°C to avoid evaporation of the solvent. No polymeric binder
was added to the catalyst suspension.

Results and Discussion

Fig. 1a shows a typical OER polarization curve (iR-corrected) of
11 wt% Ir/ATO catalyst (deposited on a gold disk) in O,-saturated
0.1M H, SO, solution at 20 mV/s and 2500 RPM, while Fig. 1b shows
a galvanostatic stability test obtained by applying a mass-specific cur-
rent density of 1 mA/jg;, for a catalyst loading of 5.50 pg;/cm?gig
(equivalent to 5.50 mA/cm? 4 ) for several hours. It can be seen
that the starting potential (1.57 V) of the potential-time transient at
5.50 pgr/cm? g (see Fig. 1b) fits reasonably well with the poten-
tial obtained at the same current density (1.55 V) for a conventional
RDE experiment (see orange line in Fig. la). The potential gradu-
ally increases with time, which according to the literature indicates a
degradation of the catalyst layer until its complete degradation once
the potential jump is observed. At that point, a constant potential
of ca. 2.12 V is observed, most likely due to the OER taking place
solely on the Au substrate after catalyst degradation. The catalyst was
found to be stable for 20 hours under these conditions, but when the
applied current density was increased from 5.50 to 16.5 mA/cm? g
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Figure 1. OER polarization curve (20 mV/s) (a) and galvanostatic stability
transients at (b) 5.50 mA/em? gig, (¢) 16.5 mA/em? gigk, and (d) 27.5 mA/em? gk
for an 11 wt% Ir/ATO catalyst in Oz-saturated 0.1 M H,SO4 at 2500 RPM and
25°C. Catalyst loading is 5.50 ugh/cmzdisk on a polycrystalline Au electrode.
(e) Potential at different current densities obtained under the same conditions
for a polycrystalline Au disk without catalyst, with the blue asterisks indicating
the potential obtained after the potential jump in (b-d).
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Figure 2. Effect of catalyst loading (2.75 ugl,-/cmzdisk (red dots),
5.50 ugl,»/cmzd;sk (black dots), and 11.0 ugh/cmzdisk (blue dots)), and mass-
specific current density on catalyst stability.

(i.e., from 1 to 3 mA/jLg;,), the catalyst was stable for only 3.5 hours
as shown in Fig. lc. Increasing the applied current even further to
27.5 mA/ecm? i (i.e., to 5 mA/jgy,), the catalyst was stable for only
30 min (see Fig. 1d). In all cases, the overall behavior is the same: first,
a gradual increase in potential, followed by a potential jump and a final
potential plateau. To confirm that the final potential plateaus are indeed
due to the OER on the Au substrate, the same current densities (5.50,
16.5, and 27.5 mA/cm?gy) were applied to the Au electrode in the
absence of any catalyst, and the corresponding potentials (black lines
in Fig. le) were compared to the final potential plateaus (indicated by
blue stars in Figs. le). The reasonably close agreement between these
potential values confirms that after the potential jump there either is
no catalyst remaining on the electrode substrate or that the catalyst be-
comes electrically completely disconnected from the Au surface and
therefore electrochemically inaccessible.

These results so far suggest that when the catalyst loading on the
disk is kept constant (5.50 uglr/cmzdkk in this case), the larger the
applied current, the higher is the catalyst degradation rate, which sup-
ports the results reported in the literature where the OER stability test
is mostly considered a suitable tool to quantify OER catalyst stability.
If this were to be correct and if the potential increase is indeed due
to catalyst degradation, then the degradation rate for a specific cat-
alyst should be dependent only on the applied mass-specific current
density (current per OER active site) and not on the geometric cur-
rent density. This, however, cannot be confirmed by the results shown
in Figs. la-1d, as both mass-specific current density and geometric
current density vary simultaneously.

To deconvolute the effects of geometric (mA/cm? ) and mass-
specific (mA/jLgy,) current densities, the catalyst loading on the disk
was changed (2.75, 5.50, and 11.0 pg;/cm? i) while fixing the mass-
specific current density by varying the geometric current density. This
should result in the same stability time, if the degradation rate is de-
pendent only on the mass-specific current density. Surprisingly, Fig. 2
shows that when the catalyst loading on the disk was changed from
5.50 pgr/cm?yg (black dots) to 2.75 pgp/cm?yy (red dots), a 5-
fold increase in the stability was obtained when a constant current of
5 mA/pg;, was applied. Decreasing the catalyst loading while main-
taining the applied mass-specific current density results in a lower
geometric current density, therefore decreasing the overall rate of O,
production. This may indicate that the created oxygen bubbles are
somehow influencing the stability time by shiclding the OER active
sites from the electrolyte, where a lower O, evolution rate seems
to result in a longer stability time (see Fig. 2). The same behavior
was observed for 3 mA/pg;,, where the catalyst loading on the disk
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was decreased from 5.50 pLg;/cm? i (black dots) to 2.75 pg/em? i
(red dots), leading to a two-fold increase in the stability time for the
lower catalyst loading. Increasing the catalyst loading on the disk
from 5.50 pg/cm? gy (black dots) to 11.0 pgp/ecm? gy (blue dots),
while applying the same mass-specific current density of 3 mA/pg,
resulted in a 1.6-fold decrease of the stability time, again showing
higher stability for a lower catalyst loading. The influence of the cat-
alyst loading at constant mass-specific current density on the stability
time decreased from S mA/jLg;, to 3 mA/jLg;,, which is most likely due
to the decrease in the O, evolution rate. When the O, evolution rate
(i.e., the geometric current density) was further decreased by applying
2.75 mA/jLg;, using loadings of either 2.75 pgp/cm? g (red dots) or
11.0 pgr/em?gig (blue dots), no significant change in stability time
was observed. This was also observed for mass-specific current den-
sities of 1 mA/pgy, and 2 mA/pgy,, suggesting that the influence of
the evolved O, bubbles on the stability time is much smaller at low
mass-specific current densities, which generally means at low cata-
lyst loadings or of low geometric current densities. If the O, bubbles
formed during the galvanostatic RDE-based OER stability test are at
least partially responsible for the potential increase, they should have
a similar effect on the linear scan polarization curves of the catalyst
during OER activity determination, i.c., the activity should decrease
as a function of the cycle number due to the gradual accumulation of
oxygen bubbles.

Figure 3a shows mass-specific OER polarization curves (iR-
corrected) of 11 wt% Ir/ATO catalyst (deposited on a Au electrode) in
0,-saturated 0.1 M H,SO, at 10 mV/s, 25°C, and 2500 RPM, where it
can be seen that the OER currents decrease upon potential cycling (1.4
— 1.55 Vgue). This decrease cannot be attributed to the passivation of
the Au disk substarte, as Au passivation at the upper scan potential of
1.7 V is limited to a monolayer of Au oxide,>* which does notimpose a
significant resistance. The physical detachment of the catalyst material
is also excluded, as it usually would result in a sudden and arbitrary
decrease in the current upon cycling, which was not observed here.
Thus, the gradual decrease of the OER current upon potential cycling
is either due to catalyst degradation or due to the gradual accumulation
of oxygen gas bubbles within the pores of the catalyst layer, thereby
blocking electrolyte access to a fraction of the OER active sites.

To distinguish between these two possibilities, the RDE setup was
purged with Ar for 30 min directly after the OER testing (Fig. 3a) while
switching the electrode to OCP (open circuit potential), then this was
followed by taking another polarization curve under O, atmosphere.
This experiment is designed based on the assumption that during the
OER, oxygen bubbles are formed on the catalyst layer surface as well
as within the pores of the layer. While the nano- and micro-bubbles that
form inside the catalyst layer can obviously not be removed by con-
vection (i.e., rotation), contrary to the macro-bubbles that are formed
on top of the catalyst layer and can be removed by convection, they
could be removed by oxygen diffusion into the bulk of the electrolyte.
However, even if the OER experiment were carried out under Ar at-
mosphere, the electrolyte in the vicinity of the catalyst layer would be
saturated with O, produced by the OER, so that removal of O, bubbles
via dissolution and diffusion cannot occur. On the other hand, once the
electrode is put into OCP and once the RDE setup is purged with Ar,
O, bubbles can be removed via dissolution and diffusion. This effect
is explored in the experiments shown in Fig. 3. In Fig. 3a, the poten-
tial control was stopped and the electrode was kept under OCP, while
the solution was purged with Ar at 2500 RPM. If the accumulation
of bubbles were the main cause for the “apparent degradation”, some
or all (depending on time) of the oxygen should be removed from the
catalyst layer by diffusion. Fig. 3b shows three polarization curves,
initial (2" cycle), after 30 cycles, and after Ar purging, all recorded
under O, atmosphere. It can be clearly seen that Ar purging recovers
part of the activity lost after 30 cycles. For example, at 1.5 Vgyg, the
initial OER activity was found to be 172 A/g;, (black line in Fig. 3b),
and decreased to 88 A/gy, after 30 cycles (blue line in Fig. 3b), i.e., ca
50% of the OER activity was lost. After Ar purging for 30 min, the
OER activity recovered to 122 A/gy, (red line in Fig. 3b), i.e., 40% of
the lost activity was regained. These results suggest that the nano- and
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Figure 3. Mass-specific OER polarization curves (iR-corrected) of the 11 wt%
Ir/ATO catalyst (deposited on a Au electrode) in O;-saturated 0.1 M H2SO4 at
10 mV/s, 25°C, and 2500 RPM. The catalyst loading was 22.4 uglr/cmzdisk.
and the potential was cycled between 1.2 and 1.7 V vs. RHE (a) for 30 cycles,
and (b) before (initial and 30" cycle) and after Ar purging for 30 min at OCP.
(c) Effect of RPM on the OER mass-specific activities measured at 1.5 Vrug
from initial and 30" cycles.
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micro-bubbles within the pores of the catalyst layer are responsible
for the current decrease during potential cycling.

To examine the hypothesis of the blockage by O, bubbles, the OER
polarization curves were measured at 400-2500 RPM and the current
decay (at 1.5 Vryg) as a function of potential cycle number was ob-
served. Each rotation speed was studied using a freshly catalyst-coated
Au electrode, where a catalyst loaing of 22.4 g /cm? g was used.
Fig. 3¢ shows that the OER activity determined at 1.5 Vgpg from the
initial cycle depends on the rotation rate where it decreases by de-
creasing the rotation rate. This clearly indicates that the accumulation
of bubbles within the porosity of the catalyst layer occurs from the
very beginning of the experiment and that its effect on OER activity
can be even observed at the initial cycle. The same behavior was also
observed for OER activities determined from the 30 cycle, where the
highest OER activity was reported at 2500 RPM (ca. 83 A/g;,), which
is about 50% of that reported at the same RPM from the initial cycle
(ca. 150 A/gy,).

To verify whether the accumulation of O, bubbles within the pores
of the catalyst layer is responsible for the typical potential increase
during a galvanostatic stability test, the Ir/ATO catalyst was subjected
to a constant OER current and the experiment was stopped once a
pre-defined potential increase was reached. This experiment is based
on the assumption that if the potential increase over galvanostatic ag-
ing were mainly due to catalyst degradation, as suggested by many
researchers in the literature, the correlation between the measured po-
tential increase and the available OER active sites would have to be
consistent with the Tafel equation. And hence, the available active
surface area of the catalyst over the course of the experiment, i.e., the
roughness factor (rf) of the catalyst layer supported on the RDE sub-
strate (in units of cm? ., /cm? g ), would have to be directly correlated
to the kinetic OER overpotential (v}, given in mV):

n="TS"-log (li) —TS.log(rf) [1]
0

where, 7§ is the Tafel slope in mV/dec, i is the geometric OER current
density in mA /emi,, and i is the exchange current density of the
catalyst for the OER in mA/cm?,, . Since in the galvanostatic aging
test the current density 7 is constant, as is the catalyst exchange current
density iy, n would only depend on the effective roughness factor rf
as described by the second term on the right-hand-side of equation 1.
The roughness factor, in turn, could decrease by catalyst dissolution
or by the ionic disconnection of the catalyst by trapped O, bubbles.
For example, for a potential increase that is equivalent to one Tafel
slope (TS), there should be a corresponding 10-fold decrease in the
number of OER active sites (i.c., a 10-fold decrease of the r f). As the
TS of It/ATO catalysts has been reported to be around 45 mV/dec.® the
galvanostatic stability test was designed in a way to allow the potential
to increase by one TS (45 mV) from the starting potential. The system
was then purged with Ar under OCP for 30 min to allow O, bubbles
to diffuse away from the pores of the catalyst layer, while maintain-
ing the 2500 RPM rotation, and then a CV was measured under Ar
and compared to the pristine CV. This approach was applied after dif-
ferent potential increases of 1x TS (45 mV), 2x TS (90 mV), 3x TS
(135 mV), and after the potential jump was observed. Each potential
increase experiment was conducted using a freshly prepared electrode
with an identical loading of 11.2 pgi/cm?gg. In all cases, the CV
obtained under Ar after the stability test was compared to that before
the stability test. Fig. 4a shows that, when a constant current density
of 11.2 mA/cm? 4 is applied (corresponding to 1 mA/jLgy,), an initial
potential of 1.6 Vg was reproducibly obtained for all measurements
and that the same gradual increase in potential with time was observed
for all samples. Fig. 4b shows all CVs collected after a 30 min of Ar
purging at OCP carried out directly after a given potential increase
was reached; a CV of the pristine catalyst is given for reference. If
the gradual change in potential were mainly due to catalyst degra-
dation, an increase in potential of one TS should result in a 10-fold
loss of catalyst surface area, i.c., in a 10-times smaller CV compared
to the pristine CV. Analogously, for potential increases correspond-
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Figure 4. (a) Potential evolution vs. time in galvanostatic stability tests at
11.2 mA/em? ;g and 2500 RPM for 11 wt% Ir/ATO catalyst in Op-saturated
0.1 M H2804 with catalyst loading of 11.2 ug],-/cmzdigk (= 1 mA/pgye) until
the potential has increased to 45 mV (= TS; blue line), 90 mV (= 2 TS; green
line), 135 mV (= 3TS; red line), and to its final value after the potential jump
(by roughly 550 mV). A fresh catalyst smple was used for each experiment.
(b) Corresponding CVs after the stability tests and after 30 min hold at OCP
under Ar at 2500 RPM, taken in Ar-saturated 0.1 M H2SO4 at 100 mV/s at
0 RPM.

ing to 2x TS or 3x TS, only 1% or 0.1% of the catalyst surface area
should be remaining after the stability test, and therefore their corre-
sponding CVs should be 100- or 1000-times smaller than the pristine
CV. After the potential jump, no active catalyst surface area should
be left, and only the characteristic CV of the gold substrate should
be obtained. However, Fig. 4b clearly shows that all CVs exhibit the
main set of redox peaks centered at around 0.95 V, which is due to the
I+ /Ir** redox reaction. Surprisingly, none of the CVs shows the sur-
face area loss which would be expected if the potential gain during the
galvanostatic aging test were due to catalyst degradation/dissolution.
Specifically, the CV obtained after a potential increase of one TS (blue
line in Fig. 4b) would be expected to be an order of magnitude smaller
than that of the pristine CV (black line in Fig. 4b). In fact, the re-
sults clearly show that there is almost no loss of catalyst surface arca
observed in this case, as the CVs are almost identical. By the same
argument, the CVs obtained after potential increases corresponding to
2 TS and 3TS values could be expected to be two and three orders of
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magnitude smaller than that of the pristine CV, respectively. However,
they are only ca. 50% smaller than the initial CV. In addition, even
the CV obtained after the potential jump shows that ca. 50% of the
catalyst surface area of the pristine catalyst is still remaining. These
results clearly show that the potential increase during the galvanos-
tatic stability test has nothing to do with catalyst surface area loss due
to degradation/dissolution, and that the apparent OER activity loss is
mainly due to an artifact of O, bubbles accumulating in the pores of the
catalyst layer. The displacement of electrolyte within/near the catalyst
layer by evolved oxygen apparently leads to a loss of ionic contact
and thus to a substantial reduction of the effective active surface area,
concomitant with an increase in OER overpotential. Nano- and micro-
bubbles formed within/near the catalyst layer cannot be removed by
rotation, unless they coalesce at the catalyst layer surface from where
they can be removed into the bulk of the electrolyte by forced convec-
tion. In summary, our data suggest that the increase of the potential in
galvanostatic RDE-based stability test is primarily due to a shielding
of the majority of the catalyst surface area by evolved O, gas rather
than due to catalyst degradation/dissolution. Once essentially all of
the OER active sites are ionically disconnected by trapped oxygen,
the observed potential jump will occur.

A remaining question is why different OER catalysts exhibit differ-
ent “apparent” stability times in the RDE-based galvanostatic stability
test, even in cases where the same catalyst loading and the same geo-
metric current density were used.'*?">> While under these nominally
identical testing conditions the rate of O, evolution is the same, the
fraction of the nano- and micro-bubbles accumulating in the porous
layer still depends on additional material-specific parameters. These
include: i) catalyst layer thickness that depends on the active material
(e.g., iridium) packing density; ii) porosity of the catalyst layer (pore
size, volume, and connectivity) that depends on catalyst morphology;
iii) hydrophobic/hydrophilic properties of the catalyst (i.e., the active
material and the support); and, iv) adhesion of the catalyst to the RDE
substrate (e.g., gold). Therefore, different catalysts may exhibit dif-
ferent stability times in the RDE-based galvanostatic stability test as
long as they are different in at least one of the above listed properties.

Our data undoubtedly explain the inconsistency between stability
results from catalysts tested in MEAs (membrane electrode assem-
blies) in PEM electrolyzers and results from testing the same catalysts
in the galvanostatic RDE-based stability test, whereby the apparent
catalyst durability in the latter is orders of magnitude shorter than in
actual electrolyzers.”® Furthermore, the results presented in our study
also show that the commonly used galvanostatic RDE-based stability
test does not provide a measure of catalyst degradation/dissolution,
which also puts in question the viability of the reported OER cat-
alyst dissolution rates with respect to clectrode potential carried
out using half-cells with aqueous electrolytes.'**"*7-?> Again, this
is reflected by the orders of magnitude higher dissolution rates ob-
tained by measurements in liquid electrolyte vs. those in actual PEM
electrolyzers.”®

Conclusions

In this work, we carefully examined the viability of the galvano-
static RDE-based stability test as a tool for benchmarking or even
quantifying OER catalyst durability. Although this test has been uti-
lized for several years to compare the stability of various OER cata-
lysts, its results are inconsistent with those obtained from PEM elec-
trolyzers. Our results demonstrate that the galvanostatic RDE-based
stability test does not provide a measure of OER catalyst degrada-
tion/dissolution. We provide evidence that this is mainly because of
the accumulation of oxygen bubbles within the catalyst layer and/or
near its interface with the electrolyte, preventing electrolyte contact
to the majority of the catalyst surface which reduces the active cat-
alyst surface area and thus gradually increases the OER potential,
ultimately leading to a sudden potential jump to very high poten-
tials, which is commonly interpreted as a complete degradation of
the catalyst. However, since holding the catalyst for extended time
at OCP under argon was shown here to substantially recover cata-

lyst activity and catalyst surface area (measured by cyclic voltam-
metry), the time until the occurrence of a large potential jump in
the galvanostatic RDE-based stability test is not a measure of cata-
lyst degradation, as assumed erroneously in the literature. Therefore,
we believe that this test cannot be used to benchmark OER catalyst
stability, underlined by the observation that the stability of iridium-
based OER catalysts in PEM electrolyzers is tens of thousands of
hours in contrast to only hours in the galvanostatic RDE-based stabil-
ity test.
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5.4 OER Catalyst Durability Tests Using the Rotating
Disk Electrode Technique - the Reason Why This

Leads to Erroneous Results

The next chapter deals with the article “OER Catalyst Durability Tests Using the Rotating Disk
Electrode Techngiue- the Reason Why This Leads to Erroneous Results”,**® which was
submitted to ACS Applied Energy Materials in August 2020 and accepted for publication in
October 2020. Reprinted (adapted) with permission from (OER Catalyst Durability Tests Using
the Rotating Disk Electrode Technique: The Reason Why This Leads to Erroneous Conclusions;
Alexandra Hartig-Weiss, Mohammad Fathi Tovini, Hubert A. Gasteiger, and Hany A. El-Sayed;
ACS Applied Energy Materials 2020 3 (11), 10323-10327; DOI: 10.1021/acsaem.0c01944).
Copyright (2021) American Chemical Society.

The article can be found under its permanent web-link:
https://pubs.acs.org/doi/pdf/10.1021/acsaem.0c01944

The stability of oxygen evolution reaction catalysts measured in RDE or half-cell configurations
is orders of magnitude lower compared that obtained by MEA measurements. It was shown in
a previous study (see chapter 5.3) that the accumulation of oxygen bubbles within the catalyst
layer is at least partially responsible for the fast increase in potential due to the shielding of
active sides. In the literature, however, different hypotheses exists to explain this difference
(e.g. passivation of the backing electrode!** or depletion of OER active sites'®’). To unravel the
origin of the fast decay in performance observed of OER catalysts when measured in RDE or

other half-cell configurations was the main focus of this study.

Using an RDE setup and cycling the potential of an iridium disk between 1.2 and 1.65 Vrne at
a rotation rate of 2500 rpm, a rapid decay in performance (=70% after 20 cycles) can be
observed. Since the decay in performance is similar to what was observed also for catalysts in
nano-particulate form, the passivation of the backing electrode!'* cannot be the main reason to
explain the rapid loss in performance. By applying additional sonication, the observed decay in
performance is significantly lower (~30% after 20 cycles). While the other processes (depletion
of OER active sites®” and loss of active sites capable of forming Ir(V)=0 species®) are time
and potential dependent, sonication of the cell by means of an ultra-sonication bath should result
in a more efficient removal of oxygen bubbles and thus might prevent their accumulation within

the catalyst layer. Although the loss in performance observed with this setup is less severe, it is
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still continuously declining. Most likely, the power of the ultrasonication bath is not sufficiently
high to prevent the accumulation of bubbles completely. Therefore, an ultrasonication horn,
where the power can be adjusted, was placed inside the solution in the vicinity of the electrode.
Applying a constant current (10 mAcm 2gisc) while the electrode is rotated at 400 rpm and no
sonication is applied, a significant increase in potential (<100 mV) can be observed already
within 450 s. Employing additional ultrasonication not only leads to a ~50 mV lower starting
potential, proving that already within the first couple of seconds oxygen bubbles can accumulate
within the catalyst layer, but also results in a stable potential over time. It has to be noted that a
sufficiently high enough power of the ultrasonication is required to ensure an efficient removal
of oxygen bubbles. While this setup could be used to prove that the accumulation of oxygen
bubbles leads to a rapid decay in performance due to shielding of active sites, it is not applicable
for testing the stability of OER catalysts since most of them consist of nano-particles and

ultrasonication would lead to the physical detachment of the catalyst.
Author contributions

Fabrication of catalyst inks and electrochemical testing in RDE was performed by H.A.E.-S.
Analysis of the experimental test results was done by H.A.E.-S. A.H.-W. and M.F.T. wrote the
manuscript that was edited by H.A.G. All authors discussed the experimental results and revised

the manuscript.
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ABSTRACT: This study reveals the physical origin of the rapid performance decay
when measuring the activity and durability of oxygen evolution reaction (OER) catalysts
using the rotating disk electrode (RDE) technique or other half-cell test configurations
with liquid electrolyte. By subjecting the electrochemical cell or the electrolyte to
ultrasonication while conducting a typical RDE-based measurement of the OER
performance of a polycrystalline iridium-disk electrode, we demonstrate that it is the
accumulation of microscopic oxygen bubbles that is responsible for the rapid OER
catalyst performance decay observed during RDE experiments.
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olymer electrolyte membrane water electrolysis (PEM-

WE) is considered to be one of the most promising
technologies for the production of pure hydrogen."” One of its
major drawbacks is the sluggish kinetics of the oxygen
evolution reaction (OER) of the currently used iridium-
based catalysts, and research in this field is thus focused on
finding catalysts exhibiting high OER activities as well as long-
term stability.” > It is well-established now that OER activities
can be reliably measured in liquid electrolytes using cyclic
voltammetry (CV) in stagnant electrolyte, the rotating disk
electrode (RDE) technique, and flow-channel approaches,”™""
ie, in half-cell configurations with liquid electrolytes or,
alternatively, by testing membrane electrode assemblies
(MEAs) in PEM-WEs.”''"™"3 However, the OER catalyst
lifetime determined in half-cell measurements with liquid
electrolyte is orders of magnitude less than that measured in a
PEM-WE.”' In order to accelerate catalyst development
without the necessity of producing a few grams of newly
synthesized catalysts that are needed for PEM-WE measure-
ments, accelerated stress tests (ASTs) using methods that
require only several milligrams of catalysts (namely, half-cell
tests with liquid electrolyte) are needed. Unfortunately, all
OER performance measurements in half-cell configurations
with liquid electrolyte exhibit a rapid activity decay that has
puzzled researchers for decades;' ™' this rapid activity decay
also seems to be responsible for the many orders of magnitude
shorter catalyst lifetime observed in RDE measurements if
compared to measurements with the same catalyst in PEM-
WEs.”'® Therefore, identifying the origin of the catalyst

© 2020 American Chemical Society

A 4 ACS Publications

performance decay (with respect to activity and stability)
obtained in half-cell experiments with liquid electrolyte is
crucial in order to develop meaningful ASTs that can be
conducted with small amounts of catalysts and that would thus
allow one to accelerate the development of OER catalysts.
Four different hypotheses can be found in the literature
explaining the rapid performance decay of OER catalysts
measured in half-cells with liquid electrolyte: Hypothesis I,
formation of an additional contact resistance between the
catalyst layer and the electrode substrate due to the passivation
of the electrode substrate during the measurement;'’
Hypothesis 11, the depletion of the OER-active species due to
the formation of an anhydrous Ir oxide at the catalyst surface
upon continuous polarization of the OER catalyst in the OER
potential range;'® Hypothesis II1, loss of active sites capable of
forming the Ir(V)=0 species via progressive cross-linking of
iridium atoms'® (these species, Ir(V)=0, were proposed to be
sufficiently electron deficient to undergo nucleophilic attack by
substrate water and form the O—O bond); and Hypothesis IV,
shielding of the catalyst active sites by the trapped oxygen
microbubbles at the surface of the electrode and/or within the
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catalyst layer.'® With the help of ultrasonication, this study
provides solid evidence that the microscopic oxygen bubbles
shielding the OER-active sites (Hypothesis IV) are the main
origin of the rapid OER performance decay in half-cell
configurations with liquid electrolyte, as demonstrated by RDE
measurements.

A three-electrode cell with a reversible hydrogen electrode
(RHE) as a reference electrode and a high surface area Au wire
as a counter electrode was used for all electrochemical
measurements. As working electrode, a rotating ring—disk
electrode (RRDE) consisting of a S mm diameter polycrystal-
line iridium disk (Pine Research Instrumentation, USA) and a
platinum ring embedded in a PTFE body (Pine Research)
were used. For measurements where the cell or the electrolyte
was subjected to ultrasonication, the electrochemical cell was
either partially immersed in an ultrasonic bath (S 30 H,
Elmasonic, Germany) or the tip of a horn sonicator (Branson
450 Digital Sonifier, Branson Ultrasonics Corp., USA) was
directly immersed in the electrolyte in the vicinity of the
electrode surface. Prior to each measurement, the reference
electrode potential was calibrated in a H,-saturated electrolyte
using the platinum ring of the RRDE assembly, and all
potentials are referenced versus RHE. A 0.1 M H,SO,
electrolyte was prepared by mixing high purity H,SO,
(Ultrapur, 96%, Merck Millipore KGaA, Germany) and
ultrapure water (18.2 MQ cm at 20 °C, Merck Millipore).
An Autolab potentiostat (PGSTAT302N, Metrohm AG) and a
rotator (Pine Research) with a polyether ketone shaft were
used to perform the electrochemical measurements. Electro-
chemical impedance spectroscopy (EIS) in the frequency range
of 100 kHz to 100 Hz at open circuit potential (OCP) was
used to determine the noncompensated solution resistance
between the reference and working electrodes.

In order to investigate the OER performance decay, the
potential of the Ir disk was cycled between 1.2 and 1.65 Vi
at 20 mV s™". Figure 1A shows the successive anodic sweeps of
the iridium disk at a rotation rate of 2500 rpm. A continuous
decay in performance of the electrode over the course of
potential cycling is observed in the absence of ultrasonication
(black curves in Figure 1A). The geometric current densities
extracted from the curves in Figure 1A at a potential of 1.55
Vi are shown in Figure 1B versus the number of potential
cycles, illustrating the severe performance loss of the iridium
disk, with the current density continuously decreasing from an
initial value of ~3.4 to ~1.3 mA cm ™7, after 20 cycles (black
circles). Since this performance decay of the iridium disk is
analogous to the performance decay that is observed with a
catalyst layer deposited on a disk electrode substrate (i.e., in a
so-called thin-film RDE experiment),'”'*'? the formation of
an additional contact resistance between the catalyst layer and
the disk electrode substrate due to the passivation of the latter
(Hypothesis I, proposed by Geiger et al.'”) can be excluded as
the main reason for the rapid OER activity performance decay.

Next we will examine Hypothesis IV, namely, whether
microscopic oxygen bubbles that form on the surface of the
iridium disk are the cause of the observed rapid performance
decay. In order to investigate this hypothesis, the RDE cell was
placed in an ultrasonic bath in order to facilitate the removal of
possibly formed microscopic oxygen bubbles on the surface of
the iridium disk. Surprisingly, using an identical potential
cycling procedure in the presence of cell ultrasonication, the
OER performance remained relatively constant over the course
of successive voltage cycles (red curve in Figure 1A). While the

A
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Figure 1. (A) OER cyclic voltammetry (anodic sweeps) of a
polycrystalline Ir disk in non-deaerated 0.1 M H,SO, at a scan rate of
20 mV s7* and a rotation rate of 2500 rpm without ultrasonication
(black line) and with ultrasonication (red line) of the cell in an
ultrasonic bath. The inset is a close-up of successive anodic sweeps in
the absence of ultrasonication. (B) Decay in the OER current density
extracted from the OER polarization curves (A) at 1.55 Vi versus
the number of successive sweeps.

application of sonication does not affect the formation of an
anhydrous Ir oxide (Hypothesis II) nor the progressive cross-
linking of iridium atoms (Hypothesis III), as these are both
potential and time dependent processes, ultrasonication is
expected to improve the removal of microscopic oxygen
bubbles that are forming on the Ir-disk surface or, by extension,
on the catalyst layer surface in a thin-film RDE experiment.
Hence, the depletion of OER-active sites on the catalyst
surface according to Hypotheses II'® and III'* does not seem
to be responsible for the observed performance decay. At the
same time it is noted that the current density measured at 1.55
Vyiue decreases within the first S cycles from an initial value of
~4.0 to ~32 mA cm 2, even though it remains rather
constant (~3.3 mA cm™’,,) after S cycles (red circles in
Figure 1B). This suggests that already within the first cycle,
oxygen bubbles are continuously accumulating on the Ir-disk
surface, shielding more and more OER-active sites. Therefore,
the applied ultrasonication is not strong enough to fully
remove the produced microscopic oxygen bubbles, while it is
strong enough to demonstrate that the accumulation of
microscopic oxygen bubbles is responsible for the observed
rapid performance decay.

Applying a constant current (typically 10 mA ecm™,,,) and
monitoring the potential versus time in a half-cell configuration
with liquid electrolyte is the prevalent OER catalyst stability
test in the literature.””>*' During this type of experiment, the
increase in OER overpotential at constant current is

https://dx.doi.org/10.1021/acsaem.0c01944
ACS Appl. Energy Mater. 2020, 3, 10323-10327
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interpreted as catalyst degradation, ultimately resulting in a
rapid jump of the potential to >2.1 Vyyp"'""” Figure 2A

A —400 RPM-20°C
=900 RPM -20°C
1.70 - — 1600 RPM - 20 °C.
w2500 RPM - 20 °C
2500 RPM - 40 °C
w 1.65-
z
3
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w
1.60 4 2500 RPM - w/ 20% ultrasonication
1.554
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T T T T T 1
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)
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horn P
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Figure 2. (A) Constant current experiment at 10 mA cm ™, of a
polycrystalline Ir disk in non-deaerated 0.1 M H,SO, without
sonication at 400, 900, 1600, and 2500 rpm as well as at 2500 rpm
when the electrolyte is subjected to ultrasonication by means of an
ultrasonic horn at different ultrasonication power settings of 20% and
30%. (B) Picture of the RDE setup with the ultrasonic horn immersed
in the electrolyte and placed in close proximity to the Ir-disk
elektrode.

shows the initial phase of such a constant current experiment
for the iridium disk at 10 mA cm’zgco, where the first 300 ms
after application of the current are not shown due to the strong
capacitive contributions to the OER current at <300 ms. As
expected for the case where no ultrasonication is applied and
the electrode is only rotated, the voltage rapidly increases
within 450 s from ~1.6 Vi after 300 ms up to ~1.7 Viyg at
the lowest rotation rate of 400 rpm (black curve). The effect of
the rotation rate is rather weak, showing an only ~10 mV
lower potential after 450 s at the highest rotation rate of 2500
rpm (orange curve).

Next we will examine the effect of ultrasonication on this
rapid potential increase within the initial 450 s. However, as
ultrasonication of the cell using the ultrasonic bath was shown
to be unable to completely suppress the performance decay
over the course of the initial sweeps (see red symbols in Figure
1B), it is unlikely that a constant current experiment with this
type of ultrasonication would result in a stable OER
performance over time. Therefore, a modular cup horn
ultrasonicator with adjustable power was placed directly into
the electrolyte, in close proximity to the iridium electrode
(Figure 2B). Conducting the constant current experiment at
the same current density of 10 mA cm ™, at 2500 rpm and at
an ultrasonicator power setting of 20% (green curve in Figure
2A), the voltage after the initial 300 ms is now ~30 mV lower
than without ultrasonication (~1.57 Vi) and the loss of
OER performance after 450 s is 80 mV lower (orange curve).
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The lower starting potential again implies that the accumu-
lation of oxygen bubbles occurs immediately upon applying a
constant current and that strong ultrasonication in conjunction
with the rotation of the electrode seems to facilitate the
removal of microscopic bubbles that are formed on the Ir-disk
surface. However, even in this case, the potential increases
within the first 100 s of the experiment before reaching a
constant value, which suggests that the applied sonication is
still not sufficient to completely prevent the accumulation of
oxygen bubbles. Therefore, the sonication power was further
increased to 30% (purple curve in Figure 2A), and as a result,
the initial potential (~1.55 Vgyg) is lower by another ~20 mV.
Interestingly, unlike the other potential versus time transients,
after ~5 s the potential now remains constant at a very low
value of ~1.56 Vyyy until the end of the experiment at 450 s,
which implies that the rate of formation and removal of oxygen
bubbles on the Ir-disk surface reaches a steady state without
any further accumulation of oxygen bubbles. The observed
behavior cannot be attributed to thermal effects during
ultrasonication as the temperature never exceeded 40 °C by
the end of the experiment and that performing the constant
current experiment without ultrasonication at 40 °C (violet
curve in Figure 2A) resulted in a continuously increasing
potential and a plateau was never observed. This experiment
thus firmly proves that the accumulation of microscopic
oxygen bubbles is responsible for the performance decay (both
with respect to activity and stability) observed in half-cell
measurements with liquid electrolyte and that this must be the
main origin of the large discrepancy (by many orders of
magnitude) in OER catalyst stability when measured in half-
cells with liquid electrolyte (e.g, by in RDE measurements)
compared to measurements of the same catalyst in an MEA
tested in a PEM-WE.”

It has to be noted that all experiments in this study were
performed using an Ir-disk electrode, where ultrasonication
does not affect the physical stability of the catalyst. However,
catalysts for application in actual PEM-WEs are generally in
particulate form, with primary catalyst particle agglomerate
dimensions on the order of several hundred nanometers,”” so
that for the evaluation of their OER activity and stability in
half-cells with liquid electrolyte the catalysts are drop-cast on
an electrochemically inert electrode substrate (e.g., a glassy
carbon or gold disk electrode substrate for RDE measure-
ment). In this case, subjecting the cell or the electrolyte to
ultrasonication would lead to a physical detachment of the
catalyst particles from the electrode substrate, so that
ultrasonication is not feasible. Nevertheless, the aim of this
study was to prove that the accumulation of microscopic
oxygen bubbles forming on the catalyst surface is the main
origin of the observed rapid performance decay of OER
catalysts in RDE experiments, independent of whether solid
disk electrodes (such as the Ir disk in this study) or thin-film
catalyst layers deposited on a disk electrode substrate are used.

Assuming that this hypothesis is true, one would perhaps
expect that the performance decay should be fully reversible
after removal of the oxygen bubbles by, e.g., equilibrating the
electrode after the stability test in inter gas purged electrolyte
for a long time. This is indeed true in cases where the electrode
potential has not increased beyond ~1.65 Vyyyi; over the course
of the experiment, but once the OER potential has significantly
exceeded this value, a loss of catalyst surface and catalyst
dissolution are observed.”'® If iridium or iridium oxide indeed
undergo dissolution beyond ~1.65 Vpyg, it raises the question

https://dx.doi.org/10.1021/acsaem.0c01944
ACS Appl. Energy Mater. 2020, 3, 1032310327
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as to why this phenomenon would not occur equally in the
OER catalyst layer in the MEAs used in PEM-WEs. The
answer is surprisingly straightforward: the OER catalyst layer
potential (iR-corrected) in PEM-WEs never exceeds 1.6 Vgyy,
even at current densities as high as 3—4 A cm"zgw,g'n‘23 which
thus explains the 4—5 orders of magnitude longer OER catalyst
lifetimes observed in PEM-WEs compared to stability tests in
half-cell configuration with liquid electrolyte, where the OER
catalyst potential rapidly increases beyond 1.65 Vpyg. The
large difference in OER overpotential between these two
measurement setups is, we believe, due to a different extent of
shielding of the active catalyst by microscopic oxygen bubbles.

In summary, by comparing the OER performance decay of
an Ir-disk electrode in an RDE configuration, either in the
absence or in the presence of ultrasonication of the cell/
electrolyte, we have shown not only that ultrasonication
decreases the initial OER overpotential in constant current
experiments but that it also can lead to a stable and ~150 mV
lower OER overpotential after 450 s of constant current
polarization. Our analysis provides clear evidence that it is the
shielding of the OER catalyst by microscopic oxygen bubbles
(increasing over time) that is responsible for the observed
OER performance decay in half-cell experiments with liquid
electrolyte. The accompanied lowering of the OER catalyst
utilization at a fixed constant current then increases the OER
overpotentials to values high enough to induce iridium
dissolution. The fact that the OER overpotentials for the
same catalyst and for the same mass specifc current density (in
A g,7') are much lower in PEM-WEs suggests a different
extent of OER catalyst shielding by microscopic oxygen
bubble” and is a straightforward explanation for the 4—5 orders
of magnitude higher catalyst lifetime in PEM-WEs compared
to that determined in half-cells with liquid electrolyte.

H AUTHOR INFORMATION

Corresponding Author
Hany A. El-Sayed — Chair of Technical Electrochemistry,
Department of Chemistry and Catalysis Research Center,
Technical University of Munich, D-85748 Garching, Germany;
orcid.org/0000-0002-8769-8258; Email: hany.el-sayed@
tum.de

Authors
Alexandra Hartig-Weiss — Chair of Technical Electrochemistry,
Department of Chemistry and Catalysis Research Center,
Technical University of Munich, D-85748 Garching, Germany;
orcid.org/0000-0001-7094-5016
Mohammad Fathi Tovini — Chair of Technical
Electrochemistry, Department of Chemistry and Catalysis
Research Center, Technical University of Munich, D-85748
Garching, Germany
Hubert A. Gasteiger — Chair of Technical Electrochemistry,
Department of Chemistry and Catalysis Research Center,
Technical University of Munich, D-85748 Garching, Germany;
orcid.org/0000-0001-8199-8703

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsaem.0c01944

Author Contributions

TAH.-W. and M.E.T. contributed equally to this work.
Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We gratefully acknowledge the German Ministry of Education
and Research for financial support of this work within the
Kopernikus Project P2X (03SFK2 V0-2) and the innoKA
Project (BMWi, 03ET6096A).

B REFERENCES

(1) Carmo, M; Fritz, D. L.; Mergel, J.; Stolten, D. A comprehensive
review on PEM water electrolysis. Int. J. Hydrogen Energy 2013, 38,
4901—-4934.

(2) Buttler, A.; Spliethoff, H. Current status of water electrolysis for
energy storage, grid balancing and sector coupling via power-to-gas
and power-to-liquids: A review. Renewable Sustainable Energy Rev.
2018, 82, 2440—2454.

(3) Bohm, D.; Beetz, M.; Schuster, M.; Peters, K.; Hufnagel, A. H;
Déblinger, M.; Béller, B.; Bein, T.; Fattakhova-Rohlfing, D. Efficient
OER Catalyst with Low Ir Volume Density Obtained by
Homogeneous Deposition of Iridium Oxide Nanoparticles on
Macroporous Antimony-Doped Tin Oxide Support. Adv. Funct.
Mater. 2020, 30 (1), 1906670.

(4) Oh, H.-S,; Nong, H. N.; Reier, T.; Gliech, M.; Strasser, P. Oxide-
supported Ir nanodendrites with high activity and durability for the
oxygen evolution reaction in acid PEM water electrolyzers. Chem. Sci.
2015, 6, 3321—3328.

(5) Hartig-Weiss, A.; Miller, M.; Beyer, H.; Schmitt, A.; Siebel, A.;
Freiberg, A. T. S.; Gasteiger, H. A.; El-Sayed, H. A. Iridium Oxide
Catalyst Supported on Antimony-Doped Tin Oxide for High Oxygen
Evolution Reaction Activity in Acidic Media. ACS Appl. Nano Mater.
2020, 3, 2185-2196.

(6) Cherevko, S.; Geiger, S.; Kasian, O.; Kulyk, N.; Grote, J.-P;
Savan, A.; Shrestha, B. R,; Merzlikin, S.; Breitbach, B.; Ludwig, A,;
Mayrhofer, K. J. J. Oxygen and hydrogen evolution reactions on Ru,
RuO2, Ir, and IrO2 thin film electrodes in acidic and alkaline
electrolytes: A comparative study on activity and stability. Catal.
Today 2016, 262, 170—180.

(7) Ohno, H.; Nohara, S.; Kakinuma, K.; Uchida, M.; Miyake, A.;
Deki, S.;; Uchida, H. Remarkable Mass Activities for the Oxygen
Evolution Reaction at Iridium Oxide Nanocatalysts Dispersed on Tin
Oxides for Polymer Electrolyte Membrane Water Electrolysis. J.
Electrochem. Soc. 2017, 164, F944—F947.

(8) Wakabayashi, N.; Takeichi, M.,; Uchida, H.; Watanabe, M.
Temperature dependence of oxygen reduction activity at Pt-Fe, Pt-
Co, and Pt-Ni alloy electrodes. J. Phys. Chem. B 2005, 109, 5836—
5841.

(9) Bernt, M,; Hartig-Wei8, A;; Tovini, M. F,; El-Sayed, H. A;
Schramm, C.; Schroter, J.; Gebauer, C.; Gasteiger, H. A. Current
Challenges in Catalyst Development for PEM Water Electrolyzers.
Chem. Ing. Tech. 2020, 92 (1-2), 31-39.

(10) El-Sayed, H. A; Weif}, A; Olbrich, L. F; Putro, G. P;
Gasteiger, H. A. OER Catalyst Stability Investigation using RDE
Technique — A stability measure or an Artifact? J. Electrochem. Soc.
2019, 166, F458—F464.

(11) Lettenmeier, P.; Wang, L.; Golla-Schindler, U.; Gazdzicki, P.;
Canas, N. A; Handl, M,; Hiesgen, R.; Hosseiny, S. S.; Gago, A. S,;
Friedrich, K. A. Nanosized IrO(x)-Ir Catalyst with Relevant Activity
for Anodes of Proton Exchange Membrane Electrolysis Produced by a
Cost-Effective Procedure. Angew. Chem., Int. Ed. 2016, S5, 742—746.

(12) Oakton, E.; Lebedev, D.; Povia, M.; Abbott, D. F.; Fabbri, E.;
Fedorov, A.; Nachtegaal, M.; Copéret, C.; Schmidt, T. J. IrO 2 -TiO
2: A High-Surface-Area, Active, and Stable Electrocatalyst for the
Oxygen Evolution Reaction. ACS Catal. 2017, 7, 2346—2352.

(13) Yu, H,; Danilovic, N.; Wang, Y.; Willis, W.; Poozhikunnath, A.;
Bonville, L.; Capuano, C.; Ayers, K.; Maric, R. Nano-size IrOx catalyst
of high activity and stability in PEM water electrolyzer with ultra-low
iridium loading. Appl. Catal, B 2018, 239, 133—146.

(14) Gottesfeld, S.; Srinivasan, S. Electrochemical and optical studies
of thick oxide layers on iridium and their electrocatalytic activities for

https://dx.doi.org/10.1021/acsaem.0c01944
ACS Appl. Energy Mater. 2020, 3, 1032310327

109



ACS Applied Energy Materials www.acsaem.org

the oxygen evolution reaction. J. Electroanal. Chem. Interfacial
Electrochem. 1978, 86, 89—104.

(15) Tang-Kong, R;; Chidsey, C. E. D.; Mclntyre, P. C. Reversible
Decay of Oxygen Evolution Activity of Iridium Catalysts. J.
Electrochem. Soc. 2019, 166, H712—H717.

(16) Frazer, E. J.; Woods, R. The oxygen evolution reaction on
cycled iridium electrodes. J. Electroanal. Chem. Interfacial Electrochem.
1979, 102, 127—130.

(17) Geiger, S.; Kasian, O.; Mingers, A. M.; Nicley, S. S.; Haenen,
K.; Mayrhofer, K. J. J.; Cherevko, S. Catalyst Stability Benchmarking
for the Oxygen Evolution Reaction: The Importance of Backing
Electrode Material and Dissolution in Accelerated Aging Studies.
ChemSusChem 2017, 10, 4140—4143.

(18) Tan, X; Shen, J.; Semagina, N.; Secanell, M. Decoupling
structure-sensitive deactivation mechanisms of Ir/IrOx electro-
catalysts toward oxygen evolution reaction. J. Catal. 2019, 371, 57—
70.

(19) Gutsche, C.; Moeller, C. J.; Knipper, M.; Borchert, H.; Parisi, J.;
Plaggenborg, T. Synthesis, Structure, and Electrochemical Stability of
Ir-Decorated RuO 2 Nanoparticles and Pt Nanorods as Oxygen
Catalysts. J. Phys. Chem. C 2016, 120, 1137—1146.

(20) Santos, G. O. S.; Silva, L. R. A;; Alves, Y. G. S.; Silva, R. S.;
Eguiluz, K. I B.; Salazar-Banda, G. R. Enhanced stability and
electrocatalytic properties of Ti/Ru Irl—O2 anodes produced by a
new laser process. Chem. Eng. J. 2019, 355, 439—447.

(21) Huynh, M.; Ozel, T; Liu, C.; Lau, E. C.; Nocera, D. G. Design
of template-stabilized active and earth-abundant oxygen evolution
catalysts in acid. Chem. Sci. 2017, 8, 4779—4794.

(22) Bernt, M.; Gasteiger, H. A. Influence of Ionomer Content in
IrO 2 /TiO 2 Electrodes on PEM Water Electrolyzer Performance. J.
Electrochem. Soc. 2016, 163, F3179—F3189.

(23) Wei}, A.; Siebel, A; Bernt, M.; Shen, T.-H.; Tileli V.;
Gasteiger, H. A. Impact of Intermittent Operation on Lifetime and
Performance of a PEM Water Electrolyzer. J. Electrochem. Soc. 2019,
166, F487—F497.

10327 https://dx.doi.org/10.1021/acsaem.0c01944
ACS Appl. Energy Mater. 2020, 3, 10323-10327

110



111



5.5 The Discrepancy in Oxygen Evolution Reaction
Catalyst Lifetime Explained: RDE vs MEA -
Dynamicity within the Catalyst Layer Matters

In this section the article “The Discrepancy in Oxygen Evolution Reaction Catalyst Lifetime
Explained: RDE vs MEA — Dynamicity within the Catalyst Layer Matters”, which has been
submitted to the Journal of Electrochemical Society in October 2020 and accepted for
publication in January 2021.1% The study was presented by H.A.E.-S. at the 236" Meeting of
the Electrochemical Society in Atlanta (October 2019) and can be found under its abstract
number: #I01F-1750. The study can be found under its permanent web-link:
https://iopscience.iop.org/article/10.1149/1945-7111/abdcc9/pdf

Half-cell configurations such as RDE or flow-channel techniques are often used to access the
activity as well as stability of OER catalysts. The lifetime obtained from these technigues,
however, is orders of magnitudes lower compared to that measured in a membrane electrode
assembly in a PEM-WE. Within this study, the techniques commonly used to assess the stability
of a catalyst, such as constant current or constant potential holds as well as potential cycling,
are tested for both configurations (RDE and MEA) and compared directly with each other. In
order to justify a comparison of the stability obtained for the different configurations, the
activity of an IrO2/TiO> catalyst was determined in an RDE and in an MEA configuration, and
a comparison showed that the activity measured with an RDE (21 Agty) is twice as high as that
recorded in an MEA (10 Agy) at 40 °C and 1.50 Vrue. A different utilization of the catalyst
layer can be excluded, since the mass-specific capacitive currents of the MEA measurement is
higher compared to the one measured in RDE. Since, however, different ionomer contents were
used (11 wt.-% in MEA vs 1 wt.-% in RDE), this might explain the difference observed in

activity. This was not studied any further, as the activities were sufficiently close.

Applying a constant current is a commonly used technique in the literature to estimate the
lifetime of OER catalysts. In this case, a current density of 70 Ag™ was used for both
configurations, and while the potential gradually increases during the RDE measurement,
terminating in a potential jump (=2 V), the potential remains stable for the MEA measurements
over the recorded period of time (=230 h). After purging, the electrolyte solution of the RDE
setup with Ar for 30 min, the initial activity can be retrieved partially. The observed recovery
in activity can be attributed to the efficient removal of trapped oxygen bubbles within the
catalyst layer during purging. Due to the partial shielding of active sites, the still accessible sites
112
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have to provide the same overall applied current, resulting in locally high potentials were
iridium dissolution could occur. Hence, the observed decrease in performance during an RDE
measurement is the result of a bubble-induced degradation, which is not happening to the same

extent during an MEA measurement.

Another technique frequently used to estimate the stability of OER catalysts is the application
of a constant potential and investigating the decrease in current. For both techniques, a decrease
in current can be observed, however, on different time scales. While the current decreased by
~90% after applying 1.53 Vrue for 6 h for the RDE measurement, the observed decrease in
activity for an MEA measurement was only ~50% after ~24 h. After recording a polarization
curve as well as a CV, the activity was fully retrieved for the MEA measurement, whereas a
30 min Ar-purge could only recover ~60% of the initial activity in the RDE configuration.
Clearly, part of the catalyst degrades during the first chronoamperometric step due to the

shielding of active sites by oxygen bubbles within the RDE setup.

So far, neither the application of a constant current nor constant potential hold can be used to
reliably predict the stability of an OER catalyst by RDE. Since the stability during transient
operation is of vital interest, a third option to assess the lifetime of OER catalysts is by potential
cycling. Again, the performance decreases significantly within the first couple of cycles (*60%
after 20 cycles) using an RDE setup and again could partially be retrieved (=70% of the initial
activity) once the electrolyte was purged with Ar. In contrast to that, the performance was fairly
stable when the same cycling protocol was applied in an MEA configuration. This study showed,
that neither of these commonly applied stability tests can be used to reliably predict the lifetime
of an OER catalyst when using an RDE setup. Due to a different extent of accumulation of
oxygen bubbles within the catalyst layer, the degradation observed in the RDE configurations
is more severe, and thus the predicted lifetime is significantly lower. The most viable
explanation to why the extent of bubble accumulation is different between an RDE and an MEA
setup is most likely related to the electro-osmotic drag of water across the catalyst layer and the
fact that the reaction is biased towards the electrode||membrane interface within the catalyst
layer of an MEA.
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The slow kinetics of the oxygen evolution reaction (OER) is a
major challenge in the electrochemical production of hydrogen from
water by proton exchange membrane water electrolysis (PEM-WE).
To date, IrO, and RuO, are the most investigated catalysts in the
literature for OER catalysis.'™ In order to identify a suitable OER
catalyst, its activity and long-term stability are of an equally critical
importance. Reliable methods for screening the activity have been
established using rotating disk electrode (RDE) and flow-channel
techniques or testing membrane electrode assemblies (MEASs) in
PEM-WEs.*!'° However, the evaluation of the long-term stability of
OER catalysts under realistic conditions is not feasible due to the
rather low degradation rate in PEM-WEs, which would require
1000’s of hours of testing to obtain significant degradation.'"'?
Therefore, accelerated degradation tests are required, which are
typically performed in cells with liquid electrolyte or in
PEM-WEs.'>"'7 Generally, accelerated degradation tests are per-
formed using one or more of three different methods: i) constant
current holds (chronopotentiometry), ii) constant potential holds
(chronoamperometry), and iii) potential cycling.'®

Applying a constant current is the prevalent testing method in the
literature.'® In this method, which is carried out in an RDE setup, the
increase in OER overpotential at constant current operation is taken
as a measure for catalyst stability, where a drastic potential jump is
interpreted as the end of life (EOL) of the catalyst.'>2022
Alternatively, constant potential and potential cycling methods are
also utilized to perform accelerated degradation tests in which the
deterioration of current as a function of time or cycle number is
taken as representative of catalyst stability.*?~2°

It is well established now that there is a discrepancy between a
catalyst lifetime obtained from RDE and PEM-WE under similar
operating conditions.'***3' The extremely short lifetime of a

~These authors contributed equally to this work.
*Electrochemical Society Student Member.
##Electrochemical Society Fellow.

“E-mail: hany.el-sayed @tum.de

116

catalyst obtained from RDE testing using the constant current
method and indicated by the sudden potential jump was attributed
to the disk electrode substrate passivation, making the catalyst no
longer electrochemically accessible due to the high contact
resistance.’’ On the other hand, Tan et al. evaluated a variety of
Ir-based catalysts and showed that the phase transformation of the
active sites from the highly OER-active hydrous Ir oxy-hydroxide to
the less OER-active anhydrous-IrO, exerts a harsher oxidative
condition (higher potentials) on the electrode.*

The OER catalyst performance loss during RDE based stability
measurements can, at least in part, be ascribed to the passivation of
the RDE disk material, to the dissolution and/ or the physical
detachment of the OER catalyst (as evidenced by the quantification
of dissolved Ir after RDE tests),jz and to the accumulation of
microscopic oxygen bubbles within the catalyst layer. In our recent
studies, we discovered the effect of the latter on the stability results
obtained from RDE experiments.’'** We have shown that the
accumulation of microscopic oxygen bubbles in the pores of a
catalyst layer during constant current electrolysis in RDE measure-
ments is causing the apparent catalyst deactivation and failure.®' The
effect of such microscopic bubbles on the performance loss of a
catalyst during a gas-evolving reaction was further proven by
subjecting the electrochemical cell or the electrolyte to ultrasonica-
tion while conducting a typical RDE-based measurement.*>**

In this study, we demonstrate that the accumulation of micro-
scopic oxygen bubbles in the catalyst layer strongly affects the
outcome of RDE based durability tests, independent of whether they
are based on constant current, constant potential, or potential cycling
methods. In addition, we show that the same phenomenon leads to a
decay of OER catalyst activity in PEM water electrolyzer based
aging tests, in which case, however, the OER activity loss can be
fully recovered, even after 100’s of hours. We also provide an
explanation as to why the accumulation of microscopic oxygen
bubbles in the catalyst layer is detrimental in RDE testing, while in
MEA based tests in an electrolyzer it only causes reversible
degradation processes that are fully recoverable.
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Experimental

Rotating disk electrode (RDE).—Electrochemical measurements
were carried out in a water jacketed three-electrode cell using a
reversible hydrogen electrode (RHE) as a reference electrode, a high
surface area Au wire as a counter electrode and a rotating ring-disk
electrode (RRDE) consisting of a 5 mm diameter polycrystalline Au
disk and Pt ring supported by PTFE body (Pine Research
Instrumentation, USA) as a working electrode. The reference
electrode potential was calibrated in a H,-saturated electrolyte prior
to each experiment using the Pt ring of the RRDE.

A 0.05 M H,S0O, aqueous solution was used as electrolyte, which
was prepared by mixing high purity H,SO,4 (Ultrapur, 96%, Merck
Millipore KGaA, Germany) and ultra-pure water (18.2 MS2 cm at 20
°C, Merck Millipore KGaA, Germany). High purity Ar and H, (6.0-
grade, Westfalen AG) were used to purge the electrolyte.

All RDE electrochemical measurements were performed using an
Autolab potentiostat (PGSTAT302N, Metrohm AG) and a rotator
(Pine Research Instrumentation) with a polyether ketone shaft. The
electrode rotation rate was fixed at 2500 RPM and the electrolyte
temperature was maintained at 40 °C using the water jacket. Freshly
coated electrodes were dipped in Ar-saturated electrolyte and the
non-compensated solution resistance between the reference and
working electrode was determined by electrochemical impedance
spectroscopy (EIS) from 100 kHz to 100 Hz at open circuit potential
(OCP). Then, cyclic voltammetry (CV) was performed between
0.05-1.25V vs RHE with 20 mVs™ " scan rate for 10 cycles.
Afterwards, the OER polarization curve was recorded between
1.2-1.55V vs RHE at 10 mVs™'. The catalyst OER stability tests
were performed by the constant current, constant potential and
potential cycling methods in Ar-saturated electrolyte. The initial
100 ms of the constant current and constant potential measurements
were excluded in the final graphs in order to eliminate the capacitive
contributions to the OER current. This time approximately corre-
sponds to five times the time constant (RC) of the RDE configura-
tion, as calculated by EIS results (not shown here). Due to decay of
the current during the constant potential stability measurements, an
online iR compensation was utilized in order to apply a constant iR-
free potential of 1.53 Vgyg to the electrode according to the
following equation:

EiR—frcc = Emeasured — iOER x R
where R is the high frequency resistance measured by EIS prior to
each measurement.

Before each measurement, the Au working electrode was
polished with 0.3 gm alumina polishing suspension (Buhler AG)
and sonicated in ultrapure water for several times. The catalyst ink
suspension was prepared using 10.46 mg of IrO, supported on TiO,
(IrOo/TiO, with 75 wt.% iridium, Elyst Ir75 0480 from Umicore,
Germany), 2 ml ultrapure water, and 2.4 yl Nafion” ionomer solution
(5 wt.% ionomer, Sigma Aldrich) in order to achieve =1 wt.%
ionomer content in the final coating. The suspension was sonicated
for 30 min in a sonication bath (Elmasonic S 30 H, Elma
Schmidbauer GmbH) in order to achieve a homogenous ink. The
temperature of the bath was maintained below 35 °C in order to
prevent solvent evaporation. Finally, 20 pl of the prepared ink was
drop-casted on the cleaned Au working electrode in order to achieve
an iridium loading of 0.4 mg;, cm 2. Since RDE is known to be a
thin-film technique with controlled mass- lranspon high loadings
and thus, thick catalyst layers, should be avoided.* Due to the rather
high packing density of the IrO>/TiO, catalyst (~2.3 gicm ), 0
loading of 0.4 mg;, cm msk already results in a ~1.7 um thmk
catalysl layer. Since this is already quite thick, a higher loading was
not feasible within the RDE setup.

Membrane electrode assembly (MEA) preparation and cell
assembly.—Using the decal transfer method, MEAs with an active
area of 5 cm? were prepared. Platinum supported on Vulcan XC72

carbon (45.8 wt.% Pt/C, TEC10V50E from Tanaka, Japan) was used
as a hydrogen evolution reaction (HER) catalyst on the cathode
electrode and IrO, supported on TiO, (same as above) as an OER
catalyst on the anode electrode. The inks were prepared by mixing
de-ionized (DI) water (18 MQ2 cm) 2-propanol (purity > 99.9%
from Sigma Aldrich) and Nafion” ijonomer solution (20 wt.%
ionomer, D2021 from IonPower, USA) together with the respective
amount of catalyst. After mixing the suspension for 24 h using a
roller mixer, where ZrO, grinding balls (5 mm diameter) were added
to achieve a homogenous suspension, the ink was coated onto a thin
plastic foil (PTFE, 50 pm thick, from Angst + Phsler Germany)
using the Mayer rod technique. After drying, 5 cm decals were cut
from the coating and hot-pressed onto a Nafion” 212 membrane
(50 pm thick, from Quintech, Germany) at 155 °C for 3 min at a
pressure of 2.5 MPa. The actual weight of the decals was determined
by weighing the decals before and after the hot-pressing. Throughout
the study, the loading was kept constant at 0.3 £ 0.1 mgp, cm “\ga
for the hydrogen cathode and 1.9 + 0.2 mg;, em 2yga for the oxygen
anode, respectively. Since low loadings (<0.6 mg;,cm zuw) lead to
additional performance losses due to an inhomogeneous Cdtdlyst
and in order to be more representative of state-of-the-art loadings
(~2.3 gem #),3 a rather high loading compared to the RDE setup
was chosen for the MEA configuration. The ionomer content was
~11 wt.%. Sintered titanium (from Mott Corporation, USA) with a
porosity of ~50% and a thickness of 280 + 10 yum was used as a
porous transport layer (PTL) on the anode, whereas on the cathode, a
carbon fiber paper (TGP-H 120 T from Toray, no MPL, 20 wt.%
PTFE) with a thickness of 370 + 10 ;zm was used. The MEA and the
PTLs were placed between the flow fields of the electrolyzer cell,
and additional virginal PTFE sheets were used as gaskets. A
compression of 25% for the carbon PTL was achieved by choosing
the right thickness of the gaskets. Specific details about the cell
hardware are reported elsewhere.*

Electrochemical characterization of MEAs.— An automated test
station from Greenlight Innovation was used to perform all the
electrochemical measurements of the MEAs. Throughout the whole
test, the anode was supplied with 5 ml min~' deionized (DI) water,
which was pre-heated to 80 °C for the MEA conditioning procedure
and to 40 °C before the stability measurements. During the stability
measurements, the cell temperature was kept constant at 40 °C and
the produced gas on the anode side was diluted with nitrogen (100
ncem) to avoid the formation of an explosive gas mixture due to
hydrogen permeation through the membrane into the anode compart-
ment. Initially, the cell was conditioned at 1 A cm ™2 for 30 min at 80
°C under nitrogen atmosphere. Subsequently, three consecutive
polarization curves were taken at ambient pressure (1 bar,) and 80
°C, by increasing the current density from 0.01 to 4 A cm ™2 stepwise
and holding at each current for 5 min to ensure a stable cell voltage.
The last 10s of the cell voltage at each current density were
averaged. Considering these polarization curves as part of the
conditioning, they were not included in the analysis. Subsequently,
another polarization curve was recorded at 40 °C, which was used as
a reference (beginning of test, BOT). Additionally, AC impedance
measurements were performed at each current density in a range
from 100 kHz to 1 Hz. The amplitude of the current perturbation was
adjusted for each step individually in order to fulfill the criteria of
linearity, while still maintaining a sufficient signal to noise ratio. The
high-frequency intercept with the real axis in a Nyquist plot was
used to determine the high frequency resistance (HFR). At the
beginning of test (BoT) as well as at the end of test (EoT), cyclic
voltammograms (CVs) of the anode electrode were recorded by
flushing the cathode counter electrode with dry H, (50 ml min™") to
ensure a stable reference polenual and supplying the anode electrode
with DI water (5 ml min~'). The CVs were recorded in a potential
range of 0.05 V-1.25V at 20 mV s~ and 40 °C. Moreover, a linear
sweep voltammogram (LSV) was recorded at BoT in a potential
range of 1.25-1.65 V at 10mV s~ ' and 40 °C to determine the OER
activity under CV conditions. During the chronoamperometric aging
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test, the measured decay in current was found to lead to a small
difference in Ohmic overpotential (BoT (61 A/g;,) ~10 mV; EoT
(33 A/g;;) =5 mV), therefore, no iR-compensation was required in
this test.

Results and Discussion

Activity comparison of RDE and MEA measurements.—To
identify the main reason for the remarkably different catalyst
lifetimes estimated using MEA and RDE, we have employed a
variety of OER catalyst durability testing procedures using a
commercially available OER catalyst (IrO,/TiO,). As stability
measurements require comparing applied potentials with corre-
sponding currents or vice versa, it is important to confirm that
both RDE and MEA measurements result in comparable OER
activities. Therefore, the activities recorded from the two techniques
were assessed.

Figure 1a shows the iridium mass-specific LSVs of the IrO,/TiO,
catalyst in the OER potential region for three RDE measurements
(green lines) and two MEA measurements (blue circles and squares);
Fig. 1b shows the corresponding Tafel plots. The results clearly
indicate that within each technique, the measurements are quite
reproducible. However, comparing the two techniques, the mass-
specific OER activities obtained in RDE measurements are higher
than those obtained in MEAs. This difference in activity may be
explained either by the poor utilization of the catalyst in the MEAs,
by the different loadings used in the two techniques, or by the effect
of the ionomer content (Further details can be found in supplemen-
tary note A-1 available online at stacks.iop.org/JES/168/014512/
mmedia). A poor utilization of the catalyst in the MEAS is excluded
as the mass-specific capacitive currents of the MEAs (blue lines in
Fig. lc) are almost twice as large as the ones recorded in RDE
experiments (green lines in Fig. Ic). A closer look shows that the
polarization curve measured in MEA seems to be off by a constant
value of ~20 mV over a wide range of current density. Bernt et al.®
showed that a local increase in partial pressure of oxygen at the
electrode can lead to an additional loss in performance. The same
holds true for an increase in partial pressure of hydrogen. By using a
similar approach as Bernt et al., the 20 mV higher potential
measured in MEA would equate to a difference in oxygen partial
pressure of ~10 bar or in hydrogen partial pressure of 2 bar (Ap =
Paascat = Pgas,channc)- Although the values seem to be reasonable,
Bernt et al. also showed a dependency on current density, which
cannot be observed in this case. Hence, it is rather unlikely that an
increase in partial pressure of oxygen and/or hydrogen within the
catalyst layer is responsible for this discrepancy in activity.

It is, however, well known for platinum that high ionomer
loadings can negatively impact the ORR activity® and thus the
higher ionomer content used within the MEA configuration might
explain the lower activity measured. As can be seen in figure A-1
within the supporting information the application of a higher
ionomer content (20 wt.%) within the RDE configuration results in
a significantly lower activity (=3.5-times at 1.5 Vgug (HFR-
corrected)). Additionally, Bernt et al. showed that with increasing
ionomer content, the activity is slightly decreasing.* Although no
further studies were carried out to measure the change in activity as a
function of ionomer content within the RDE configuration, we
believe that the different ionomer contents used (1 wt.% ionomer in
RDE measurements vs 11 wt.% in MEA measurements) are the
origin of the discrepancy in OER activity measured by RDE and
MEA. Nevertheless, the results obtained by both techniques are in
reasonably good agreement; and therefore stability measurements
were successfully assessed as shown in the next sections.

Chronopotentiometric (CP) aging test—CP is the most fre-
quently used method in the literature to estimate the stability of an
OER catalyst by RDE measurements, where the observed increase in
potential while applying a constant current is attributed to catalyst
degradation, and ultimately to a complete loss of active
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Figure 1. (a) Iridium mass-specific linear sweep voltammograms of the
IrO,/TiO, catalyst at 40 °C and 10 mV s~! in MEAs (blue circles and
squares) and in RDE experiments (green lines, 0.05 M H,SO,, Ar-saturated);
(b) Tafel-plots (constructed from a) for three RDE measurements (green
lines) and two MEA measurements (blue circles and squares), including the
averaged activity determined at 1.50 Vgyg (HFR-corrected) indicated by the
red symbols; (c) Cyclic voltammograms in the purely capacitive voltage
region at 20 mV s~ for three RDE measurements in Ar-saturated electrolyte
(green lines) and for two MEA measurements with 50 nccm H, at the
cathode side (blue lines).

material.*'™* Figure 2a shows the potential transient recorded in
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Figure 2. (a) Chronopotentiometry at 70 A g~';, of RDE measurements at BoT (black) and after purging with Ar for 30 min. (Ar-CV; 20 mVs~") (green curve)
and MEA measurements at BoT (light blue) and after CV (50 nccm H; at the cathode) (dark blue). Inset shows the last hours of the first CP-step of the RDE
measurements. (b) Mass-specific polarization curves for RDE measurements at BoT (black), after first CP-step and Ar-CV (green) and after second CP-step
(EoT) and Ar-CV (red) recorded at 10 mV s~ (c) Cyclic voltammograms for RDE measurements recorded at BoT (black), after first CP-step (green) and after
second CP-step (dotted red) at 20 mV s™" in an Ar-purged electrolyte. (d) Cyclic voltammograms recorded for MEA measurements at BoT (black) and after first
CP-step at 20 mV s~ ', where the first (blue) and the second (cyan) cycles after first CP-step are shown.

MEA and RDE measurements at a current density of 70 A g™y, In
the RDE experiment, the potential increases continuously (black line
in Fig. 2a) reaching ~1.75V, at which a sudden potential jump
occurs. Subsequently, the potential levels out at ~2.1 V (orange
circle, Fig. 2a inset), a potential one would measure when the same
geometric current is applied to a bare Au-disk. *' This behavior is
typically interpreted in the literature by the degradation of the
catalyst.>>** According to Eq. 1, an increase in OER overpotential
(n) by one Tafel slope (TS; ca. 50 mV in this case) at a constant
current (i), should correspond to a 90% loss of electrochemically
active surface area or electrode roughness factor Ref. 31. Therefore,
and according to this degradation hypothesis, no catalyst should
remain after a total potential increase of >400 mV (black line in
Fig. 2a).

n=171S- [lg(i—i)- . —};‘)] [1]

However, after the applied current was stopped and the electrolyte
was purged with Ar for 30 min at 2500 rpm, followed by applying
the same current (70 A g"[,), the starting potential of this second
CP-step was almost the same as that that of the first CP-step,
showing the same gradual increase of potential (green line in
Fig. 2a). This result indicates that the catalyst did not collapse as
suggested by the potential jump and that a correlation between this
increase in potential and catalyst degradation seems highly unlikely.
This increase in potential is related to an accumulation of micro-
scopic oxygen bubbles and the concomitant shielding of active sites
within the catalyst layer. *' The formation and stability of such
microscopic gas bubbles on the surface of gas evolving catalysts has
been also shown by different imaging techniques such as total-
internal reflection fluorescence (TIRF) microscopy, atomic force
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microscopy (AFM) and X-ray radiography.*~*” However, after the
first CP-step was completed, the accumulated microscopic oxygen
bubbles were removed by diffusion during the 30 min rotation in Ar-
saturated electrolyte, which led to the re-exposure of active sites and
performance recovery.

The potential increase was not detected in an MEA measurement
in a PEM-WE, in fact, the performance was stable throughout the
whole measurement period (~9 d) (light blue line in Fig. 2a). This
drastic difference in the potential transient obtained in MEA vs RDE
demonstrates that the RDE-based CP test cannot be reliably used to
test the stability of OER catalysts.

After the initial CP-step with the MEA in the PEM-WE, OER
polarization curves along with CVs are recorded and the same
current is applied again (second CP-step, dark blue line Fig. 2a).
Surprisingly, the initial potential of the second CP-step within the
MEA configuration is even 10 mV smaller than that of the first CP-
step and again showed a stable performance, a phenomenon
observed elsewhere in literature, but never explained.” During
operation, an increase in local partial pressure within the catalyst
layer as well as the accumulation of oxygen bubbles is possible,
however, distinguishing between the two is not trivial. The enhanced
cell performance observed for the second CP-step within the MEA
configuration might be related to either the microscopic oxygen
bubbles formed and/or accumulated in the catalyst layer during the
first CP-step or a developing local increase in oxygen and/or
hydrogen partial pressure. Assuming that the increase in potential
is only related to either an increase in partial pressure of oxygen or
hydrogen, this would result in a pressure difference (Ap =
Pgas,catalyst—Pgas.channe) Of ~2 bar and ~0.5 bar respectively, both
of the values being reasonable. While an increase in oxygen or
hydrogen partial pressure can subside during OCV or zero current,
the trapped oxygen bubbles can either be physically detached/diffuse
away during the recorded CV under the water flow, or reduced
electrochemically by scanning to low cathodic potentials (<1.0 V)
within the MEA configuration. The latter is indicated by the
additional cathodic current observed in the first CV (blue line in
Fig. 2d) obtained after the first CP-step that is not observed in the
second subsequent CV (cyan line in Fig. 2d).

To prove that the active sites are indeed shielded by microscopic
oxygen bubbles, CVs and polarization curves were recorded for the
RDE measurements subsequent to each CP-step and a 30 min. Ar
purge. Figure 2b shows the mass-specific polarization curves
recorded at the BoT (black line), after the first CP-step, a 30 min.
Ar purge, and a subsequent CV (green line), and after the second
CP-step, a 30 min Ar purge, and a subsequent CV (red dotted line).
Quite nicely, the potentials corresponding to the 70 A g™}, in the
polarization curves are in good agreement with the initial values of
both CP-steps (black and green circles in Figs. 2a and 2b), proving
that the polarization curves and the initial potentials of the CP
measurements can indeed be correlated. According to Eq. 1, no
catalyst should remain after the potential jump. However, the
polarization curves reveal that there is still a sufficiently high OER
activity compared to a bare Au-disk,”! although significantly smaller
compared to the initial activity. Accordingly, comparing the OER
activities at 1.5 Vryg suggests that only ~20% of the initial catalyst
layer seems to remain, whereas ~80% is lost due to “microscopic
bubbles-induced degradation.” The accumulation of oxygen in the
catalyst layer and partial shielding of the active sites result in an
increasing potential at the remaining active sites to provide the same
applied current. Consequently, the increased potential on the
remaining active sites inevitably enhances iridium dissolution.**~?
In fact, if the accumulation of microscopic bubbles could be avoided,
no significant dissolution is expected to occur, since shielding a
fraction of the catalyst layer is the main cause for the increasing
potential and the accompanied iridium dissolution happening at the
still accessible sites.

Figure 2c shows CVs measured at the BoT (black line), after the
first CP-step (green line) and at EoT (red dotted line), each recorded
after purging with Ar for 30 min to ensure a catalyst layer free of
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microscopic bubbles. The CVs recorded after the both CP-steps
show that at least half of the initial catalyst layer is still electro-
chemically accessible. Conclusively, this comparison demonstrates
that using chronopotentiometry for estimating the stability of an
OER catalyst in RDE measurements is not reliable, since the
observed increase in potential seems to be exclusively caused by
the accumulation of microscopic oxygen bubbles and the by
subsequent shielding of active sites within the catalyst layer.

Chronoamperometric (CA) aging test—The observed decrease
in current during a constant potential measurement is attributed to
catalyst degradation and is commonly correlated to the lifetime of an
OER catalyst.'"*?° In this study, a constant potential of 1.53 Vgug
(iR-corrected) is applied and the corresponding current is recorded
during the RDE and MEA measurements. Within the first few
minutes of a CA measurement in an RDE, a rapid decrease in the
mass-normalized current of almost 75% can be observed (Fig. 3a,
black curve), followed by a more gradual decrease in current over
the subsequent 6 h. The initial OER activity of 56 A g~ '}, is taken
after 100 ms, so that capacitive contributions are negligible (see
experimental section). If this drop in current over the first hour were
related to catalyst degradation, then almost 85% of the catalyst
would have to be lost, even though this catal7yst was proven to be
stable in a PEM-WE over hundreds of hours.!” Therefore, this rapid
drop in current must be related to the fast filling of the catalyst layer
with microscopic oxygen bubbles, shielding a significant fraction of
the active sites, so that the current decreases.”' Applying the same
potential after purging for 30 min with Ar resulted in an initial
current that is only 60% (34 A g~ ', green circle in Fig. 3a) of the
initial current recorded for the first CA-step (gray circle in Fig. 3a),
which again rapidly decays within the first hour of the second CA-
step before it levels out (~ 5Ag"1r)‘ While the rapid decay in
current during the CA-step can undoubtedly be related to the partial
shielding of active sites by microscopic oxygen bubbles, the 40%
lower initial current in the subsequent second CA-step suggests that
the catalyst also partially degraded during first CA-step. Polarization
curves recorded at BoT, after the first CA-step, and at EoT, are
provided at the supplementary note A-2.

Figure 3c shows that the CVs recorded after the first and second
CA-steps (each preceded by a 30 min Ar purge) are ~30% smaller
compared to the one measured at BoT (black curve in Fig. 3c),
suggesting that roughly one third of the catalyst is degraded by the
end of the experiment and that the decrease in current during a CA-
step does not correlate to catalyst degradation. In summary, these
results confirm that the stability of an OER catalyst cannot be
examined by applying a constant potential in RDE measurements,
since the current decrease is largely due to the shielding of active
sites by microscopic oxygen bubbles, which are trapped in the
catalyst layer.

Using the same catalyst in an MEA and testing it in a PEM-WE,
it was found that the current decreased by ~50% after ~24 h (black
curve in Fig. 3b), suggesting that half of the catalyst is ecither
shielded or has degraded. The current at 1.53 Vgyg derived from a
subsequently measured polarization curve after the first CA-step
(33 A g '}, purple star in Fig. 3b) closely matches the steady-state
current (32 A g 1) at 1.53 Veyg after the 24 h CA-step. The current
at 1.53 Viye also remains essentially constant (30 A g ') over a
subsequent potential hold (dark blue curve in Fig. 3b), which either
means that the catalyst has indeed degraded or that the O, bubbles
are remaining in the catalyst layer.

Scanning the potential to below 1 Vgyg to remove the oxygen
bubbles or to subside a local increase in oxygen and/or partial
pressure in the catalyst layer, followed by a CA-step (turquoise
curve in Fig. 3b), the same initial current at 1.53 Vgyg HFR-corrected
(63 A g",r) as that obtained for the first CA-step (61 A g"lr) was
obtained. This firmly proves that the performance decay during a CA
step was solely due to shielding the active sites by oxygen bubbles or
the increase in local partial pressure of oxygen and/or hydrogen. An
increase in partial pressure, however, would occur instantly and not
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Figure 3. (a) Chronoamperometry at 1.53 Vgyg (internal iR-correction was
applied) measured by RDE at BoT (black) and after first CA-hold (green).
After each CA-hold, the electrolyte was purged with Ar for 30 min and a CV
(see Fig. 3c) was recorded. (b) Chronoamperometry at 1.53 Vgyg (HFR-
corrected) measured in an MEA at BoT (black), the purple star represents the
activity measured at 1.53 Vgyg during a subsequent polarization curve,
directly after the polarization curve (blue) and after a subsequent CV
(turquoise). (c) Cyclic voltammograms recorded at BoT (black), after a
30 min. Ar-purge after the first CA-hold (green) and after a 30 min. Ar-purge
after the second CA-hold at EoT (red dotted) at 20 mV =1

over hours (see gradual decay in current over hours in Fig. 3b),
wherefore an increase in partial pressure seems rather unlikely. So
far, it is not trivial to give a solid explanation for whether this
reversible degradation in an MEA is due to the electrochemical
reduction of O,, due to the removal of O, by diffusion, or an even
more complex phenomenon.

Although the testing time in the MEA was much longer than that
in the RDE configuration, no catalyst degradation was observed in
the MEA, while for the RDE test, about 40% of the current could not
be recovered. This confirms that using RDE measurements to predict
the lifetime of a catalyst by applying a constant potential is not a
valid approach, since the recorded drop in current is mostly due to
the shielding of active sites by trapped microscopic oxygen bubbles
and since the observed loss in OER activity is most likely a
consequence of it. On the other hand, in MEA measurements, the
current loss is reversible and it can be avoided by a proper design of
the stability test.

Potential cycling aging test.—Undeniably, the OER catalyst
stability during transient operation is of vital interest, since it will be
an important consideration when coupling a PEM water electrolyzer
with renewable energies that are inherently intermittent in power
outpul.SS"'S(’ By cycling the potential between idle periods (OCV)
and times of operation (>1.4 Vryg), the fluctuating power supply is
commonly mimicked in RDE durability tests, and the observed
decrease in OER activity is attributed to catalyst degradalion.5 714
this study, the potential was cycled between 1.3 Vryg and 1.6 Vryg,
avoiding reducing conditions, which can affect the performance of a
PEM water electrolyzer.'” Figure 4a depicts the mass-normalized
current [A g",r] extracted at 1.5 Vgryg from the anodic scan of the
respective cycle during RDE measurements as a function of cycle
number. Evidently, the current significantly drops within the first
two cycles by ~40% (cycles 1 and 2 in Fig. 4a), whereas the
decrease slows down afterwards. After 20 cycles, only 40% of the
initial activity is remaining (10 A g~ ', Fig. 4a), which means that
20 cycles would be enough to degrade more than half of the catalyst,
assuming that this deactivation is owing only to catalyst degradation.
However, after purging with Ar for 30 min and recording a CV,
three additional cycles were performed (green circles in Fig. 4a),
showing that roughly 70% of the initial activity can be recovered
(~15 A g "}, red dotted circle). While a significant fraction of the
catalyst degradation can be recovered, some irreversible catalyst
degradation must have occurred, although this irreversible degrada-
tion is not expected in the here used potential range.'™” Again, the
microscopic oxygen bubbles must be directly responsible for the
reversible degradation, and indirectly responsible for the irreversible
degradation.

The anodic scans of the individual cycles in the above RDE
experiment are shown in Fig. 4c, where it becomes quite clear that
the second cycle (dark green curve) during the first cycling test and
the first one (red dotted line) recorded after a 30 min. Ar purge and a
CV are perfectly identical, clearly demonstrating the partial recovery
of activity. It can therefore be concluded that part of the catalyst
layer degraded during the cycling test since only 70% of the current
can be recovered by Ar purge. The CVs recorded for the potential
cycling stability test at the BoT and at EoT are shown in Fig. A3.

The same stability protocol was executed in an MEA and the
results are shown in Fig. 4b. Obviously, the current (~12 Ag_',,)
recorded at 1.50 Vgyg during a polarization curve (purple diamond,
measured galvanostatically beforehand) is similar to the current
(~125A g’l,r) obtained during the first anodic cycle at the same
potential whereas during the subsequent 200 cycles (light blue
squares) the activity slightly decreases by ~10%. This decrease is
often interpreted in the literature as degradation of the catalyst,”
however, after recording a polarization curve and a subsequent CV
between 0.05-1.25 Vgyg, the activity increases to 16 A g ' at 1.50
Vrue (blue circles in Fig. 4b), i.e., to a value even higher than the
one recorded during the very first cycle.
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Figure 4. (a) Mass-specific currents, extracted at 1.50 Vgyg of the anodic
scan during cycling between 1.3-1.60 Vgyg (iR-corrected) at 10 mV s~ in
RDE configuration, recorded for the initial 20 cycles (black squares) and for
3 cycles after a 30 min. Ar-purge, a CV and a polarization curve (green
circles). (b) Mass-specific currents, extracted at 1.50 Vgyg during cycling
between 1.3 Vrur— 1.60 Vrur (HFR-corrected) with 10 mV s~ in an MEA,
for the initial 200 cycles (light blue squares) and for 20 cycles (dark blue
circles) recorded after obtaining a polarization curve and a CV. The purple
diamond represents the extracted current at 1.50 Vgyg from the polarization
curve recorded directly before the 200 cycles, and (c) Mass-specific anodic
cycles (from RDE) recorded at 10 mV s ' during cycling depicted for the
first (dark green line), 2nd (green line), 10th (light green line), 20th (bright
green line) and for the 22nd (red dotted line).
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In contrast to the activity decrease over the course of the first 200
cycles, the decrease observed during the subsequent cycles is much
more severe (—13% within 20 cycles). Both, the higher activity
measured along with the observed fast decrease is related to the CV
recorded directly before the second cycling, whereas the first cycling
was recorded directly after measuring a polarization curve, during
which large OER currents were drawn. By cycling the cell to lower
cathodic potentials (<1.0 Vgyg), as it was already shown in the
previous section (Fig. 2d), the microscopic oxygen bubbles trapped
within the catalyst layer can be removed and/or an increase in
oxygen and/or hydrogen partial pressure can decay. Since the cell
was polarized at high potentials prior to the first cycling, a certain
fraction of the catalyst layer must have already been shielded or a
partial pressure difference was already developed and hence, did
already affect the performance. This would explain the apparently
lower activity along with the smaller decrease in activity during the
first 200 cycles (light blue squares). On the other hand, once the
catalyst layer is free of any microscopic oxygen bubbles after a CV
into the potential range where O, can be reduced and any partial
pressure buildup did subside, the catalyst can be fully utilized, which
results in a high initial activity that, however, decays more rapidly
due to the fast filling by microscopic oxygen bubbles and/or the
increase in local partial pressure. In summary, this comparison
shows that potential cycling cannot be used in RDE measurements to
predict the lifetime of an OER catalyst, since the claimed degrada-
tion is caused by a shielding of active sites via trapped microscopic
oxygen bubbles within the catalyst layer.

MEA aging for the three different aging protocols.—Each of
the three investigated aging protocols showed that during MEA
measurements in a PEM-WE, a fraction of the catalyst layer is
shielded by microscopic oxygen bubbles and that by recording a CV
to low potentials, the activity can be fully recovered. This suggests
that there are no irreversible changes to the catalyst and the catalyst
layer of the MEA during the test. Hence, the polarization curves
recorded at BoT and at EoT should be identical, independent of
which aging protocol is applied. The polarization curve representing
the initial activity at BoT (black squares) and those recorded at the
EoT for each aging protocol are depicted in Fig. 5a. In fact, the
polarization curves at the end of the different stability tests match
quite well with BoT performance, especially when the HFR-
corrected curves are considered, thereby confirming that none of
these aging tests caused any degradation of the catalyst and the
catalyst layer. The corresponding HFRs as well as Tafel plots at BoT
and at EoT are depicted in Fig. 5b. Further details regarding this
figure can be found in supplementary note A-4.

We provide here a possible hypothesis (Fig. 6) as to why the
effect of trapped oxygen bubbles is more pronounced in case of the
RDE compared to MEA measurements. For this, we first focus on
the processes occurring during MEA measurements in a PEM-WE.
Since the through-plane electrical resistance within the catalyst layer
is quite small (=0.04 mQ2 cm?peq)!’ compared to the proton sheet
resistance (14-30 m$2 cngeu);7 the OER reaction should mainly
occur at the membrane/electrode interface (Fig. 6a). ).* Thus,
although the reaction is occurring throughout the whole catalyst
layer, the utilization of the catalyst layer should be highest at the
membrane/electrode interface. The catalyst layer thickness at a
loading of 2 mg;, cm g, is ~8-10 um,”’ through which the
produced oxygen has to escape. Within the OER catalyst layer, the
local partial pressure of oxygen must thus increase, resulting in a
pressure gradient from the membrane | electrode (Pos ) to the
electrode | PTL interface (Posgppry), illustrated by the blue curved
line in Fig. 6a (marked as ®). This pressure difference might
enhance the removal of oxygen within the catalyst layer towards the
PTL, thereby minimizing the accumulation of oxygen within the
catalyst layer.

The above consideration is only true, however, if a sufficiently
large flux of water can be sustained from the electrode | PTL to the
membrane | electrode interface. This, we believe, is provided by the
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Figure 5. (a) Galvanostatically measured polarization curves at 40 °C
recorded at BoT (black squares) and at EoT after 223 potential cycles
between 1.3-1.60 Vrug (blue circles), after ~26 h of CA at 1.53 Vrug
(green triangles), and after ~10 d of CP-hold at 70 A g ';; (light blue
triangles); The open symbols represent the HFR-corrected polarization
curves. (b) The corresponding HFRs as a function of current density. (c)
Mass-specific Tafel-plots (data replotted from (a) at BoT (red line) and at
EoT after 223 cycles (blue circles), after ~26h at 1.53 Vgyg (green
triangles) and after ~10 d at 70 A g~ '}, (light blue triangles). Please note
that in many instances the data points overlap so closely that not all of the
four different symbols can be discerned in each instance.

electro-osmotic water drag from anode to cathode through the
membrane (Fig. 6a, @). The drag coefficient under electrolyzer
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Figure 6. (a) Scheme of a single cell (MEA), illustrating possible reasons
for a different degradation rate in MEA compared to an RDE: 1) pressure
build-up within the catalyst layer; 2) electro-osmotic water drag and oxygen
permeation; 3) restricting the size of a micro-bubble formed in an MEA |
PTL interface to the pore diameter of the PTL. (b) Scheme of an RDE tip
during OER operation.

operating conditions ranges between 2.5-3.2 H,O/H', so that
roughly 10-12 water molecules per produced oxygen molecule (4
H' per generated O,) are dragged through the membrane and,
consequently, through the anode catalyst layer, i.e., ~5-6 times the
amount required to produce one O, molecules.”® This electro-
osmotic water drag will thus sustain a sufficiently large flux of
water to the membrane | electrode interface, so that the current
density distribution across the anode catalyst layer will be governed
by the proton conduction resistance. In this case, oxygen will be
produced at a higher rate near the membrane | electrode interface
(see above), producing the pp, gradient sketched by @ in Fig. 6a,
which in turn allows for an efficient removal of O, gas bubbles from
the anode catalyst layer. Additionally, the pore size of the PTL
(220 pm) may prevent the formation of macroscopic oxygen
bubbles (0.1 —1 mm) and thus the blockage of larger sections of
the anode catalyst layer (Fig. 6, @). Commonly, however, a
pressurized operation is desirable, while the whole study was
conducted at ambient pressure. Bernt et al. showed that an increase
in pressure leads to a higher hydrogen crossover.”” Assuming the
same holds true for oxygen crossover, an even more efficient
removal of oxygen bubbles is expected for operations at higher
pressure. Since there was already no degradation observed in the
case of ambient pressure operation, none is expected in the case of
pressurized operation.
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On the other hand, in the RDE configuration, the oxygen can only
be removed by diffusion within the catalyst layer or by convection in
the radial direction at the outer surface of the catalyst layer (blue
arrows, Fig. 6b) into an O,-saturated electrolyte. Even in the absence
of water transport resistances into the catalyst layer, the primary (i.c.,
conductivity-controlled) current distribution in this case favors the
highest current density at the catalyst | electrolyte rather than at the
disk | electrolyte interface, so no positive po, gradient would be
established from the disk | electrolyte to the catalyst | electrolyte
interface to drive O, removal. In conclusion, the electro-osmotic
drag of water across the catalyst layer of an MEA and the skewing of
the OER current density distribution towards the membrane |
electrode interface due a minimized proton conduction resistance
are the most likely reason for the apparently more effective O,
bubble removal in an MEA configuration. If one would be able to
design a measurement setup, where one can stimulate dynamicity
within the catalyst layer during the measurement in liquid electro-
lyte, one might be able to predict the lifetime of a catalyst without
the need of an MEA setup. One possibility to prevent the
accumulation of bubbles would be the application of sonication
during operation,33 which, however, is not feasible with catalyst in
nano-particulate form. To the best of our knowledge, up to know
there is no other technique other than assessing the long-term
stability within in an MEA configuration, which can be used to
reliably predict the lifetime of OER catalysts.

Conclusions

In this study, the most commonly used methods to predict the
lifetime of OER catalysts, namely chronoamperometry, chronopo-
tentiometry and potential cycling, were conducted in both RDE and
MEA cells and directly compared with each other. It was demon-
strated that none of the three investigated aging tests in an RDE
configuration provides a measure of OER catalyst degradation/
dissolution. This is mainly attributed to the accumulation of oxygen
bubbles within the catalyst layer, shielding most of the active sites in
case of an RDE test, resulting in a rapid increase in potential, for a
CP test, or a rapid decrease in current, for a CA or potential cycling
test, which is commonly interpreted as degradation of the catalyst.
The accumulation of bubbles was found to induce irreversible
degradation of the catalyst, a phenomenon that we did not observe
in an MEA test. In fact, we demonstrated that while a local increase
in partial pressure of oxygen and/or hydrogen seems rather unlikely,
the accumulation of microscopic oxygen bubbles takes place also in
an MEA, but to a much less extent compared to RDE. Therefore, the
degradations observed in MEA for all the methods were fully
reversible and almost no irreversible catalyst degradation was
observed.

In summary, none of the most commonly used methods in RDE
measurements is applicable to predict the lifetime of OER catalysts,
since the observed decrease in performance is solely caused by the
shielding of active sites via trapped microscopic oxygen bubbles. If
it would be possible to prevent the accumulation of the microscopic
oxygen bubbles within the catalyst layer during the measurement, it
might be possible to design a proper stability protocol for testing
OER catalysts using RDE measurements.
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5.6 Impact of Intermittent Operation on Lifetime and

Performance of a PEM Water Electrolyzer

In the following section the article “Impact of Intermittent Operation on Lifetime and
Performance of a PEM Water Electrolyer” is presented, which was submitted to the Journal of
Electrochemical Society in January 2019 and accepted for publication as an open access article
under the terms of Creative Commons Attribution 4.0 License (CC BY) in April 2019. The
study was shown at the 234" Meeting of the Electrochemical Society (October 2018) in Cancun
by Alexandra Weiss and can be found under its abstract number: #101F-1598). The article can
be found under its permanent web-link: https://iopscience.iop.org/article/10.1149/2.0421908]es

PEM water electrolyzis has the potential to be coupled with renewable energies, which,
however, are inherently intermittent in their power output. Hence, the stability of a PEM water
electrolyzer during a fluctuating power supply is of utter importance. Therefore, an accelerated
stress test (AST) was developed within this study to mimic times of operation (3 Acm?ge, and
0.1 Acm?geo) and idle periods (OCV). Since the cell was operated at differential pressure
(10 barcathode/1 baranode), the hydrogen can permeate from the cathode into the anode
compartment during the OCV period and lead to the reduction of 1rO, and thus the formation
of metallic iridium at the surface of the catalyst. The permeation of hydrogen and its
accumulation within the anode compartment was confirmed by the cell voltage decay during
the OCV period, where within a couple of minutes the voltage dropped close to the reversible

potential of hydrogen (=0 VRrHE).

The cell voltage development during the course of cycling was recorded at the two different
current densities as a measure of stability. Although the performance improved initially after
10 OCV-cycles (=50 mV) at both current densities (3 Acm2geo and 0.1 Acm2ge), over the
course of cycling the performance gradually decreased. Polarizing the cell at 1.3 V, instead of
leaving it at OCV, resulted in a stable performance. Polarization curves measured periodically
throughout the measurement revealed that the improved performance observed during the
OCV-test is correlated to improved OER Kkinetics, since the Tafel slope also decreased from
initially 60 mvdec? to 47 mVdec? after 10 cycles. Additionally, the polarization curves
showed that the decrease in performance over the course of OCV-cycling is related to an
increasing HFR over time (BOT: 56 mQcm?geo; after 788 OCV-cycles: ~88 mQcm?2geo), Since
the iR-corrected performance remained nearly constant. During the reference test, when the cell

is polarized at 1.3 V during the idle period, the Tafel slope as well as the HFR remained constant.
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Hence, the improved performance along with the increase in HFR is related to the OCV-periods.
Hydrous iridium-oxide is known to be more active towards the OER than crystalline 1IrO2 and
might explain the improved activity observed. This was confirmed by CVs recorded
periodically during the OCV-test, where after 10 OCV-cycles H-UPD features, typical for
metallic iridium, along with the Ir(111)/Ir(1\V)-redox features are emerging. In comparison, the
CVs recorded within the reference test remained constant over the course of cycling, showing
only capacitive features, which is typical for a crystalline IrO-.

The main reason for the observed decrease in performance during the OCV-test was correlated
to the increasing HFR. Any cationic contamination was excluded, since the HFR could not be
recovered by boiling the cycled membrane in sulfuric acid. It is known, however, that the Ti-
PTL (porous transport layer) used at the anode can passivate at high potentials, resulting in an
additional contact resistance. This was confirmed by determining the contact resistance of the
cycled Ti-PTL ex-situ. Both the passivation of the Ti-PTL and the formation of hydrous
iridium-oxide, which is electrically less conductive compared to crystalline IrO2, led to an

additional interfacial resistance.

In conclusion, when coupling a PEM-WE with renewable energies, it is important that idle

periods where no current is supplied are avoided to ensure a stable performance.
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The aim of this study is to provide a better understanding of performance degrading mechanisms occurring when a proton exchange
membrane water electrolyzer (PEM-WE) is coupled with renewable energies, where times of operation and idle periods alternate.
An accelerated stress test (AST) is proposed, mimicking a fluctuating power supply by operating the electrolyzer cell between high
BA cm‘lgeo) and low current densities (0.1 A cm‘zgm). alternating with idle periods during which no current is supplied and the
cell rests at open circuit voltage (OCV). Polarization curves, periodically recorded during the OCV-AST, reveal an initial increase
in activity (=50 mV after 10 cycles) followed by a significant decrease in performance during prolonged OCV cycling due to an
increasing high frequency resistance (HFR) (21.6-fold after 718 cycles). These performance changes can clearly be related to the
OCYV periods, since they are not observed in a reference experiment where the OCV period is replaced by a potential hold at 1.3 V.
The origin of the phenomena, which are responsible for the initial performance gain as well as the subsequent decay are analyzed via
detailed electrochemical and physical characterization of the MEAs, and an operating strategy to prevent performance degradation
is proposed.
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Attribution 4.0 License (CC BY, http://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse of the work in any
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presented at the Cancun, Mexico, Meeting of the Society, September 30-October 4, 2018.

In light of the fact that the encrgy demand is ever-increasing and
that renewable energy sources, inherently intermittent in energy out-
put, are becoming more and more important, an efficient way of storing
energy is of crucial importance. One prominent example for an energy
carrier meeting these requirements is gaseous hydrogen, produced in
a polymer electrolyte membrane water electrolyzer (PEM-WE) via
electrochemical water splitting."? The reliability of a PEM-WE has
already been reported for 260,000 h of operation, showing only a
marginal loss in performance.*™ In an ideal scenario, PEM-WE sys-
tems would be coupled with renewable energy sources in order to
fully utilize their output by converting temporary excess energy into
H,.> This dynamic mode of operation involves frequent load changes
and idle periods during which no current is supplied.>** While it is
well known that alkaline water electrolyzers must be operated with a
so-called protective current in stand-by/idle conditions (i.e., when no
power is provided by renewable energy sources) in order to avoid a
substantial performance degradation,”"'° very little is known about
the gravity of this effect in PEM-WEs, even though it will be an im-
portant consideration for coupling PEM-WEs with renewable energy
sources.®!! In this paper, we will try to further investigate this phe-
nomenon, but first will briefly review the most common failure mech-
anisms of PEM-WEs.

A commonly observed failure of PEM-WEs has been related to
the chemical degradation of the perfluorosulfonic acid (PFSA) based
polymer electrolyte membrane, often observed as thinning of the mem-
brane or as localized pinholes in the membrane. The concomitant in-
crease in gas permeation ultimately leads to an unacceptably large,
safety-critical H, concentration in the O, anode compartment, as the
H, oxidation activity of iridium based anode catalysts is very poor
(contrary to the O, reduction activity in the H, anode). This is de-
scribed in an early study by Stucki et al., who showed that the failure of
a dynamically operated 100 kW PEM-WE plant after only 215,000 h
was mostly related to thinning of the PFSA membrane, caused by
chemical degradation.'> Here, however, it should be noted that the
chemical durability of today’s PFSA membranes is dramatically better

=These authors contributed equally to this work.

*Electrochemical Society Student Member.
#*Electrochemical Society Fellow.

“E-mail: alexandra.weiss @tum.de
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owing to stabilization of the polymer endgroups,'® so that membranc
thinning is likely less of an issue when using state-of-the-art PFSA
membranes.'* Another membrane related degradation effect is the con-
tamination of the ionomeric membrane with cations,'"'3-'¢ typically
introduced by improperly treated feed-water which is the major cause
for PEM-WE failures in the field,'®'7 Sun et al. showed the operation
of a 9-cell PEM-WE stack for 7800 h at constant current, and recorded
a gradual decrease in performance that they attributed to cationic con-
tamination, since the initial performance was mostly recovered by
boiling the degraded MEA (membrane-electrode-assembly) in sulfu-
ric acid.'®

Apart from degradation of the membrane in the membrane-
electrode-assembly via chemical degradation and cationic contamina-
tion, gradual passivation of the titanium porous transport layer (PTL)
at the high potentials experienced by the anode electrode of an elec-
trolyzer increases the internal ohmic resistance and, hence, leads to a
decrease of performance. This was demonstrated by Rakousky et al.
after operation at 2 A cm™2,, for 1000 h, where the high-frequency
resistance (HFR) increased by 26 mQ2 cngcn (=20%) due to passi-
vation of the Ti-PTL.'"” In addition, the authors observed a reduction
of the anodic exchange current density, which they attribute to a con-
tamination with titanium from either the anode catalyst itself (iridium
oxide coated onto a titanium oxide support) or the anodic Ti-PTL.

With regards to the effect of dynamic PEM-WE operation, Rak-
ousky et al. investigated the influence of different load profiles over
1000 h, namely constant current of 1 or 2 A cm‘zgﬂ,, cycling be-
tween 1 and 2 A cm™?y,, or cycling between open-circuit voltage
(OCV) and 2 A cm™? ,,.”" At a constant current of 2 A cm™2,
the authors observed an untypically high degradation rate (200 pV
h~") compared to that at a constant current of 1 A cm’zgeo (<1l pv
h="). When cycling between 1 and 2 A cm‘*’gco or between OCV and
2Acm 'de(,, the degradation rate was substantially lower than that at
a constant current of 2 A cm’zgu,, which the authors claim to be due
to a not clearly defined reversible degradation effect.”® Interestingly,
comparing the degradation rates when cycling between OCV and
2A cm’zge‘, at different interval times (10 min vs. 6 h per step), the
degradation rate increased with the number of OCV periods over the
1000 h of test (16 WV h~! for &80 OCV periods vs. 250 WV h~! for
223000 OCV periods over 1000 h). While the authors suggested that
this might be due to cathode catalyst degradation, our data presented

Downloaded on 2019-04-30 to IP 129.187.254.46 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).



F488 Journal of The Electrochemical Society, 166 (8) F487-F497 (2019)

below would suggest that it is related to the degradation of the anode
catalyst.

To date, a detailed understanding of performance degrading phe-
nomena associated with discontinuous operation, particularly with in-
termittent OCV periods, has not been established. In this work, we
propose a dynamic accelerated stress test (AST) procedure, mimick-
ing the variable power supply of renewable energy sources, where
operation at low and high current densities (0.1 and 3 A cm‘zgcn,
respectively) alternate with idle periods, during which no current is
supplied and the electrolyzer cell rests at the open circuit voltage.
This test will be complemented by an experiment during which the
cell voltage is not varying freely during the OCV periods but instead
is potentiostated at 1.3 V, where the current density is on the order of
1 mA cm‘zgcn (i.e, significantly smaller than the 100 mA cm‘zgm).
We will show that cycling into OCV leads to a significant performance
loss, particularly at high current densities, compared to 1.3 V holds.
The origin of this phenomenon will be examined via detailed elec-
trochemical and physical characterization of the MEA before, during,
and after the respective cycling test.

Experimental

Membrane electrode assembly (MEA) preparation and cell
assembly.—MEAs with an active area of 5 cm? were prepared via
the decal transfer method, where platinum supported on Vulcan XC72
carbon (45.8 wt.-% Pt/C, TECI10VS50E from Tanaka, Japan) served as
catalyst for the hydrogen evolution reaction (HER) at the cathode elec-
trode and IrO; supported on TiO, (IrO,/TiO, with 75 wt.-% iridium,
Elyst Ir75 0480 from Umicore, Germany) as catalyst for the oxygen
evolution reaction (OER) at the anode electrode. De-ionized (DI) wa-
ter (18 M2 cm), 2-Propanol (purity >99.9% from Sigma Aldrich), and
Nafion ionomer solution (20 wt.-% ionomer, D2021 from IonPower,
USA) were used as solvents for the catalyst ink. The suspension was
mixed for 24 h using a roller mill, where ZrO, grinding balls (5 mm
diameter) were added to achieve a homogenous suspension. The ink
was coated onto a thin decal transfer substrate (PTFE, 50 pum thick,
from Angst+Pfister, Germany) using the Mayer rod technique. Sub-
sequently, 5 cm? decals were punched from the coating after drying
and then hot-pressed onto a Nafion 212 membrane (50 jum thick, from
Quintech, Germany) at 155°C for 3 minutes at a pressure of 2.5 MPa.
By weighing the decals before and after hot-pressing, the actual weight
of the electrodes was determined. Throughout the study, the loading
was kept constant at 0.2 £ 0.1 mgp cm™> «co for the hydrogen cathode
and 1.75 4 0.15 mg;, cm‘zgcﬂ for the oxygen anode.

At the anode, sintered titanium (from Mott Corporation, USA) with
a porosity of ~250%, a thickness of 280 £ 10 pm and a pore size of
10-50 pum (determined by SEM) was used as a porous transport layer
(PTL), whereas a carbon fiber paper (TGP-H 120T from Toray, no
MPL, 20 wt.-% PTFE) with a thickness of 370 % 10 ywm and pore sizes
of 20-50 um?' was used on the cathode. The MEA and PTLs were
placed between the flow-fields of the electrolyzer cell and sealed with
virgin PTFE gaskets. By choosing the right thickness of the gaskets,
a compression of the carbon PTL by 25% was set, corresponding to
a compressive contact pressure of ~1.7 MPa at the MEA. Specific
details about the cell hardware are reported elsewhere.*

Physical characterization.— After the electrochemical character-
ization and testing, a small piece of each MEA was embedded into
room-temperature curing epoxy for scanning electron microscopy
(SEM). Using SiC paper, the sample surface was polished in two
steps (grade P320 and P1200) and afterwards polished using a 9 pm
diamond polishing agent (from Buehler, USA). The cross-sectional
lamellae of the pristine and operated samples were prepared by fo-
cused ion beam milling (FIB, Zeiss NVision 40). Due to the porosity
of the catalyst layer and the sensitive nature of the polymeric mem-
brane, the area thinned for TEM analysis was kept to a minimum
to keep the lamellae intact. The scanning transmission electron mi-
croscopy (STEM) was performed with a spherical aberration corrected
TEM (ThermoScientific Titan Themis 60-300) equipped with a high

brightness gun source operated at 200 kV. The current was kept low
to avoid possible electron beam induced damage which would cause
collapse of the polymeric film. High-angle annular dark field-STEM
(HAADF-STEM) images of the interface between the IrO,/TiO, an-
ode catalyst layer and the Nafion membrane were acquired by collect-
ing incoherently scattered electrons. Energy dispersive spectroscopy
(STEM-EDS) elemental maps of iridium and oxygen were obtained by
collecting characteristic X-ray signals via four silicon drift detectors
located in close proximity to the sample at the TEM column.

Contact resistance measurement.—Contact resistance measure-
ments were carried out with the test setup described by Bernt et al.?
PTLs, along with an insulating Kapton foil (25 jum) to ensure that the
resistance is only measured along the PTL were sandwiched between
two titanium flow-fields which, in turn, were sandwiched between
and two copper plates. A pressure of 1.7 MPa was applied to this
stack in order to simulate the contact pressure in the cell. By applying
different currents via the copper plates and measuring the associated
voltage drops across the flow-fields, the electronic resistance (essen-
tially equating to the contact resistance) was quantified.

Electronic resistance measurement of the anode electrode.—
Electronic conductivities of the IrO,/TiO, anode catalyst layers in
the size of 5 cm? ¢, were determined by 4-point-probe in-plane con-
ductivity measurements (Lucas/Signatone, pin distance | mm) on the
electrode coated onto the membrane by applying different potentials
between 0.1-0.5 V and recording the corresponding current.

Electrochemical characterization.—All electrochemical mea-
surements of the MEAs were performed on an automated test sta-
tion from Greenlight Innovation, using a potentiostat equipped with
a current booster (BioLogic VSP 300). The anode was supplied with
5 mLyz0 min~" deionized (DI) water, which was pre-heated to 80°C.
During the measurements, the cell temperature was kept constant at
80°C, and the product gas exiting from the anode side was diluted
with nitrogen (200 nccm) to avoid the formation of an explosive gas
mixture due to hydrogen permeation through the membrane into the
anode compartment. During warm-up, the cathode is flushed with N,
for 300 s while 5 mLjj;o min~! are constantly supplied to the anode
side. After reaching the desired cell temperature of 80°C, the cell was
conditioned at 1 A cm~?y, for 30 min. Subsequently, polarization
curves were taken at ambient pressure (1 bar,) and 10 bar,, stepwise
increasing the current density from 0.01 to4 A cm‘zgc(, and holding at
each current for 5 min to ensure a stable cell voltage reading. Finally,
the last 10 s of the cell voltage at each current density were averaged.
Considering the first two polarization curves as part of the condition-
ing, they were not included in the analysis. For the load-cycling pro-
cedure, the flow of H,O through the anode compartment and the cell
temperature were kept constant also during the open-circuit voltage
(OCV) or the 1.3 V-hold periods.

Additionally, AC impedance measurements were performed at the
end of each current density step in a range from 100 kHz to 1 Hz, ad-
justing the amplitude of the current perturbation such that it was always
<20% of the applied current, except for the smallest current density
of 10 mA cm ™2, where it was 40%. The high-frequency resistance
(HFR) was determined from the high-frequency intercept with the real
axis in a Nyquist plot. At the beginning-of-test (BoT) as well as during
the test and at the end-of-test (EoT), cyclic voltammograms (CVs) of
the anode electrode were recorded. For this, the test procedure was
stopped either after the open-circuit voltage or the 1.3 V-hold period,
and the cathode counter electrode was flushed with dry H; at 50 nccm
at ambient pressure to ensure a stable reference potential, while the
anode electrode was continuously fed with 5 mLy20 min~' deionized
water. The CVs were recorded in a potential range of 0.05 V-1.3 V at
50 mV s~! at 80°C; showing the steady-state CVs (2" one recorded).
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Figure 1. Test protocol for the accelerated stress test (AST) to mimic an in-
termittent power supply of a PEM-WE with periods of low and high current
density followed by OCV (*OCV-AST”, black solid lines) and of a reference
test avoiding OCV (“reference test”, blue dotted lines) by holding the potential
at 1.3 V instead of OCV. a) Current profiles during the first cycle of the OCV-
test; b) associated potential profiles recorded at 80°C with peahode = 10 bary
and papode = | bary, while feeding 5 mL 0 min~! into the anode compart-
ment. MEA specification: 5 cm? active-area with ~1.75 mgy, cm‘zg,:n anode
and ~0.2 mgpy Cm”zgm cathode loading using a Nafion 212 (250 pwm thick)
membrane.

Results and Discussion

Degradation test protocols.—In this section, we propose a test
protocol to mimic transient operation of a PEM-WE. First a high
(3 A cm™?y,) and then a low (0.1 A cm™2y,) current density are
drawn from the cell, followed by a current interrupt during which
the cell is left to rest at the OCV, simulating shut-off periods of a
PEM-WE operated with intermittent renewable energy (denoted as
“OCV-AST”). The duration of each interval was ~10 min, and one
cycle refers to the two current steps and the OCV period (black solid
line in Figure la). In a second experiment, referred to as “reference
test”, the OCV period at the end of each cycle was replaced by a po-
tential hold at 1.3 V (blue dotted line in Figure l1a). During the entire
operation (i.e., including the shut-off periods), the temperature was
held at 80°C and 5 mL min~' DI water was continuously fed into
the anode compartment of the cell. During the OCV or 1.3 V-hold
phase, the cathode pressure decreased by =1 bar, (i.e., from 10 bar,
to &9 bar,) due to H, permeating through the membrane into the
anode compartment (the H, partial pressure normalized permeation
rate through a 2175 pm thick Nafion 117 membrane in a PEM-WE
at 80°C between 10 and 30 bar, cathode pressure was found to be
~0.24 mA cm™2y, bar,u ™', * which if scaled to a ~50 wm thick
Nafion 212 membrane equates to ~0.85 mA cm‘zgc{, bar,g,~' or
~5.9-107 cmyya)® em™2 baryuy ™' min~! (with cm,? referenced to
1.103 bar, and 25°C)).

Voltage and current response during the OCV-AST and the ref-
erence test—Figure 1b shows the cell voltage recorded during the dif-
ferent operation intervals in Figure 1a. During operation at constant
current, the cell voltage remains essentially constant. Upon current
interruption in the OCV-AST (black line), the potential drops imme-
diately to ~1.2 V, i.e., to the approximate thermodynamic cell voltage
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Figure 2. Evolution of the cell voltage and the HFR-corrected cell voltage
at 0.1 A em™24¢, and 3 A em™2,, during the OCV-AST at 80°C, cycling
the cell according to the protocol shown in Figure 1 (black solid line) with
Peathode = 10 bar, and papode = 1 bary, while feeding 5 mL y20 min~! into
the anode compartment (same MEA specifications as in Figure 1). For better
legibility, only every 15" point was plotted; the inset is a zoomed view of the
initial 40 cycles including all data points.

for water electrolysis at 80°C. This is followed by a gradual decrease
of the potential to =0.8 V, caused by the gradual enrichment of H;
in the anode compartment by permeation from the cathode compart-
ment that is held at 10 bar, (i.c., at a H, partial pressure of 9.5 bar,),
resulting in a H, permeation flux of ~5.6- 10~ cmyy,)* cm= min™'
(from the above quoted permeation rate). In this H,-rich gas-phase
at 80°C, the surface of the crystalline IrO, on the TiO, support un-
dergoes a gradual partial reduction to a surface which is catalytically
active for the hydrogen oxidation reaction (HOR).>* Once its HOR ac-
tivity is high enough (apparently at ~0.8 V), the equilibrium potential
for the HOR at =0 V is being established very quickly (in less than
0.5 min), resulting in a drop of the cell voltage of the electrolyzer to
~() V vs. the reversible hydrogen electrode (RHE) potential (note that
the platinum catalyzed cathode is still under a high H, pressure, so that
the ~0 V cell voltage are clearly due to a drop of the anode potential to
~( V vs. RHE). When holding the cell voltage at 1.3 V instead in case
of the reference test, the reduction of the IrO, catalyst will be prevented
(as will be proven later), however at the cost of applying a small bias
current, as will be discussed in the last section of this work.

The evolution of the cell voltage as a function of the number of
current/OCV cycles of the OCV-AST is shown in Figure 2. The cell
voltage at both current densities initially decreases by ~50 mV (inset
of Figure 2) and above 10 cycles gradually increases, particularly at
high current density. Since the HFR-corrected cell voltage also de-
creases during the first 10 cycles (cf. hollow blue and black symbols
in Figure 2), the initially decreasing cell voltage must be due to an in-
crease of the OER activity of the anode catalyst (note that the cathode
overpotential would be <10 mV even if the loading of the Pt cathode
catalyst would be reduced by an order of magnitude from the value of
0.2 mgp; em ™%, used in this work).”> As was shown previously?* and
as will be further discussed below, this is indeed due to an increase
in the OER activity of the IrO, based anode catalyst after extended
exposure to H, during the OCV periods. The increase in cell voltage
starting after 10 cycles is largely caused by an increase in the HFR, re-
flected by the fact that the HFR-corrected cell voltage at 3 A cm‘lgeu
rises much less significantly than the cell voltage. The nevertheless
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Figure 3. Evolution of the cell voltage and the HFR-free cell voltage at
0.1 Acm™ 4o and 3 A cm ™2, during the reference test at 80°C with OCV pe-
riods replaced by 1.3 V-holds, cycling the cell according to the protocol shown
in Figure 1 (blue dotted line) with peathode = 10 bar, and papode = 1 bar,, while
feeding 5 mLij0 min~! into the anode compartment (same MEA specifica-
tions as in Figure 1). For better legibility, only every 10" point was plotted;
the inset is a zoomed view of the initial 40 cycles including all data points.

noticeable increase of the HFR-corrected cell voltage upon extended
cycling suggests the growth of a more complex mass transport resis-
tance.

In the reference test, the potentiostatic control at 1.3 V during the
shut-down period results in a constant cell as well as HFR-corrected
potential at both currents over the entire cycling test (Figure 3). In-
terestingly, the substantial performance improvement observed over
the first 10 cycles cannot be observed here, particularly not for the
HFR-corrected data, as can be seen in the inset of Figure 3 (<10 mV
vs. 2250 mV in Figure 2). This suggests that the (partial) reduction
of the anode catalyst does not occur at >1.3 V. The comparison
of both experiments proves that the performance degradation during
the first experiment (Figure 2) is directly related to the OCV period
at the end of each cycle, during which H, accumulates in the an-
ode compartment and lowers the potential of the anode catalyst to
~0 V vs. RHE (Figure 1b, blue dotted line). It further proves that the
degradation observed during the OCV-AST (Figure 2) is not caused
by experimental artefacts (e.g., ionic contamination of the feed-water).
Apparently, avoiding temporary potential excursions of the anode cat-
alyst to below 1.3 V during intermittent shut-down mitigates parasitic
processes that lead to an increasing cell voltage, which, to a large ex-
tent but not completely, can be attributed to an increase in HFR. The
current/power required to hold the potential at 1.3 V during shut-down
periods will be discussed in the last section of this work.

In order to gain further insights into the observed performance de-
cay during the OCV-AST, we examine polarization curves recorded
at various stages of the OCV-AST and the reference test. Figure 4
shows ambient pressure polarization curves and the corresponding
HFR values recorded over the course of the OCV-AST, namely at
the beginning-of-test (BoT, green squares) and after 10 (blue circles),
200 (orange triangles), and 718 cycles (end-of-test or EoT; red dia-
monds). It is remarkable that the performance increases by ~45 mV
over the entire current density range after ten cycles (blue circles)
compared to BoT (green squares), which can only be rationalized by
an improved OER activity of the anode catalyst. However, upon fur-
ther cycling, the ambient pressure cell voltage at each current density
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Figure 4. Ambient pressure PEM-WE performance data at 80°C recorded dur-
ing the OCV-AST shown in Figure 2 a) E¢¢ vs. i performance (filled symbols)
and HFR-free performance data (hollow symbols) with a cathode water-feed
of 5§ mLy20 min~'; b) corresponding HFR values. The polarization curve and
the HFR after 200 OCV-AST cycles for an independent repeated experiment
are marked by the yellow lines.

increases continuously, consistent with the results presented above
under differential pressure conditions (Peathode/Panode = 1071 bar,, see
Figure 2). This increase in cell voltage is accompanied by a substantial
increase of the HFR (Figure 4b) by a factor of ~1.3 after 200 cycles
(=71 mQ cngeo) and by a factor of ~1.6 after 718 cycles (=88 mQ2
cm?ge,) compared to its BoT value (56 mQ cm?,,). Since the HFR
represents the sum of the membrane ionic resistance and the electronic
contact resistances at the PTL/electrode and PTL/flow field interface,
one (or all) of these terms must be responsible for the performance
degradation. A large fraction of the performance decrease between
10 cycles (blue circles) and EoT (read diamonds) can be ascribed to
this dramatically increasing HFR, as indicated by the much smaller
increase of the HFR-corrected voltage (open symbols in Figure 4a).
However, the HFR increase alone cannot explain all of the perfor-
mance losses over extended cycling, as the HFR-corrected voltage at
each current density still increases between 10 cycles and EoT.

This analysis of the OCV-AST will be compared next to that of the
reference test where OCV periods are replaced by 1.3 V-hold periods
(Figure 5). Quite astoundingly, the cell voltage up to 4 A cm ™2, even
slightly improves over 500 cycles (Figure 5a), which is related to the
slightly decreasing HFR (Figure 5b), from &~ 54 mQ2 cngc‘, initially
(green squares) to =~ 50 m2 cmlgen after 500 cycles (red diamonds).
The perfectly unchanged HFR-corrected cell voltage over 500 cycles
signifies that the OER catalyst activity must remain unaltered. Consid-
ering the observations and conclusions from the polarization curves
along with the development of the cell voltage over extended cycling,
it is evident that the initial performance improvement observed after
10 cycles in the OCV-AST is not observed in the reference experi-
ment, so that it must be linked directly to a change of the OER catalyst
during the OCV periods. Quite clearly, the rather substantial perfor-
mance degradation during OCV can be effectively prevented if the cell
potential remains always at or above 1.3 V.
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Figure 5. Ambient pressure PEM-WE performance data at 80°C recorded
during the reference test shown in Figure 3. a) Ece) vs. i performance (filled
symbols) and HFR-free performance data (hollow symbols) with a cathode
water-feed of 5 mLj0 min~'; b) corresponding HFR values.

Analysis of the effect of OCV periods on the OER catalyst.—
This section will provide a detailed insight into the performance
increase observed during the first ten cycles of the OCV-AST by
taking a closer look at the OER kinetics. The Tafel slope, deter-
mined from the linear region (i.c., between 0.01 A cm”zgeo and 0.1 A
cm‘zgw) of the ambient pressure HFR-corrected polarization curves
recorded over the course of the OCV-AST (Figure 6a), decreases from
60 mV dec™' to 47 mV dec™! after the initial 10 cycles, clearly evi-
dencing a change in the OER kinetics. Over further cycling, the Tafel
slope increases slightly by ~3 mV dec™" (50 mV dec™' after 200 cy-
cles) and then stays constant until EoT (50 mV dec ! after 718 cycles).
As one would expect, the initial Tafel slope obtained in the reference
test is essentially identical with the initial value of the OCV-AST ex-
periment (59 vs. 60 mV dec™ 1. However, contrary to the OCV-AST,
it remained essentially constant, with a value of 56 mV dec™' (Fig-
ure 6b). This suggests that neither the iridium oxide surface nor the
OER reaction mechanism seem to be affected during the reference ex-
periment, while the substantial decrease of the Tafel slope in the first
10 cycles of the OCV-AST clearly suggests a change in the iridium
oxide surface chemistry, induced by the OCV periods. In previous
studies, we had observed a similar decrease of the Tafel slope upon
in-situ reduction of the same IrO, catalyst under H, at 80°C for 15 h,
accompanied by a 2240 mV increase in OER activity and by the ap-
pearance of hydrogen underpotential deposition (H-UPD) features in
the CV of the Hy-exposed iridium oxide catalyst.>* This was ratio-
nalized by the fact that thermally prepared, highly crystalline IrO,
exhibits very different CV features than that of hydrous iridium oxide
or metallic iridium.?® Therefore, since the voltammetric response of
the iridium oxide catalyst can provide valuable insights into the sur-
face chemistry of the anode catalyst, we recorded the CVs of the anode
catalyst before and during the OCV-AST and the reference test.

The BoT CV of the TiO, supported IrO, anode catalyst shows only
capacitive currents but no well-defined features (region (1) & (2), green
line Figure 7), which is characteristic of thermally treated, crystalline
IrO,, and suggests that the surface of the iridium oxide corresponds

132

B BoT (60 mV/dec)
@ 10 cycles (47 mV/dec) @ 718 cycles (50 mV/dec)
a
1.60 )
Q’ri—
’ (=}
1.55 L &=
L
-l * .o.
1 1.50 ‘
& ®
: 1t ,
£ | S
Iy 145 “ ‘ Y
*" .
140 R a®
L ]
1.35 Lo Lol PR
B BoT (59 mV/dec)
@ 10 cycles (56 mV/dec) @ 500 cycles (54 mV/dec)
b) ﬁ
1.60 - i
— 155 | "
Z. |
T 150 F i iy
T "
- $
1.45 F =
Q!
140
1.35 Luw vl Lol i 3 i

0.01 0.1 1

i[A-em?, ]

Figure 6. Tafel plots of Ejjrr.free V. i at ambient pressure and 80°C, obtained
over the course of the cycling tests: a) for the OCV-AST (data from Figure 4);
b) for the reference test where the OCV period was replaced by a potential
hold at 1.3 V (data from Figure 5). Tafel slopes were determined between
0.01 A cm‘2gco and 0.1 A cm‘zgco (gray shaded region), and the values are
given in the legend heading each of the two Tafel plots.

to that of crystalline IrO, rather than amorphous iridium oxide.?*’

However, the CV changes significantly after the first 10 OCV periods
of the OCV-AST (blue line): i) the capacitive currents are ~2 times
higher than at the beginning of test; ii) distinct H-UPD features can
be observed at low potentials, characteristic of metallic iridium?0-2%2°
(see region (1) in Figure 7); and, iii) the redox features observed in re-
gion (2) can be attributed to the transition between Ir(II1)/Ir(IV).*® The
same change in CV features was reported for the same catalyst upon
its exposure to pure H, at 80 C for 15 h.>* Thus, this suggests a gradual
reduction of the crystalline IrO, catalyst surface into a hydrous iridium
oxide during the OCV-AST (i.e., during repeated polarization of the
anode catalyst to ~0 V vs. RHE), consistent with the latter’s higher
OER activity,”***2 as demonstrated in Figure 6a. Quite clearly, since
thermally prepared, crystalline IrO; is not stable below <0.8 V,*+
its surface is reduced to metallic iridium, which will be oxidized upon
extended cycling to high potentials during the OCV-AST (i.e, up to an
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Figure 7. Cyclic voltammograms (CVs) recorded after different numbers of
cycles of the OCV-AST (sce Figure 2), recorded at 50 mV/s, 80°C, ambicent
pressure, and 5 mLjj20 min~ ! (anode)/ 50 ncem Hs (cathode).

anode potential of ~1.6 V vs. RHE, as indicated by the HFR-corrected
voltage at 3 A cm’zgcn in Figure 2), forming hydrous iridium oxide.**
The fact that these hydrous iridium oxide features are still present in
the CVs recorded after 200 and 718 cycles (Figure 7, yellow and red
lines) indicates an irreversible change of the iridium hydration state
at the anode electrode surface with respect to that at the beginning
of test, because it appears impossible to electrochemically form crys-
talline IrO,. Instead, the surface remains a hydrous iridium oxide (no
significant changes from 200 to 718 cycles). However, the well-defined
H-UPD features present after the 10" cycle disappear over the course
of extended cycling, showing that the initially formed metallic iridium
is indeed converted into hydrous iridium oxide.* Since the electronic
conductivity of hydrous iridium oxide is reported to be lower than
that of crystalline IrO,,** and since the long-time stability of hydrous
iridium oxide in a PEM-WE is reported to be inferior to that of crys-
talline IrO,,*! the transformation of the initially crystalline IrO, into
hydrous iridium oxide may be the cause for the large degradation over
the course of the OCV-AST (Figure 2) and thus would have important
consequences for the operational requirements for a PEM-WE.

If our hypothesis was true that the performance degradation ob-
served for the OCV-AST is due to a change of the surface chemistry
of the iridium based anode catalyst, we would expect that the surface
chemistry of the iridium catalyst after the reference test remains un-
changed compared to its initial state, as no performance degradation
is observed in this case (Figure 3). Indeed, the CVs recorded over
the course of the reference test (Figure 8a) only exhibit marginal dif-
ferences between the BoT (green line) and the EoT after 500 cycles
(red line). This minor increase of the overall capacity, mostly occur-
ring over the first 10 cycles, is either due to a small extent of surface
roughening of the IrO, catalyst or perhaps more likely to a removal
of (surface) impurities, as could be inferred from the slight decrease
in HFR over cycling (Figure 5b). Nevertheless, the H-UPD as well
as the characteristic hydrous iridium oxide features are absent in the
reference test, so that their presence in the OCV-AST is clearly related
to the repetitive polarization of the anode to ~0 V vs. RHE during the
OCYV periods. Although the potential is cycled close to 0 V vs. RHE
during the CV measurements, the time spent at low potentials is in-
sufficient to form metallic iridium and hence, hydrous iridium oxide,
which is why no change is expected. Summarizing our observations
and analysis so far, the repetitive cycling of the anode catalyst during
the OCV-AST between ~0 V vs. RHE at OCV and ~1.6 V vs. RHE
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Figure 8. a) Cyclic voltammograms (CVs) recorded during the reference test,
where the OCV periods are replaced by 1.3 V hold periods. b) Comparison
between CVs recorded after 10 cycles for the OCV-AST (black line) and after
10 cycles of the reference test with 1.3 V-holds (blue line); the dotted lines
represent the CVs recorded at BoT. CVs were recorded at 50 mV/s, 80°C,
ambient pressure, and 5 mLypo min~' (anode)/ 50 ncem H; (cathode).

at high current density leads to a transformation of the initially crys-
talline IrO, into hydrous iridium oxide, concomitant with a substantial
decrease in performance and a large increase of the HFR (Figure 4).
On the other hand, if the cell potential is controlled to >1.3 V dur-
ing idle periods, the initial crystalline IrO, is retained over extended
cycling, and neither a performance degradation nor an increase of the
HFR is found (Figure 5).

Origin of the cell performance decrease during the OCV-AST.—
In this section, we will discuss possible reasons for the observed de-
crease in cell performance over the course of the OCV-AST, largely
due to an increase of the HFR (Figure 4), contrary to the essentially
constant performance and HFR when the OCV periods are replaced
by potential holds at 1.3 V (Figure 5). Consequently, the increase
of the HFR must be related to processes which take place during
OCYV periods when the anode potential was shown to decrease to
~0 V vs. RHE or which are related to the recurring transition be-
tween high potentials (operation) and low potentials (OCV period).
In general, an increase of the HFR can could be ascribed to different
processes occurring in the cell (see Figure 9), which will be discussed
individually in the following.

At low potentials, not only can IrO, be reduced, but also parts
of the cell can be corroded (e.g., flow-fields, PTL). If either of these
processes were to result in the formation of metal cations (e.g., from
metal impurities in titanium or cationic titanium species), these cations
would be ion-exchanged into the membrane/ionomer phase and dis-
place protons, which would not only lead to a reduction of the mem-
brane/ionomer conductivity and to an increase of the HFR,* but it
would also introduce additional mass transport resistance losses, par-
ticularly at high current densities, as described for cation-contaminated
membranes in PEM fuel cells ((D in Figure 9). The performance de-
crease and HFR increase over the course of the OCV-AST could in
principle be also produced by the introduction of ionic contaminants
into the feed water. However, in our test system, the deionized (DI)
feed water was supplied through an ion-exchanger, and the resistiv-
ity measured between the ion-exchanger and the cell inlet was always
> 15 MQhmom during the measurements. Moreover, the DI-water was
not recycled during operation and therefore we can definitely exclude
the presence of ionic contaminants. Moreover, ionic contamination of
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Figure 9. Scheme of a single cell, illustrating possible reasons for the ob-
served HFR increase during the OCV-AST: 1) cationic contamination of the
membrane; 2) dissolution of iridium from the anode catalyst and its redeposi-
tion in the membrane; 3) formation of an electronically insulating oxide film
on the Ti-PTL surface; 4) additional resistance due to the low electronic con-
ductivity of hydrous iridium oxide.

the feed water would be independent of the cell operating conditions
and, hence, would have to be observed in both the OCV-AST and
the reference test. If cationic contamination of the membrane from
cell components were present, the HFR should be recovered upon
ion-exchanging the aged MEA in 1 M H,SO, at 80°C for 2 h."® How-
ever, since the HFR after reassembling the cell with the acid treated
MEA was still high (2100 mQ cngc(,) and almost identical to the
one measured after the end of test (=90 mQ cngco), as shown in
Figure 10, cationic contaminations can be ruled out as a reason for
the observed performance loss. Dis- and reassembling of the MEA
and PTL (which is considered incompressible) always bears the risk
of a different alignment as well as the mechanical deformation of the
catalyst or membrane and could be an explanation for the small dis-
crepancy observed. However, both phenomena would most likely not
be significant enough to mask the decrease in HFR due to the removal
of ionic contaminations. Additionally, an experiment including a ref-
crence clectrode placed in between two membranes which were sub-
sequently laminated and processed into an MEA (unpublished data®®)

100 -

Rohmic [mQ-cm?y, ]

fresh cycled

H,SO, treated

Figure 10. High frequency resistance of a fresh MEA at BoT, of a cycled
MEA (500 OCV-AST cycles analogous to Figure 2), and of the cycled MEA
cycled after 2 hin 1 M H;SOy4 at 80°C. The HFR was measured at OCV in the
(re-assembled) electrolyzer cell at 80 C and ambient pressure, with a flow of
5 mLjjp0 min ! at the anode.
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shows that the increase of the HFR during the OCV-AST can clearly be
related to an increasing HFR on the anode side of the MEA. Cationic
contamination, on the other hand, would lead to a lower ionic con-
ductivity of the entire membrane and, hence, would result in an HFR
increase measured between the reference electrode and the anode as
well as between the reference electrode and the cathode. Thus, cationic
contamination can clearly be eliminated as a possible cause of the per-
formance decrease over the course of the OCV-AST.

Besides cationic contaminations, dissolution and re-precipitation
of iridium within the membrane due to reaction with crossover hydro-
gen might cause an increase in HFR () in Figure 9), if precipitated
iridium were to form a barrier toward proton transport in the mem-
brane. Geiger et al. reported that cycling iridium and thermally grown
IrO, films between 0.04 and 1.4 V vs. RHE in H,SO, at 25°C leads
to the dissolution of iridium (quantified in a {low cell connected to
an inductively coupled plasma mass spectrometer), whereby the dis-
solution rates for crystalline IrO, were shown to be up to ~100-fold
lower than those of iridium and hydrous iridium oxide.?3* This
would predict that the repetitive transition of the HFR-corrected cell
voltage (i.c., of the anode potential) between =0 V and ~1.6 V dur-
ing the OCV-AST should lead to the dissolution of iridium, which
would either precipitate in the membrane and/or leave the cell with
the water effluent. A similar effect involving the dissolution and the
precipitation of the catalyst within the membrane due to reaction with
crossover hydrogen was reported in the literature for platinum.’*!
Grigoriev et al. used Pt as an OER catalyst at the anode of a
PEM-WE, where they found it to dissolve and re-precipitate in the
membrane during a long-term test (albeit at unrealistically high po-
tentials exceeding 3 V vs. RHE).* On the other hand, in the case of fuel
cells, voltage-cycling of the Pt-based cathode catalyst*' or extended
holds at OCV* lead to the precipitation of Pt in the membrane, ap-
pearing as a so-called “Pt-band”. The latter study also showed that the
position of the Pt-band depends on the H,/O, partial pressure ratio,*
from which one would predict that the deposition of dissolved iridium
in a PEM-WE operated at the differential pressure conditions used in
our OCV-AST (puz2 = 9.5 bar,, po> = 0.5 bar,) would have to occur
very close to the anode/membrane interface.* To find out whether irid-
ium is indeed being deposited within the membrane over the course of
the OCV-AST, site specific TEM analysis were performed, where the
membrane area close to the anode/membrane interface was closely
inspected. HAADF-STEM images of the degraded MEA after EoT
(718 OCV-AST cycles, Figures 11b and 11c) show a distribution of
nanoparticles with particle size <10 nm (Figure 11d) for at least 1 pm
away from the interface, whereas a new MEA (Figure 11a) remains
particle-free.

The STEM-EDS iridium map of a precipitated particle (Figure 11¢)
revealed that the particles are iridium-based with no obvious oxygen
contribution as shown in the homogenous distribution of the oxygen
EDS map (Figure 1 1f). Therefore, the precipitates are primarily com-
posed of metallic iridium. Even though the amount of precipitated
iridium is too small to cause the observed increase in HFR, the dis-
solution and re-precipitation results in a loss of active material in the
anode electrode over time, which ultimately would lead to a lower
OER activity due to a reduced electrochemically active surface area
(ECSA). We believe that this effect is insignificant during the duration
of the here shown experiment due the high catalyst loadings used in
this study, but would lead to a more significant performance decay
for low Ir-loadings and longer test periods, which is the focus of our
current studies.

Alternatively, the HFR could increase due to the formation of an
electronically insulating surface film on the Ti-PTL ((3) in Figure 9),
leading to a higher contact resistance at the anode/PTL and/or the
PTL/flow field interface. This was reported previously by Rakousky
etal." and can be easily verified by ex-situ measurements of the con-
tact resistance between one PTL/flow-field interface for new or aged
PTLs (cf. details in Experimental section).”” Contact resistances mea-
sured ex-situ should be considered with caution, since temperature,
contact pressure, and the exact nature of the interface (PTL/catalyst
vs. PTL/flow field) during the measurement are different compared
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Figure 11. HAADF-STEM images of the interface between anode catalyst layer and membrane of (a) a new MEA and (b) an MEA after 718 cycles of the
OCV-AST. (c) HAADF-STEM image of the interface of the MEA after 718 cycles of the OCV-AST (red dashed rectangular region in b). (d) HAADF-STEM
image of a single particle precipitated at anode/membrane interface as well as the associated STEM-EDS elemental maps of (d) iridium and (e) oxygen.

to in-situ measurements. Nevertheless, they can be used to qualita-
tively judge the contribution of an additional contact resistance. For a
simplified presentation, the contact resistances measured at EoT are
normalized to the contact resistances measured at BoT.

The PTL/flow-field contact resistance for a PTL after 718
OCV-AST cycles measured ex-situ at ~21.7 MPa (equivalent to the
compression in the cell) is twice as high (black triangle in Figure 12)
compared to BoT, while it even decreases slightly (—10%) after 500
cycles of the reference test with the 1.3 V-hold (black square in Fig-
ure 12). The observed decrease in contact resistance along with the
HFR in case of the reference test, might be correlated to an improving
alignment at the PTL/electrode interface during operation. In contrast
to that, the observed increase in HFR along with the measured in-
crease in contact resistance during the OCV-AST might be related to
the passivation of the Ti-PTL. This was further investigated by repeat-
ing the OCV-AST with a Ti-PTL sputtered with a thin layer of gold,
which is in the order of several micrometer (measured by SEM), on
both sides, hoping that it would improve the contact resistance and
serve as a protective coating.*? Indeed, the contact resistance of the
Au-sputtered PTL remained essentially constant after 135 OCV-AST
cycles (black circle in Figure 12) and a slightly improved HFR at EoT

could be observed. This is in good agreement with the constant perfor-
mance recorded during the OCV-AST when using a Au-sputtered PTL
(data not shown) and thus, the recorded increase in HFR during the
OCV-AST is correlated to the passivation of the Ti-PTL. However, the
increase of the contact resistance over the OCV-AST (=6 mQ cngﬂ,)
is much lower than the increase in HFR (see Figure 4) and would only
account for a loss of 220 mV compared to the 117 mV cell voltage
increase at 3 A cm‘zgcn (see Figure 2). In addition to the increasing
contact resistance for a passivated Ti-PTL, the transition from the ini-
tially crystalline IrO, to an amorphous, hydrous iridium oxide, which
is known to exhibit lower conductivity,® can contribute to an increase
in HFR. In this case, the observed HFR increase can be due to either an
increase of the electronic through-plane resistance of the anode elec-
trode and/or an increase of the contact resistance at the anode/PTL
interface due to a lowering of the bulk conductivity of the anode cata-
lyst as it transforms from a crystalline IrO, to hydrous iridium oxide.
Here it must be considered that the electronic through-plane resis-
tance of an electrode does not add directly to the HFR due to coupling
of ionic and electronic currents in the electrode, as was shown by a
transmission-line analysis by Landesfeind et al.** For example, if the
ionic and the electronic resistances in an electrode are equally large,
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Figure 12. Percentage variation of the in-cell HFR (red; measured at
0.01 A cm‘2geﬁ 80°C, ambient pressure, with 5 mLi20 min~") and the ex-situ
determined contact resistances between the titanium PTL and two Ti flow-fields
(black; measured at 1.7 MPa compression) for various PTLs with respect to
their BoT values. Left: after 500 cycles of the reference test with the 1.3 V-
hold using an uncoated PTL (“ref. test”); middle: after 718 OCV-AST cycles
with an uncoated PTL (“OCV-AST”); right: after 135 OCV-AST cycles with
a gold-sputtered PTL (“OCV-AST (Au-sputtered)”).

only 50% of the clectronic resistance are reflected in the HFR. For the
anode used here, Ry ,,, ranges between 14-30 mQ cngw, depending
on the tortuosity of the electrode. In order to explain an increase of
26 mQ cngw over the course of the OCV-AST (i.e, the observed
HFR increase minus the increase of the contact resistance between the
aged PTL and the flow-field), the electronic through-plane resistance
of the anode electrode would have to be roughly twice as high (i.e.,
~50 mQ cmlgeu). For a pristine IrO,/TiO, electrode, the electronic
through-plane resistance is ~0.04 mQ cngcu and for an MEA after
200 OCV-AST cycles it was determined to be 20.08 m2 cngm. This
clearly cannot explain the increase in HFR after 200 OCV-AST cycles
of 215 mQ cm? . Thus, the only viable explanation for the HFR in-
crease during the OCV-AST is that the lower conductivity of hydrous
iridium oxide in combination with a passivated Ti-PTL leads to an
increase of the interfacial contact resistance between the PTL and the
anode catalyst layer (a resistance that would not be detectable with
the contact resistance measurements shown in Figure 12). Due to the
low contact area between the electrode and the coarse PTL structure
(10-50 wm pores) and the poor electronic conductivity of the passi-
vated PTL surface (see Figure 12), even a comparably small change
in the electronic conductivity of the catalyst could cause a significant
increase of the contact resistance. Thus, the most likely reason for the
increase of the HFR and the increase of the HFR-corrected cell volt-
age over the course of the OCV-AST (Figure 4) is the development of
a contact resistance between hydrous iridium oxide and the titanium
PTL.

In summary, the repetitive transition between~1.6 Vat3 A cm 24,
and ~0 V vs. RHE at extended OCV periods during the OCV-AST
leads to the transformation of crystalline IrO, into a hydrous iridium
oxide surface. These large voltage cycles cause the dissolution of irid-
ium and its precipitation into the membrane near the anode/membrane
interface, but the overall activity loss due to this mechanism is negli-
gible for anodes with a high iridium loading. The vast majority of the
performance loss is due to an increase of the HFR, whereby the above
analysis shows that the most likely reason for its increase is a parasitic
contact resistance developing between hydrous iridium oxide (formed
during the OCV-AST) and the passivated titanium PTL.

Current density and energy requirement for a 1.3 V-hold dur-
ing idle periods.—In this section, an operating strategy to avoid OCV
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periods and the resulting degradation phenomena will be discussed in
terms of a practical application of PEM electrolyzer systems. In the
reference test shown in this study, a potential hold at 1.3 V was applied
to avoid a potential drop during idle periods. The current density mea-
sured during these potential hold periods was typically very low with
a value of &1 mA ¢cm 2 seo OF below toward the end of the experiment.
This translates into a power density of 1.3 mW cm‘zgw required to
hold the cell potential at 1.3 V, which is only 0.025% of the maximum
power density of ~5.25 W cm™?,, obtained at a current density of
3 A cm%,, and a corresponding cell voltage of ~1.75 V. Conse-
quently, the amount of energy required to avoid OCV periods by a
potential hold at 1.3 V would be negligible.

In a real system, however, this operating strategy might not be
practical, since it would lead to an accumulation of hydrogen in the
anode compartment of the electrolyzer due to hydrogen permeation
through the membrane during the potential hold at 1.3 V. This ac-
cumulation of hydrogen cannot be prevented when operated at dif-
ferential pressure (Peahode = 10 bary, panode = 1 bar,), even when a
recombination catalyst in the membrane** or the flow field is used,
since almost no oxygen, which would be required for a recombination
with hydrogen to water, is produced at the very low current density of
~1 mA cm~2,, or below. The amount of oxygen which needs to be
evolved to allow a full recombination of hydrogen with oxygen can
be estimated based on the permeation rate of hydrogen at the applied
cathode pressure, in the present case peynoge = 10 bar,. At a tempera-
ture of 80°C and in the presence of liquid water, a permeation rate of
~0.85 mA cm™2, bar,;, ! can be assumed (see also above).” For
cathode pressures of 10 bar, or 30 bar,, this results in current densities
of 8.1 mA ecm2, or 25.1 mA cm~?,, respectively, which would
need to be applied to produce enough oxygen to achieve a hydrogen
to oxygen stoichiometry of 2:1 and, consequently, to enable a full re-
combination of the permeating hydrogen. Taking the corresponding
cell voltage values from Figure 5, this results in power densities of
~12 mW cm 2y, at 10 bar, and ~36 mW cm™?, at 30 bar,, respec-
tively. This means that only 0.2% (at 10 bar,) and 0.7% (at 30 bar,)
of the maximum power would need to be applied during idle periods
to prevent hydrogen accumulation on the anode. Assuming an elec-
trolyzer system which is directly coupled to a fluctuating power source
and cannot obtain energy {rom the grid, the required energy could be
supplied by, e.g., coupling a battery to the electrolyzer.* In summary,
this analysis shows that operating the electrolyzer at a small current
density during idle periods (<<1% of maximum power required) in
combination with a recombination catalyst is a promising operating
strategy to avoid OCV periods and the associated performance degra-
dation as well as safety concerns due to hydrogen permeation.

Conclusions

In this study, the impact of intermittent power supply on the per-
formance and lifetime of a PEM water electrolyzer was investigated.
An AST protocol was designed comprising periods of operation at
two current densities (3 A cm 2, and 0.1 A cm2,,), alternating
with idle periods where the cell is left at the OCV in order to simu-
late the discontinuous power output of renewable energy sources. An
initial increase in performance was observed during the first 10 cycles
(=50 mV) while prolonged cycling led to a significant decrease in
performance due to an increasing HFR (/1.6-fold after 700 cycles).

The initial increase in performance is related to the OCV periods
during which hydrogen crossover and accumulation leads to a decrease
of the cell voltage close to the HOR potential (20 V), leading to a
reduction of the surface of the thermal IrO, anode catalyst (coated
onto a TiO, support) to metallic Ir. The subsequent oxidation of the
catalyst during periods of operation leads to the transformation of the
crystalline IrO, to an amorphous iridium oxide, which was evidenced
by a lower Tafel slope (consistent with an increased activity) and the
evolution of the characteristic features of metallic Ir and amorphous
iridium oxide in a CV. Amorphous iridium oxide is known to exhibit
a higher activity compared to crystalline IrO,, explaining the initial
performance increase.
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However, the repetitive transition between oxidizing conditions
during operation and reducing conditions during OCV periods (i.e.,
between hydrous iridium oxide and metallic iridium) causes an en-
hanced dissolution of Ir, which was revealed by STEM imaging of
the anode/membrane interface showing Ir nanoparticles deposited in
the membrane. Even though the amount of precipitated Ir is too small
to have a significant impact on performance, continuous dissolution
will result in a loss of active material and ultimately in a lower OER
activity.

The increasing HFR, which is the major reason for the performance
loss during the OCV-AST, can be partially explained by an increas-
ing contact resistance arising from passivation of the Ti-PTL during
OCV/load cycles (=20 mV out of 117 mV at 3 A cm‘z_m,). How-
ever, an additional contribution is hypothesized to be the formation
ol hydrous iridium oxide, which has a lower electronic conductivity.
Due to the low contact area between the electrode and the coarse PTL
structure (10-50 pwm pores) along with a poor electronic conductivity
of the passivated PTL surface, even a relatively small reduction of
the electronic conductivity of the catalyst could cause a significant in-
crease of the interfacial contact resistance between catalyst layer and
PTL, thus explaining the HFR increase.

Since a reference test where the OCV period was replaced by a
potential hold at 1.3 V showed no degradation over 500 cycles, the
performance loss can clearly be attributed to the OCV periods. Hence,
avoiding OCV periods during operation of a PEM-WE is crucial to
ensure long-term stability. Based on these findings, we suggest that
applying a small current density (<<I1% of maximum power re-
quired) during idle periods in combination with a recombination cat-
alyst is required for a dynamically operated PEM water electrolyzer
to avoid degradation and mitigate safety concerns related to hydrogen
Crossover.
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5.7 A Platinum Micro-Reference Electrode for
Impedance Measurements in PEM Water

Electrolysis

The last section deals with the article “A Platinum Micro-Reference Electrode for Impedance
Measurements in PEM Water Electrolysis”, which was submitted to the Journal of
Electrochemical Society in August 2021 and accepted for publication as an open access article
under the terms of Creative Commons Attribution 4.0 License (CC BY) in November 2021.
The study was presented by A.H.-W. at the 23" European Fuel Cell Forum Conference in
Luzern 2019.

The permanent web-link of the article is: https://iopscience.iop.org/article/10.1149/1945-
7111/ac3717/meta

In the previous section 5.6, it was shown that during an OCV-AST the hydrogen crossover
causes the cell potential to drop close to 0 V and also the formation of a hydrous iridium-oxide.
Moreover, the decreasing performance was attributed to the formation of an additional
interfacial resistance at the anode. In order to clearly prove that this is the main reason for the
decaying performance, a Pt-wire reference electrode (Pt-WRE) is introduced within this study
to record the individual impedance spectra of anode and cathode separately during operation.
For this, a 50 pm thick Pt-wire with an additional 9 um PTFE insulation is laminated in between
two 50 um Nafion® membranes. SEM (scanning electron microscopy) images confirmed that
the Pt-wire is placed centrally between the two electrodes. Polarization curves showed that the

potential of the Pt-WRE depends on the relative permeation fluxes of hydrogen (NHZ(X)) and
oxygen (NOZ(X)) at the location of the platinum wire. While it is close to the reversible potential

of hydrogen (=0 VruE) at low current densities, it is close to the reversible potential of water at
higher current densities. Since the Pt-WRE potential during operation shows a significant
current density dependency, it is not possible to measure artefact-free individual electrode
resolved impedance spectra during electrolyzer operation, since the Pt-WRE potential is shifted
upon a variation in Hz and O partial pressures at the catalyst||membrane interface. At very low
current densities (at/near the OCV), where the Pt-WRE potential is close to (=0 Vrne), this

effect is negligible and artefact-free individual electrode impedance spectra can be obtained.

Utilizing the reference electrode while applying the same OCV-AST as in section 5.6, it can be

shown that, while the potential of the cathode remains close to the reversible hydrogen potential
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during the OCV-period, the anode potential follows the cell potential and drops close to 0 VrHe
within a couple of minutes. This confirms the permeation of hydrogen from the cathode into
the anode compartment, which causes the formation of metallic iridium and thus the drop in
potential. Recording individual half-cell spectra at 1.3 V at the end of each OCV-cycle further
proved that the HFR of the anode increases simultaneously along with the HFR of the full-cell
(AHFR~87 pQcm?2geo/cycle), while the HFR of the cathode remained constant
(=0 pQcm?geo/cycle). Using a simplified transmission line model, where the charge transfer
kinetics are assumed to be infinitely large, the anode spectra recorded at 1.3 V were fitted to
extract the capacity as well as the proton sheet resistance. The constant HFR of the cathode
along with the constant proton sheet resistance of the anode over cycling confirmed that cationic
contamination could be excluded as one of the reasons for the increasing HFR. By utilizing the
Pt-WRE during the OCV-AST, it was unequivocally proven that an additional contact
resistance at the anode is causing the increasing HFR and the accompanied decrease in

performance.
Authors contributions

Fabrication of catalyst inks, membrane electrode assemblies, and electrochemical testing in a
PEM-WE cell was performed by A.H.-W. Analysis of the experimental test results was done
A.H.-W. AH.-W. wrote the manuscript. All authors discussed the experimental results and

revised the manuscript.

141



Journal of The Electrochemical @The Electrochemical Society

SOCIety Advancing solid state § electrochemical science & technology

OPEN ACCESS

A Platinum Micro-Reference Electrode for Impedance Measurements in
a PEM Water Electrolysis Cell

To cite this article: Alexandra Hartig-WeiB et al 2021 J. Electrochem. Soc. 168 114511

View the article online for updates and enhancements.

@The Electrochemical Society

Advancing solid state & electrochemical science & technology
242nd ECS Meeting
Oct 9-13, 2022 - Atlanta, GA, US

Abstract submission deadline: April 8, 2022

Connect. Engage. Champion. Empower. Accelerate.

MOVE SCIENCE FORWARD

This content was downloaded from IP address 129.187.254.46 on 06/03/2022 at 16:18

142



Journal of The Electrochemical Society, 2021 168 114511

A Platinum Micro-Reference Electrode for Impedance
Measurements in a PEM Water Electrolysis Cell

Alexandra Hartig-WeiB,"*® Maximilian Bernt,"”>® Armin Siebel,' ® and Hubert

A. Gasteiger™*

! Chair of Technical Electrochemistry, Department of Chemistry and Catalysis Research Center, Technical University of

Munich, 85748 Garching, Germany
2Bayerisches Zentrum fiir angewandte Energieforschung, 85748 Garching, Germany

We present a platinum wire micro-reference electrode (Pt-WRE) suitable for recording individual electrochemical impedance
spectra of both the anode and the cathode in a proton exchange membrane water electrolyzer (PEM-WE). For this purpose, a thin,
insulated Pt-wire reference electrode (Pt-WRE) was laminated centrally between two 50 zm Nafion® membranes, whereby the
potential of the Pt-WRE is determined by the ratio of the local H, and O, permeation fluxes at the tip of the Pt-WRE. Impedance
analysis with the Pt-WRE allows determination of the proton sheet resistance of the anode, the anode catalyst layer capacitance,
and the high-frequency resistance (HFR) of both electrodes individually, using a simple transmission-line model. This new
diagnostic tool was used to analyze performance degradation during an accelerated stress test (AST), where low and high current
densities were alternated with idle periods without current (i.e., at open circuit voltage (OCV)), mimicking the fluctuating operation
of a PEM-WE with renewable energy. Our analysis revealed that the increasing HFR that was observed over the course of the
OCV-AST, which is the main cause for the observed performance decrease, can unequivocally be assigned to an increasing contact
resistance between the anode electrode and the porous transport layer.
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In light of an increasing energy demand and the goal to
drastically reduce CO, emissions, alternative energy carriers pro-
duced by renewable energies are a necessity to replace fossil fuels.
However, since renewable energies such as wind and solar are
inherently intermittent in their power output, an efficient energy
carrier provided by a system capable of tolerating such a fluctuating
operation is required. Gaseous hydrogen produced by electroche-
mical spitting of water in a proton exchange membrane water
clectrolyzer (PEM-WE) is one of the promising technologies that
can meet all these requirements."> Even though PEM-WE durability
over 50.000-100.000h has been demonstrated for constant
operation,” their durability when operated with renewable energy
sources, where times of operation alternate with idle periods where
no current is supplied,* is of greater relevance.

In a previous study by our group, an accelerated stress test (AST)
was proposed, with repetitive cycles that consisted of periods of low
and high current densities (0.1 Acm cho and 3 Acm zgco),
mimicking times of operation, and of an idle period, where the
cell was left at open circuit voltage (OCV); this OCV-AST was
conducted at 80 °C, with 10 bar pressure on the hydrogen compart-
ment and 1 bar pressure on the oxygen compartment, mimicking the
differential pressure operation that would be used in applications
where high pressure H, is the desired product.® Over the course of
such an OCV-AST, the performance at 3 Acm’zge(, decreased
significantly (=100 mV after 718 cycles), which was attributed to
a substantial increase of the high-frequency resistance (HFR) by
~30 mQcm® over the 718 cycles. In contrast to that, the HFR
remained constant when the cell was polarized at 1.3 V during the
idle periods (requiring the supply of only ~1 mAcm ’zgco, corre-
sponding to <0.1% of the power at 3 Acm’zge(f), proving that the
performance degradation is related to the OCV period where the
electrolyzer cell voltage drops to near 0 V. By excluding other
possible causes for the observed performance degradation, we
attributed the increasing HER to the build-up of a contact resistance
at the interface between the anode catalyst layer and the titanium-
based porous transport layer (PTL), due to the gradual passivation of

*Electrochemical Society Fellow.
“E-mail: alexandra.weiss@tum.de

the titanium PTL in combination with a decrease of the electronic
conductivity of the anode catalyst layer.® The latter is triggered by
the OCV periods, during which the cell potential drops to ~0 V due
to crossover and accumulation of hydrogen in the anode electrode,
thereby gradually reducing the initially crystalline IrO, phase of the
anode catalyst and forming a hydrous iridium-oxide, which exhibits
a lower electronic conductivity.” While all the observations made
in our previous study support our hypothesis of a resistance at
the anode||PTL interface being the cause for the observed perfor-
mance decrease, this could not be proven unambiguously. Therefore,
in the present study the processes occurring during the above
described OCV-AST are reexamined using a membrane electrode
assembly (MEA) into which a micro-reference electrode is incorpo-
rated, thereby allowing to record individual electrochemical im-
pedance spectra of anode and cathode with which the origin of
different voltage loss contributions can be identified.
Electrochemical impedance spectroscopy (EIS) is a powerful tool
to characterize and quantify single performance losses, and there are
several examples of reference electrodes being used to study
electrochemical cells in the literature.** Depending on the design
of the reference electrode, it can be used to track the half-cell
potentials and/or to measure impedance of the individual half-cells.
One prominent example often used in the literature to measure half-
cell potentials in PEM fuel cells is the dynamic hydrogen electrode
(DHE), where usually two thin Pt-wires are placed in close
proximity to the active electrode area; by applying a small electro-
lysis current between the two wires, the potential of the wire where
H, is being evolved is very close to the reversible hydrogen
electrode potential (RHE) due to the fast kinetics for the hydrogen
evolution reaction (HER) and can thus be used as a DHE reference
electrode (i.e., 0V vs DHE is only a few mV negative of 0V vs
RHE).'™'" However, a proper positioning of the DHE reference
electrode wire with respect to its distance from the active area of the
working and counter electrodes is critical to avoid any potential shift
that is caused by the non-linear potential Proﬁlc in close proximity to
the working and counter electrode areas.'*'> A homogenous potential
profile is established at a distance from the edge of the working/
counter electrode that is larger than roughly three times the thickness
of the ion conducting membrane.'> Hence, the reference electrode
should be placed at the appropriate distance (>3-times the thickness
of the ion conducting membrane) from the active electrodes.

143



Journal of The Electrochemical Society, 2021 168 114511

Moreover, a precise geometrical alignment of the working and counter
electrode with respect to each other is essential, when seeking to
record individual electrode impedance spectra. Adler et al. showed
that even a small misalignment (e.g., if the working electrode is
protruding beyond the adjacent counter electrode, or vice versa) can
lead to erroneous half-cell impedance spectra when acquired with a
reference electrode that is placed outside the working/counter
electrode area; in this case, the magnitude of the individual electrode
impedances are off by a factor of more than two if the counter and
working electrodes are misaligned by more than the thickness of the
membrane.'? In summary, with a precise positioning of the DHE
reference electrode, the DHE is a suitable tool to monitor half-cell
potentials in electrochemical cells like PEM fuel cells or PEM-WEs,
but individual electrode impedance spectra should be treated with
caution, since a misalignment between the working and counter
electrode that is much less than the thickness of the membrane (e.g.,
50 pm for a Nafion® 212 membrane) cannot be achieved during
fabrication.

In a recently published study, Sorsa et al. used a carbon
supported platinum catalyst to coat a ring-shaped Pt electrode on
one side of a ~125 um thick membrane while a disk-shaped
electrolyzer electrode was coated on the other side such that the
outer diameter of the disk electrode was smaller than the inner
diameter of the concentrically placed ring electrode.” Laminating
two such membranes together, with the ring electrodes facing each
other and with a Pt wire place in between, the Pt ring electrode
could be used as pseudo reference electrode.” While also here the
same artefacts due to the misalignment should occur, the authors
used this method to measure the individual impedance contribu-
tions. They showed that the anode impedance spectra comprise
two main processes, namely mass transport and charge transfer
resistances. The interpretation of the cathode spectra, however,
turned out to be more complicated due to the occurrence of an
inductive loop at low frequencies. Ultimately, the authors con-
cluded that the inductive loop is caused by carbon corrosion of the
cathode catalyst layer. This, however, seems highly improbable, as
the carbon support is known to be very stable at the potential of an
electrolyzer cathode (i.e., at ~0V vs RHE), and it should be
considered that the cathode impedance spectra could be flawed to
electrode misalignment effects (based on the above discussion,
misalignment on the order of 250 xm would be expected to lead to
such issues).

The artefacts due to a working/counter electrode misalignment
can be avoided by placing the reference clectrode within the active
area of the electrodes. Such an approach was used by Brightman
et al., where an external salt bridge containing a hydrogen reference
electrode was used to record half-cell potentials during the operation
of a PEM water electrolyzer.'* In their approach, a Nafion” tube
enclosed in a PTFE tube was inserted via a hole in the cathode
diffusion media and brought in contact with the cathode catalyst
layer of the MEA. While this allowed them to show that during
electrolyzer operation the main contribution to the overpotential
arises from the anode electrode (as expected due to the sluggish
kinetics of the oxygen evolution reaction (OER) compared to the
HER'?), the ability of their approach to measure individual electrode
impedance spectra was not evaluated.

Another way to avoid impedance artefacts due to electrode
misalignment is to place a reference electrode in between the
working and counter electrode rather than adjacent to it. This
principle was used for studies with lithium-ion battery cells by
Solchenbach et al.,* who placed an insulated 50 zm diameter gold
wire in between two ~200 pm thick separators that separated the
anode and cathode electrode; after an initial lithiation of the gold
wire, the gold wire reference electrode (Au-WRE) displayed a stable
reference potential. With this configuration, artefact-free anode and
cathode impedance spectra could be obtained,® which were later
used to quantify the different impedance contributions in lithium-ion
batteries.'®"”
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Therefore, in this study we developed a reference electrode,
consisting of an insulated Pt-wire, which is laminated between two
Nafion” 212 membranes and, thus, is centrally placed in the active
area. The potential of the Pt-WRE is found to be controlled by the
ratio of the permeation flux of H, and O, at the tip of the Pt-WRE
that depends on the elecrolyzer current density (similar to the
potential of the Pt ring electrode used by Sorsa et al.%). While it
thus only allows for a semi-quantitative determination of the
electrolyzer anode and cathode potential, the Pt-WRE is sufficiently
stable to serve as pseudo-reference electrode to record artefact-free
anode impedance spectra under so-called blocking conditions, i.e.,
when the anode charge transfer resistance becomes very large.
Under these conditions, the proton conduction resistance and the
capacitance of the anode electrode as well as the contact resistance at
the anode||PTL interface can be quantified. Monitoring these
quantities over the course of the above described OCV-AST shows
that it is indeed a build-up of a contact resistance at the anode||PTL
interface rather than cationic contamination that leads to the
observed performance degradation during this test.

Experimental

Membrane electrode assembly (MEA) preparation and cell
assembly.—Using the decal transfer method, MEAs with an active
area of 5cm? were prepared, where IrO, supported on TiO,
(IrO5/TiO, with 75 wt.-% iridium, Elyst Ir75 0480 from Umicore,
Germany) served as the catalyst for the oxygen evolution reaction
(OER) at the anode electrode and platinum supported on Vulcan
XC72 carbon (45.8 wt.-% Pt/C, TEC10V50E from Tanaka, Japan) as
the catalyst for the hydrogen evolution reaction (HER) at the cathode
electrode. For ink preparation, de-ionized (DI) water (18 MS2 cm), 2-
propanol (purity > 99.9% from Sigma Aldrich), and Nafion®
ionomer solution (20 wt.-% ionomer, D2021 from IonPower,
USA) were added to the respective amount of catalyst powder.
Using a roller mill, the catalyst ink was mixed together with ZrO,
grinding balls (5 mm diameter) for 24 h. Via the Mayer rod
technique the ink was coated onto a thin decal transfer substrate
(PTFE, 50 pm thick, from Angst+Pfister, Germany); after drying at
room temperature, 5cm’ decals were punched from the coated
decals. The actual weight of the electrodes was determined by
weighing the decals before and after the electrode transfer step onto
the membrane by hot-pressing. The following anode and cathode
loadings/compositions were used in this study: 0.3 + 0.1 mgp,
cm’zgeo for the cathode electrode with an ionomer to carbon weight
ratio of 0.6/1 gion/gc, and 2.0 + 0.1 mgy, cm™ >, for the anode
electrode with an ionomer content of the electrode of 8 wt.%.

A 50 pm Pt-wire with a 9 um PTFE insulation (Goodfellow,
Great Britain) was used a reference electrode. To ensure good
electrical and ionic contact, ~1 cm of the insulation was removed at
both ends of the wire. One end of the wire was then placed centrally
in between two Nafion” 212 membranes (50 gm thick, from
Quintech, Germany) and hot pressed together with the cathode and
anode decals (see above) at 155 °C for 3 min at a pressure of
2.5 MPa. In order to protect the Pt-wire at the interface with the cell
hardware, an additional layer of PP foil (40 um from Profol
Germany,) was hot pressed at this spot.

Sintered titanium (from Mott Corporation, USA) with a porosity
of ~50% and a thickness of 280 + 10 gm was used as a porous
transport layer (PTL) on the anode, whereas a carbon fiber paper
(TGP-H 120 from Toray, no MPL) with a thickness of 370 + 10 gum
was used on the cathode. The MEA and PTLs were placed between
the flow-fields of the electrolyzer cell and sealed with virgin PTFE
gaskets (from Reichelt, Germany). By choosing the right thickness
of the gaskets, a compression of the carbon PTL by 25% was set,
corresponding to a compressive force of ~1.7 MPa at the MEA (note
that at ~1.7 MPa, the titanium PTL and the MEA are essentially
incompressible). Specific details about the cell hardware are reported
elsewhere.
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Figure 1. (a) Sketch of an MEA with a Pt-WRE, illustrating the placement
of the Pt-wire and the prevailing environment at OCV with hydrogen being
purged through the cathode compartment and water through the anode
compartment. (b) Cross-sectional SEM image of an MEA including a 50 szm
Pt-WRE laminated between two 50 zm Nafion® membranes.

Electrochemical characterization.—An automated test station
from Greenlight Innovation with a potentiostat equipped with a
current booster (BioLogic VSP 300) was used to perform all
electrochemical measurements. The anode was supplied with
5 mlyo min~" deionized (DI) water that was pre-heated to 80 °C.
During the measurements, the cell temperature was kept constant at
80 °C, and the product gas exiting from the anode side was diluted
with nitrogen (100 ncem) to avoid the formation of an explosive gas
mixture due to hydrogen permeation through the membrane into
the anode compartment. During warm-up, the cathode was flushed
with N, for 300s while supplying 5 mlygo min~' to the anode
compartment. After reaching the desired cell temperature of 80 °C,
dry H; (50 nccm) at ambient pressure was supplied to the cathode in
order to assess the functionality of the reference electrode. Since
no current was applied and, hence, no oxygen is produced under
these conditions, the potential of the Pt-WRE has to be 0V on
the reversible hydrogen electrode (RHE) potential scale, so that the
potential between the H,-purged electrolyzer cathode and the

Pt-WRE must be 0V, indicating proper electrical contact and
isolation of the Pt-WRE. Afterwards, the cell was conditioned at
1A cm_zgco for 30 min. Subsequently, potential-controlled polariza-
tion curves were taken at ambient pressure (1 bar,) and 80 °C,
stepwise increasing the cell potential from 1.3 to 1.9 V and holding
at each potential for 15min to ensure a stabilization of the
electrolyzer current density. Finally, the last 10s of both the cell
voltage and current density were averaged for each point.

The OCV-AST was conducted at 80 °C with a cathode pressure
of 10 bar, and ambient pressure at the anode. Each OCV-AST cycle
consisted of 10 min holds at 3 A cm’lgco, at 0.1 A Cmizge(), and at
OCV. After cach OCV-hold, the potential was set to 1.3V to
perform impedance measurements in blocking conditions (see
below). The flow of H,O through the anode compartment and the
cell temperature were kept constant also during the OCV- or the
1.3 V-hold periods.

Impedance measurements (100 kHz to 1 Hz) were performed at
the end of each potential step in the potentiostatic polarization
curves, using 10 mV amplitude of the potential perturbation. In the
case of the OCV-AST, impedance measurements (100 kHz to 1 Hz)
were performed at the end of cach current step, using a current
perturbation amplitude that was set 500 mA for 3 Acm’zgm and
60 mA for 0.1 Acm"zgw. In addition, after each OCV-cycle, a
potentiostatic impedance spectrum (100 kHz to 1 Hz) was acquired
at 1.3V, using 10mV amplitude of the potential perturbation.
During the impedance measurement at 1.3 V the temperature was
kept at 80 °C and the pressure of the cathode was held at 10 bar,.
The high-frequency resistance (HFR) was determined from the high-
frequency intercept with the real axis in a Nyquist plot or by fitting a
transmission line model to the anode impedance spectra as described
in the section Evaluation of the Impedance Spectra by Fitting a
Transmission Line Model. Using a Matlab based application (“EIS
Breaker,” © J. Landesfeind), which is based on the fminscarch
MATLAB function using a Nelder-Mead simplex algorithm and
modulus weighing, the impedance spectra were fitted. The scaled
difference between the measured data and fit vectors

1 ZUD =1 Zae () |
( 1 Za(£) |
the residuals (in %).

At the beginning-of-test (BoT) and at the end-of-test (EoT) of the
OCV-AST, cyclic voltammograms (CVs) of the anode electrode
were recorded. For this, the test procedure was stopped after the 1.3
V-hold period, and the cathode counter electrode was flushed with
dry H, at 50 nccm at ambient pressure to ensure a stable reference
potential (i.e., the cathode served as counter and reference electrode
in this case), while the anode electrode was continuously fed with 5
mly20 min ! deionized water. The CVs were recorded in a potential
range of 0.05 V=1.3 V at 50 mV s~ at 80 °C; shown are the steady-
state CVs (2nd one recorded).

) at the same frequency f; were used to calculate

Physical characterization.—Using a JEOL JCM6000Plus NeoScope
scanning electron microscope at an accelerating voltage of 15 kV, cross-
sectional scanning electron microscopy (SEM) micrographs were
obtained to depict the location of the Pt-wire reference electrode. The
SEM samples were prepared by embedding the MEA in a room-
temperature curing epoxy and drying over night at 80 °C. Afterwards,
the sample surface was ground using a SiC paper in two steps (grade
P320 and P1200, from Buehler, Germany) and subsequently polished on
a microcloth using a 9 pm diamond polishing agent.

Results

Implementation and validation of the Pt-wire reference elec-
trode.—By implementing an additional reference electrode—nor-
mally the cathode is serving as counter and reference electrode
at the same time—it is possible to analyze both half-cells
individually.*'""'* However, certain requirements must be met when
the impedance of both half-cells is to be measured: i) the reference
potential should be of a well-defined value for a true reference
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Figure 2. PEM-WE performance data at 80 °C and ambient pressure for an
MEA including a Pt-WRE (100 zm membrane, black squares) and an MEA
with a single 50 gm Nafion® membrane (blue circles): (a) cell voltage (E..i)
vs current density (i) performance (filled symbols) and HFR-corrected
performance data (hollow symbols); (b) corresponding HFR values (cx—
tracted from the intercept in the Nyquist plot). MEA specmcauons 5 cm?
active-area with ~2 mgj, cm™ ", anode and ~0.3 mgp, cm™ ", cathode
loading.

electrode; ii) however, even if the potential of the reference electrode
is not well-defined (e.g., if it varies with the operating conditions), as
long as its potential is stable over the course of an impedance
measurement, it can be used as pseudo-reference electrode; iii) the
reference electrode should be placed centrally between the two
electrodes in order to avoid the edge effects that were discussed in
the introduction section.*'**" To address the last point, an approach
already well established for lithium-ion battery cells®'®!” was adapted
to the MEA of a PEM-WE. A 50 ym thick Pt-wire was laminated
between two 50 um Nafion” membranes that were coated with the
respective anode or cathode catalyst layer; the tip of the Pt-wire was
located at the center of each catalyst layer. As illustrated by the sketch
in Fig. 1a and by the SEM cross-section of the MEA in Fig. 1b, the Pt-
wire is located centrally between the two half-cell membranes,
without bending towards either side of the MEA. A bending of the
Pt-wire towards one of the electrodes can cause a disturbance of the
impedance measurement due to an inhomogeneous current distribu-
tion or, in the worst case, a shortening of the cell.

The following experiments are aimed to verify that the Pt-WRE
does not affect the overall electrolysis performance of the MEA.
Figure 2a shows the performance curves measured at ambient
pressure for the MEA with the P-WRE laminated between two
50 pm Nafion” membranes used in this study (black squares)
compared to an MEA with the same catalyst loadings but only a
single 50 zm Nafion” membrane without a Pt-WRE (blue circles).
The cell voltage is higher for the MEA with the Pt-WRE, which can
be attributed to its higher HFR (cf Fig. 2b), as would be expected
due to its overall 2-fold higher membrane thickness. Consequently,
the HFR-corrected cell voltages, compensating for the differences in
membrane resistance are essentially identical for the MEA with the
Pt-WRE (hollow black squares in Fig. 2a) and the MEA with the
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Figure 3. PEM-WE performance data at 80 °C recorded with the Pt-WRE
MEA based on two 50 zzm Nafion® membranes (see Fig. 1) at a cathode
pressure of 10 bar, and an anode pressure of 1 bar,: (a) E..; vs i performance
(filled symbols) and HFR-corrected performance data (hollow symbols); (b)
corresponding HFR values (extracted from the high-frequency intercept with
the real axis in the Nyquist plot). (¢) Potential difference between the anode
electrode and the Pt-WRE (|E, oq4crefl; solid red triangles, plotted vs the
right y-axis) and absolute potential difference between the cathode electrode
and the Pt-WRE (|E¢amode—refl: s0lid green circles, plotted vs the left y-axis);
the open circles and triangles represent a correction of these potentials by the
ohmic potential drop through a single 50 gm membrane (i.e., by i x
40 chmlm) The inset shows sketches depic[in’g the prevalent local gas
composition at the Pt-WRE ug) at high (>2 Acm™,, right sketch) and low
current densities (<2 Acm™ g, lett sketch). MEA specification: 5 cm?

active-area with ~2 mg;, cm iu, anode and ~0.3 mgp cm zsm cathode
loading.

single 50 zm membrane without the Pt-WRE (hollow blue circles;
differing by only ~10mV at the highest current density). This
proves that the Pt-wire does not negatively affect the cell perfor-
mance. The HFR-corrected cell voltages in Fig. 2a are in exce]lent
agreement with previous measurements by Bernt et al.'® for Nafion”
212 based MEAs with the same catalysts and catalyst loadings.

As shown in Fig. 2b, the HFR for the MEA with the two 50 ym
Nafion” membranes and the Pt-WRE is 290 mQcm? geo- 1IN general
the HFR is the sum of the electronic resistance (=12 m§2cm?> s
for the cell hardware used in this study”‘) and the membrane
resistance, Wthh based on various literature reports ranges between
~41-54 mQem? seo for a single 50 pm Nafion” membrane at 80°C.'®
Assuming the lower value, the resistance of two 50 ym Nafion”
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membranes should be ~82 mQcm? sco» Predicting an overall HFR
of ~94 mQcm’ gco» Which is in good agreement with the measured
HFR, suggesting that the HFR is not affected by the presence of
the Pt-WRE. It should be noted that the HFR of the MEA with the
a single 50 ym Nafion” membrane of ~62 chmqgw (see Fig. 2b)
is somewhat higher than what we had observed grevmusly for
nominally identical MEAs (x53-57 mQcm? ,w ), which we
believe is due to slight differences in cell compression that
strongly affect the contact resistance between the PTLs and the
flow fields.

Next we will examine whether the potential of the Pt-WRE is
independent of the current density that is applied to the electrolyzer
cell. Figure 3a shows the performance curve of the Pt-WRE MEA
composed of two 50 um Nafion” membranes (i.c., with a total
membrane thickness of 100 pum; see Fig. 1) measured at 80 °C with
10 bar, cathode and and 1 bar, anode pressure; the corresponding
cell HFR values are shown in Fig. 3b. Again, while the cell voltage
performance (black squares in Fig. 3a) is worse compared to that
obtained with an otherwise identical MEA with a single 50 gm
Nafion” membrane that was reported by Bernt et al.,'® the HFR-
corrected performance (hollow squares in Fig. 3a) of both MEA
types is essentially identical (e.g., at 3 Acm’zgeu the cell voltage is
~1.56 V in Fig. 3a vs ~1.55V in Ref. 18). This proves that the Pt-
wire does not affect the cell performance, even when operated at
differential pressure.

Figure 3¢ shows the half-cell potentials recorded during the
polarization curve in Fig. 3a, namely the absolute value of the
difference between the cathode and the Pt-WRE potential
(|Ecathode—refl; solid green circles plotted vs the left y-axis) and the
difference between the anode and the Pt-WRE potential (|E,,ode-refls
solid red triangles plotted vs the right y-axis). It is most straightfor-
ward to first discuss the |Ecunode-ref] Values as a function of current
density. As was shown previously, the potential of an electrolyzer
cathode at high Pt loadings of ~0.3 mgp, cm’fw, is expected to
remain w1lh1n < 10mV vs RHE up to 3 Acm™ "y, due to the fast
HER kinetics'® so that the cathode potential under the conditions in
Fig. 3 can be considered esqenual]y constant. At the same time, the
potential of the Pt-WRE is a mixed potential resulting from the
simultaneous electrochemical oxidation of H, and the reduction of
O,, both of which are dissolved in the membrane phase. As a
consequence, the potential of the Pt-WRE depends on the relative
permeation fluxes of Hy (Ny,()) and 02 (No,(y)) at the location of the
Pt-WRE, and Takaichi et al. showed that the potential of a
membrane-embedded Pt-wire jumps from near 0 Vgyg to ~0.8-
0.9 Vrug when Nij ) < 2 x No,( at the location of the Pt-wire?'
(the same potential transition of a mcmbranc embedded Pt-wire was
also observed by Liu and Zuckerbrod??). Since the permeability of
H, through a Naﬁon membrane is ~2 fold higher than the
permeability of 0,,** the potential of a Pt-wire embedded half-
way through the thickness of a membrane (as is the case for our Pt-
WRE) would be near the potential transition region when the partial
pressures of H, and O, are equal; in this case, the molar flux of H, at
the Pt-WRE would be twice as high as the molar flux of O,, allowing
for the complete conversion of both of the dissolved gases to H>O.
On the other hand, for the differential pressure conditions used in
Fig. 3 (Panode = 1 bar, and peymode = 10 bar,), the H, partial pressure
of puz & 9.5 bar (P2 = Peathode—PH20, With prao ~ 0.5 bar at 80 °
C) is nearly 20-fold higher than the O, partial pressure of ppy ~
0.5 bar, so that the mixed potential of the Pt-WRE should be very
close to 0 Vgryg (actually slighlty positive of 0 Vgyg due to the
mixed potential that derives from the reduction of O, permeating
from the anode to the Pt-WRE). Thus, based on these arguments,
viz., the fast HER kinetics on Pt, the location of the Pt-WRE (see
Fig. 1), and the well-known H, and O, permeabilities through
Nafion®, the absolute value of the difference of the electrolyzer
cathode and the Pt-WRE (i.e., |Ecqnode-rer]) should be very close to
0 mV. This corresponds to a situation where residual dissolved gas at
the Pt-WRE (i.e., after the stoichiometric reaction of H, and O, to

H>O) would be Hj-rich, as depicted in the left-hand sketch in
Fig. 3c. At low current densities |Ecamode-ref] 1S indeed very close to
0V, as is shown in Fig. 3c (green circles).

However, as the current density increases, |E.ynode-ref] gradually
increases and then exhibits a sudden potential increase to ~1V
between =~2.1 and ~2.6 Acm ‘gu,, that previously has been
observed to occur once NH:(x) becomes < 2 X N()g(x) This implies
that N“:(x) and N(Jg(x) must be a function of current density. Based on
previous measurements, the H, permeation flux from cathode to
anode in a PEM-WE operated at cathode/anode pressures of 10/1.0
bar, remains essentially constant between 0 to 2 Acm*de(,.24 On the
other hand, the O, permeation flux for an electrolyzer operated at
cathode/anode pressures of 1.0/1.0 bar, was reported by Trinke et al.
to increase bX ~20-fold when the current density increases from 0 to
2 Acm‘2geo Thus, beyond this current density, where based on
these literature reports NHz(x) would become < 2 x Nom, (viz., at
~2 Acm’zge(,z“), the expected residual dissolved gas at the location
of the Pt-WRE would be O,-rich (see right-hand sketch in Fig. 3¢)
and the Pt-WRE potential should increase to ~0.8-0.9V vs
RHE.?""* This is actually in very good agreement with the observed
rapid increase of |Ecynode—rer] Near 2 Acm’zge(,z"‘ shown in Fig. 3c.
Besides the large expected change in the Ny, /No,x ratio and its
effect on |Ecyhode—rer], @ minor effect to consider is that the potential
drop across the membrane segment between the cathode electrode
and the Pt-WRE when drawing an electrolyzer current must also be
considered, as it will add an additional ohmic potcmlal drop,
corresponding to the areal resistance of the 50 ym Nafion” mem-
brane (240 mQem? geo» as discussed in the context of Fig. 2)
multiplied by the electrolyzer current density. The |Ecamode—retl
values corrected by the ohmic potential drop are shown by the
open green circles in Fig. 3c, amounting to ~0.92-0.98V at
~2.6-4.6 Acm‘zgem consistent with the values reported for mem-
brane-embedded Pt-wires at conditions where Niyy) < 2 x No, .22

In summary, prior to the transition region of the Pt-WRE
potential, its potential corrected by the ohmic potential drop (open
green circles) ranges between ~10-100 mVgyg and will thus allow
a rough assignment of the cathode potential. It has to be noted,
however, that the potential of the Pt-WRE is influenced by the
oxygen crossover and thus the oxygen reduction, even before
the transition point (2.1 and ~2.6 Acm ) occurs. Thus the
observed increase in |Ecymode—ret| 1s most likely caused by a mixed
potential of the Pt-WRE, that derives from the reduction of O,
permeating from the anode to the Pt-WRE as well as the oxidation
of the hydrogen permeating from the the cathode to the Pt-WRE,
rather than by the charge transfer kinetics of the HER on the
cathode. Beyond the transition region, its ohmic potential drop
corrected value is at ~0.9-1.0 Vgyg. Owing to the significant
current density dependence of the Pt-WRE potential during
electrolyzer operation, artefact-free individual electrode resolved
impedance spectra cannot be obtained during electrolyzer opera-
tion, as the variation of the H, and O, partial pressures at the
catalyst||membrane interface during the impedance measurements
leads to a simultaneous perturbation of the Pt-WRE, which in turn
results in inductive loops of the md1v1dual impedance spectra,”
similar to those observed by Sorsa et al.” However, at very low
current densities (at/near the OCV), this effect is negligible and
artefact-free individual electrode impedance spectra can be ob-
tained, as will be shown later.

Figure 3c also shows the anode potentials referenced to the Pt-
WRE (|E n0de—refl; solid red triangles plotted vs the right y-axis), and
the same considerations apply: at low current densities, the anode
potential can be determined by the Pt-WRE using the |Enode—refls
values corrected by the ohmic potential drop (open red triangles),
with an error that is increasing with current density and ranges
between =21.47-1.51 V.

As a side note, it should be mentioned that the current density at
which the potential transition region of the Pt-WRE occurs can
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Figure 4. First cycle of the OCV-AST recorded with the P-WRE MEA
based on two 50 zm Nafion” membranes (see Fig. 1), conducted at 80 °C
with cathode/anode pressures of 10/1.0 bar, and with a continuous feed of
5 ml 20 min~ " into the anode compartment. (a) Current profiles, with high
and low current density periods followed by an idle period at OCV,
mimicking electrolyzer operation with a fluctuating renewable energy source
as well as a potential hold at 1.3V to record an impedance spectrum. (b)
Associated profiles of the cell voltage (black line) as well as of the half-cell
potentials, described by the potential difference between the anode electrode
and the P-WRE (|E,podc—refl; red triangles) and by the absolute potential
difference between the cathode electrode and the Pt-WRE (|Ecuhode—retl:
green line). MEA specification: 5 cm’ active-area with &2 mgy, cm’zgcn
anode and ~0.3 mgp, cm_zgc0 cathode loading.

provide a means to quantify the oxygen permeation rate at this
current density, since at this point Nij,) = 2xNo,(y). Based on the
results of Bernt et al., the hydrogen permeation flux through a 50 ym

Nafion” 212 membrane at 80 °C and a cathode pressure of 10 bar, is
2

z0.54"::;?l at a current density of ~2 Aem™%y.,.>* As the potential

transition region occurs at/near this current density, the corre-
sponding oxygen permeation flux must be z().27":"‘%\". By applying
different combinations of anode and cathode pressures and deter-
mining the current density at which the potential transition occurs,
the oxygen permeation flux through the membrane can be deter-
mined if the H, permeation flux is known (the latter is relatively easy
SR : .
to quantify).”” However, this was beyond the scope of this work and
will not be discussed further.

Open circuit voltage—accelerated stress test (OCV-AST).—In a
previous study we proposed an accelerated degradation test protocol
to determine whether cycles between load and OCV conditions
would lead to MEA and/or OER catalyst degradation.® Figure 4a
depicts one cycle of the OCV-AST test protocol, where current
densities of 3 Acm 2y, and 0.1 Acm™ %, alternate with idle periods
where no current is supplied and the cell is left at OCV, mimicking
the operation of an electrolyzer with fluctuating renewable energy
sources. Figure 4b shows the corresponding cell voltage of the
electrolyzer as well as the half-cell potentials, plotted here for the
very first cycle. The cell voltage (black line) remains essentially
constant during operation and the cell voltages are in good
agreement with the polarization curve at the respective current
density that was shown in Fig. 3a. However, upon current interrup-
tion (i.e., during the OCV phase), the cell voltage gradually
decreases to ~0V within ~10min which we attributed to an
accumulation of hydrogen within the anode compartment via
hydrogen permeation through the membrane from the cathode
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Figure 5. (a) Evolution of the cell volla%e and the full-cell HFR-corrected
cell voltage at 0.1 Acm zgc(, and 3 Acm™ “, during the OCV-AST with the
Pt-WRE MEA based on two 50 ym Nafion® membranes (see Fig. 1). The test
was conducted at 80 °C with pgarnode = 10 bar, and payode = 1 bar,, cycling
the cell with the protocol shown in Fig. 4a while feeding 5 mly,o min~" into
the anode compartment (same MEA specifications as in Fig. 4). (b)
Corresponding full-cell HFR values. For better legibility, only every 2nd
point was plotted.

compartment that was kept at a high H, pressure (=10 bar,),
concomitant with a lowering of the anode potential to ~0 V vs RHE
due to the reduction of IrO, and the concomitant formation of
metallic iridium, which is catalytically active towards the hydrogen
oxidation reaction (HOR).(’

To verify the above hypothesis, the OCV-AST was repeated with
a Pt-WRE MEA with the same catalysts and catalyst loadings but
with a thicker membrane (two 50 zzm Nafion” membranes rather than
one) in order to enable a determination of the cathode and anode
half-cell potentials. Particularly at low current densities, the half-cell
potentials can be determined quite accurately, since the Pt-WRE
potential will be within ~10-20 mVgyg for <0.4 Acm’zgen (see
green circles in Fig. 3c). Thus, at 0.1 and 0 Acm Zgﬂ, during the
OCV-AST, the potential difference between the anode electrode and
the Pt-WRE (|E  0dcrefl; see triangles in Fig. 4b) as well as the
absolute potential difference between the cathode electrode and the
Pt-WRE (|Ecamode-refl; see green line) will represent the anode and
cathode potentials vs RHE with an error of less than ~20 mV. Based
on this, Fig. 4b clearly shows that during the OCV period the
cathode potential remains at ~0 Vgyg, while the anode potential
drops to ~1.3 Vgyg right at the beginning of the OCV period
(roughly corresponding to the reversible cell voltage under these
conditions) and then gradually decreases to ~0 Vgyg at the end of
the OCV period. This gradual decrease in anode potential is
attributed to the enrichment of hydrogen within the anode compart-
ment via H, permeation from the pressurized cathode compartment
through the membrane to the anode compartment. As the cathode
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Figure 6. Electrochemical impedance spectra recorded at an electrolyzer
voltage of 1.3 V and 80 °C (see Experimental section) over the course of the
OCV-AST shown in Fig. 4, namely after the Ist (solid lines) and after the
70th (circles, plotting every 2nd data point for better visibility) OCV-AST
cycle. (a) Full-cell impedance spectra (black line/circles) and anode
impedance spectra taken with respect to the P-WRE (red line/circles); the
inset is a magnification of the high-frequency regions of the spectra. (b)
Cathode impedance spectra taken with respect to the Pt-WRE (green line/
circles). The stars mark the real-axis high-frequency intercepts (and the
corresponding frequencies) which are commonly used to determine the HFR
(e.g., the full-cell HFR shown in Fig. 5b).

pressure is not released during the OCV period of our OCV-AST, a
high H; partial pressure of ~9.5 bar in the cathode compartment will
be maintained during the OCV penod resulting in a high H,
permeation rate of ~0.54 mmol m™"s™

s~'.2* As a result, a hydrogen-
rich gas-phase is developing at the anodc side, causing a gradual
reduction of the outermost surface of the IrO, phase of the IrO,/TiO,
OER catalyst to metallic iridium that is catalytically active for the
hydrogen oxidation reaction (HOR).®*’~*" Finally, once a sufficient

HOR activity is established, the anode voltage will drop rapidly
close to the equilibrium potential for the HOR at =0 Vgyg. This
clearly confirms our previous hypothesis that the potential of the
anode electrode decreases to ~0 Vgyug over the course of the OCV
period of our OCV-AST.

On a side note, it should be mentioned that based on Fig. 3 one
would have expected that |Ecyhoderer] Should be positive of 1V at
3 Acm"2gen, instead of the ~0.21 V observed in Fig. 4b. This is due
the fact that the potential of the Pt-WRE is extremely sensitive to
pressure fluctuations at current densities that are close to the
transition region of the Pt-WRE; as a consequence, even under
nominally identical conditions, small variations in cathode/anode
pressure shift the current density range in which the Pt-WRE
potential transition occurs (found to be at ~2.1-2.6 Acm’zgco in
Fig. 3 and at >3 Acm’zgco in Fig. 4).

Figure 5a shows the cell voltage evolution over the first 70 cycles
of the OCV-AST with the Pt-WRE MEA at the two different current
densities of 0.1 Acm’zgco (black triangles) and 3 Acm’zgeo (blue
diamonds). Even after only 70 cycles, an increase in cell voltage of
~10mV can be observed, which is similar to that observed in our
previous study,® although the absolute cell voltage (x1.86V) is
higher in the present study due to the larger membrane thickness
(MEA based on two 50 pym Nafion” membranes vs one 50 im
Nafion” membrane, with identical catalysts and catalyst loadings).
Compared to the performance at 3 Acm’zgc(,, the cell performance at
0.1 Acm™ "y, (black triangles) remained essentially unchanged
during the 70 OCV-AST cycles (/1.5 V). Here it must be noted
that the initial increase in performance during the first 10 OCV-AST
cycles that we had observed in our previous study (cf Fig. 2b from
WeiB et al.®) was not observed in the present study, which we
believe is due to the Pt-WRE functionality test at 80 °C prior to the
OCV-AST, where hydrogen was purged through the cathode
compartment while water was purged through the anode compart-
ment without drawing any electrolysis current for some extended
time. This exposure of the MEA to hydrogen in the absence of
oxygen evolution leads to a hydrogen-rich environment in the anode
compartment and a concomitant reduction of the crystalline IrO,
phase of the anode catalyst to a more OER active hydrous iridium-
oxide phase, a process already occurring prior to initiating the
OCV-AST.?>*® As this pre-treatment was not used in our previous
OCV-AST study,® the performance improvement associated with the
formation of the more OER active hydrous iridium oxide instead
occurred there over the first few cycles of the OCV-AST.

A closer look at the corresponding full-cell HFR (Fig. 5b)
measured during the OCV-AST test reveals an increase of the full-
cell HER at both the high (blue diamonds; AHFR ~ 5 mQem’ eco)
and the low (black triangles; AHFR =~ 5 mQcem? seo) Current density.
Once the cell voltage is corrected by the full-cell HFR (hollow
symbols in Fig. 6a), an even slightly improving performance HFR-
corrected cell performance at 3 Acm’zgeo can be observed over 70
cycles (=10 mV; hollow blue diamonds). This clearly shows that the
decrease in cell voltage over the 70 OCV-AST cycles is caused by
an increasing full-cell HFR, as was observed previously.®

Evaluation of the individual electrode impedance spectra.—
While artefact-free impedance spectra of individual electrodes
cannot be obtained with the Pt-WRE during electrolyzer
operation,”® they can be acquired when the electrolyzer current is
essentially zero. Therefore, we acquired impedance data at an
electrolyzer cell voltage of 1.3 V, where the electrolyzer current is
close to zero (=1 mAcm“zgco, largely caused by the oxidation of
part of the hydrogen permeation flux through the membrane). Based
on the known OER kinetics of IrO,/TiO, that were shown to follow
simple Tafel kinetics with a Tafel slope (TS) of ~50 mV dec™ 11518
the OER current density (iogr) at an electrolyzer cell voltage of
1.3 V is projected to be on the order of 0.1 mAcnge(, (see Fig. 6 in
Ref. 6). Using these values, the OER charge transfer resistance (R)
can be estimated from Eq. 1, resulting in a value of ~220 Qcngu, at
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Figure 7. (a) Simplified transmission line model (TLM) to fit the anode
impedance response under blocking conditions (i.e., at an electrolyzer cell
voltage of 1.3 V) with the following circuit elements: i) an inductor (L) to
account for the inductive behavior of the system at high frequencies; ii) a
resistor (Rq) to represent the proton conduction resistance of the membrane
between the anode electrode and the Pt-WRE; iii) a constant phase element
(Q) to represent the capacitance of the anode electrode; iv) a resistor (Ry+) to
represent the proton conduction resistance across the anode electrode; and, v)
a resistor (Reon) to represent the contact resistance between the anode
electrode and the titanium PTL. (b) Electrochemical impedance data of the
anode (red circles; same data as shown in Fig. 6a (Ist cycle, red line))
recorded at an electrolyzer voltage of 1.3 V (at 80 °C, and cathode/anode
pressures of 10/1.0 bar,) and the fit of the impedance data (black line)
obtained with the TLM shown in panel a. ¢) Residuals between the
impedance data and the TLM fit as a function of frequency (see
Experimental section).

an electrolyzer voltage of 1.3 V.
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This very large estimated anodic R-value implies that the anode
impedance spectrum recorded at an electrolyzer voltage of 1.3V
should essentially resemble a spectrum recorded under blocking
conditions. In this case, the full-cell impedance spectrum would also
show the same features, if the overall cathode impedance is

150

sufficiently small,'>'® as would be expected based on the fast

HOR kinetics of the Pt/C based cathode electrode.

Figure 6a shows the full-cell impedance spectra after the 1st
(black line) and after the 70th (black circles) OCV-AST cycle,
indeed resembling an impedance spectrum that is governed by a
blocking electrode response. A magnification of the high-frequency
region of the spectra is shown in the inset of Fig. 6a, with the high-
frequency intercepts with the real axis that correspond to the full-cell
HFR-values shown in Fig. 5b being marked by the purple stars.
Figure 6a and the inset also show the anode impedance spectra at
1.3 V recorded with the Pt-WRE after the 1st (red line) and after the
70th (red circles) OCV-AST cycle, exhibiting the expected blocking
electrode response. The corresponding cathode impedance spectra
are shown in Fig. 6b after the Ist (green line) and after the 70th
(green circles) OCV-AST cycle, whereby the overall magnitude of
the cathode impedance is very small compared to the anode and full-
cell impedance. No apparent artefacts like inductive loops are
observed for the anode and cathode impedance spectra acquired at
1.3 V by means of the Pt-WRE.

After lhc Ist OCV-AST cycle, the HFR of the anode
(~45 mQem? 2603, 86€ solld red star in the inset of Fig. 6a) and of
the cathode (~47 mQcm? scos S€e solid green star in Fig. 6b) sum up
to ~92 mQcm’ geo» Which, within the error of measurement, agrees
well with the full-cell HFR (93 mQcm? seo: Sce solid purple star in
the inset of Fig. 6a). Furthermore, the anode and cathode HFR-
values are essentially identical, as would be expected for an
equidistant placement of the Pt-WRE between the electrodes that
was shown in Fig. 2.

In the following, we will first examine more closely the anode
impedance spectra acquired with the Pt-WRE at an electrolyzer
voltage of 1.3 V over the course of the OCV-AST. Owing to the high
anode electrode charge transfer resistance at 1.3 V (see above), its
impedance response resembles that of an electrode under blocking
conditions, so that it can be fitted using a simple transmission line
model (TLM). This allows for a determination of the proton
conduction resistance of the anode electrode (Ry+) and its capaci-
tance (C), as was shown for PEM fuel cell cathodes®' and for PME-
WE anodes’” using the hydrogen electrode as working and counter
electrode as well as for lithium-ion battery electrodes using a micro-
reference electrode.'®!” Furthermore, the inductive response that is
generally observed for electrochemical systems at high frequency
can be modeled using an inductor element (L), which then allows for
a more precise estimation of the anode-HFR. Thus, for fitting the
anode impedance spectra, the simplified transmission line model
shown in Fig. 7a was used, consisting of an inductor (L), the
membrane resistance between the Pt-WRE and the anode electrode
(Rg), a constant-phase element (Q, with its impedance defined as
Zo = 1/[Q-(j-w)*]1), a resistor (Ry+) representing the proton
conduction resistance of the anode electrode, and a resistor (Rion.)
representing the contact resistance between the anode PTL and the
anode electrode.

Figure 7b shows the anode impedance spectrum recorded at a cell
voltage of 1.3V after the first OCV-AST cycle (red circles; same
data as that shown in Fig. 6a) together with the TLM fit (black line).
As shown in Fig. 7c, the agreement between the impedance data and
the fit is quite good, with residuals of <2% over the entire frequency
range. The largest deviation between the data and the fit is observed
in the 45 °—line region of the Nyquist plot that is governed by the
through-plane proton conduction resistance of the electrode (Ry+). A
deviation between the TLM fit and the impedance data in the 45 °—
line region (see Fig. 7b) was recently observed for lithium-ion
battery electrodes in the presence of a non-uniform binder gradient
within the electrode that leads to an mhomogcncom ionic resistance
distribution across the thickness of the electrode.’® The deviation
observed here would correspond to the case where the ionic
resistance increases towards the interface of the anode electrode
and the anode PTL interface (see Figs. 3 and 4a in Ref. 33). The
same was also observed by Reshetenko and Kulikovsky for PEM



Journal of The Electrochemical Society, 2021 168 114511

fuel cell electrodes with an inhomogeneous ionomer distribution
across the electrode.** While in such a case the apparent proton
conduction resistance of the electrode would be lower than the true
proton conduction resistance of the electrode, the rather small
deviation observed in Figs. 7b and 7c is still negligible within the
error of these measurements.

As mentioned before, extracting the high-frequency resistance
from the high-frequency intercept of the impedance spectra with the
real-axis in a Nyquist plot often results in an overestimation of the
high-frequency resistance due to the inductive behavior at high
frequencies. The differences in the high-frequency resistance values
of the anode impedance spectra over the course of the OCV-AST,
determined from either the high-frequency intercept with the real-
axis (Rognerecpy) Or from the TLM (Rq, see Fig. 7a), are given in
Table L.

This comparison shows that by using the high-frequency inter-
cept of the impedance spectra with the real-axis in a Nyquist plot, the
high-frequency resistance of the anode impedance spectra is over-
estimated by &2 chnge(, compared to a simplified transmission
line model, where the inductive branch at high frequencies is
considered. The overall error, however, is <5% (see Table I), so
that the intercept can indeed be used as a good approximation of the
high-frequency resistance.

Regarding the cathode impedance spectra shown in Fig. 6b, we
already commented that the magnitude of the impedance is rather
small compared to the full-cell and the anode impedance, except that
the inductive response at high frequencies is similar in magnitude.
Based on the well-known HOR kinetics of a Pt/C based electrode, a
charge transfer resistance for a cathode 7]oading of ~0.3 mgp,
CM "y, ON the order of only ~1 m{em’,., would be expected
(see appendix in Ref. 15). However, as shown by Kuhn et al., a
detailed analysis of the cathode impedance response at the very
small overall current density at 1.3 V would require considering the
Tafel and the Volmer reaction steps of the hydrogen evolution/
oxidation reactions in the impedance model,® in addition to the
proton conduction resistance in the cathode electrode. Extracting
meaningful proton conduction resistance values from such a model
is not really possible, which is the reason why we did not pursue this
approach. Instead, we only extracted the high-frequency resistance
between the cathode electrode and the Pt-WRE from the intercept of
the cathode impedance spectra at high frequencies with the real-axis
of the Nyquist plot; based on the above analysis for the anode
(summarized in Table I), we expect that the error induced by the
inductive behavior at high frequencies will also be on the order of
5% or less for the cathode electrode.

Next we will examine the evolution of the impedance spectra
acquired at a cell voltage of 1.3 V over the course of the OCV-AST
shown in Fig. 5, where the full-cell HFR recorded at 0.1 and
3.0 Acm_zge‘, was observed to increase by =5 chnge(, over
70 OCV-AST cycles. The full-cell impedance spectra recorded at a
cell voltage of 1.3 V (see black lines/circles in the inset of Fig. 6a)
show a similar, only slightly higher increase in the high-frequency
intercept of ~6 chngco over the 70 cycles (this minor difference
might be due to a slightly lower through-plane membrane hydration
due to reduced osmotic drag at low current densities and thus a
slightly lower cell compression). An identical increase of the high-
frequency intercept is observed for the anode impedance spectra
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Figure 8. Evolution of the high-frequency resistances of the full-cell
(HFR¢1, black squares), the anode (HFR 04, red triangles), and the cathode
(HFR amode, green circles) plotted vs the left y-axis, as well as of the proton
conduction resistance of the anode (Ry+, red diamonds, plotted vs the right y-
axis), all determined at a cell voltage of 1.3 V, over the course of the OCV-
AST shown in Fig. 4 (at 80 °C, with cathode/anode pressures of 10/1.0 bar,).
The half-cell impedances were obtained using the Pt-WRE (sandwiched
between two 50 um Nafion” membranes (see Fig. 1); same MEA specifica-
tions as in Fig. 2). HFR ¢ and HFR 04 Were determined by the intercept
of the spectra at high frequencies with the real-axis in the Nyquist plot, while
HFR,,0dc Was extracted by fitting the impedance spectra with the TLM
shown in Fig. 7a (in this case, HFR,4c corresponds to Rq in Fig. 7a). For
better legibility, the data of only every 10th cycle are plotted here; the
equations given in the figure are linear regression fits of the change of the
HFR with the number of cycles.

acquired at a cell voltage of 1.3 V (see red lines/circles in the inset of
Fig. 6a), while the high-frequency intercept of the cathode impe-
dance spectra (see Fig. 6b) remains constant over the 70 OCV-AST
cycles.

Figure 8 shows the evolution of the high-frequency resistances of
the full-cell (HFR.y, black squares), the anode (HFR,oq4., red
triangles), and the cathode (HFR_ ,node, green circles) acquired at a
cell voltage of 1.3 V over the course of the OCV-AST (plotted vs the
left-hand y-axis). The increase of the full-cell HFR per cycle
amounts to AHFR ., = 87 /thnge(, cycle’1 and is identical with
that of the anode electrode (AHFR 0. = 87 ;IQcngeo cyclc"),
while the cathode HFR is essentially zero (AHFR.ypode =
0;[(20m2ge(, cycle™!). This clearly proves that the increase in the
full-cell HFR during the OCV-AST can be ascribed solely to the
anode side of the MEA.

Figure 8 also shows the proton conduction resistance of the anode
electrode (Ry+, red diamonds, plotted vs the right-hand y-axis)
determined at a cell voltage of 1.3V from the fit of the anode
impedance spectra using the TLM shown in Fig. 7a. Clearly, the

Table I. Comparison of the high-frequency resistance values determined from the anode impedance spectra over the course of the OCV-AST shown
in Fig. 4, either from the high-frequency intercept of the impedance spectra with the real-axis in the Nyquist plot (Roinerecp)) or from a fit to the

TLM shown in Fig. 7a (Rq).

Ist cycle 10th cycle 20th cycle 40th cycle 60th cycle
Raintereept) [m!lcngeo] 45.5 46.5 475 48.5 50.0
Rq from the TLM [chmdeQ] 43.6 44.6 454 474 489
(Raginterecpty — Ra) /Ra [%] +4.4% +4.3% +4.6% +2.3% +2.2%
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Figure 9. (a) Cyclic voltammograms recorded at beginning-of-test (BoT,
i.e., prior to the OCV-AST) and at end-of-test (EOT, i.e., after the 70 OCV-
AST cycles shown in Fig. 5), recorded at 50 mV s~', 80 °C, and ambient
pressure, with 5 mly.o min~! supplied to the anode and 50 ncem H, to the
cathode. (b) Anode capacitance values extracted from the anode impedance
spectra at 1.3 V. over the course of the OCV-AST test, using the TLM
shown in Fig. 7a.

proton conduction resistance of the anode remains almost constant
over the course of the 70 OCV-AST cycles, decreasing slightly from
initially ~48 mQem’y, to ~45mQem’y, after 70 OCV-AST
cycles. The absolute value of the anode Ry+ may be compared to
the values estimated by Bernt et al.'® for electrodes with the identical
IrO,/TiO, anode catalyst and loadings as a function of ionomer
content: interpolating their data to an ionomer content of 8 wt.%, the
authors estimated the anode Ry+ to range between 23-49 chngm,
which is consistent with the values shown in Fig. 8. Thus, by
utilizing a Pt-WRE to determine the anode impedance spectra it was
possible to extract the proton conduction resistance of the anode
electrode in the cell. In previous works, the proton conduction
resistance of the anode in a PEM-WE cell was determined from
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full-cell impedance spectra measured under blocking conditions that
were established by purging the cathode with H; and the anode with
N,, assuming that the cathode does not contribute significantly to the
full-cell impedance spectra.*>* That the latter assumption is correct
under blocking conditions is shown by the comparably small
magnitude of the cathode impedance compared to the anode
impedance (see Figs. 7a and 7b). The use of the Pt-WRE, however,
allows to deconvolute the ohmic resistance contributions from the
anode and the cathode side of the MEA, clearly showing that the
HFR only increases on the anode side. Possible unintended cationic
contaminations of the ionomer phase in the membrane and the
electrodes over the course of the OCV-AST can be excluded, as this
would also have to lead to an increase of the cathode HFR, which
clearly is not the case.

Besides the anode HFR and the anode proton conduction
resistance, the use of the Pt-WRE also allows for an approximate
quantification of the capacitance (C) of the anode electrode by fitting
the TLM shown in Fig. 7a. While we use a constant phase element
for the impedance fit, the c-value in all fits was always >0.9 so that
the Q value of the constant phase element (in units of F-s‘_”) can be
approximated with an actual capacitance (in units of F)). Figure 9b
shows the development of the anode capacitance extracted from
the anode impedance spectra acquired at a cell voltage of 1.3V
over the course of the OCV-AST. The anode capacitance of
~318 chm’zgcu prior to the OCV-AST initially increases rather
rapidly with the number of OCV-AST cycles, and then gradually
levels off to a value of ~505 chm_zgm after 70 OCV-AST cycles.
This increase of the anode capacitance clearly points towards a change
of surface chemistry of the anode catalyst, consistent with the
differences in the cyclic voltammetric features of the anode electrode
(see Fig. 9a) when taken at the beginning-of-test (BoT, i.e., prior to
the OCV-AST) and at the end-of-test (EoT, i.e., after 70 OCV-AST
cycles). This shows that over the course of the OCV-AST, the
originally crystalline IrO, phase of the IrO,/TiO, anode catalyst with
the typical CV observed at BoT (dark red CV in Fig. 9a) gradually
converts into a hydrous iridium-oxide (light red CV in Fig. 10a) due to
the exposure of the catalyst to hydrogen during the OCV periods.?**°
The hydrous irdium-oxide exhibits the characteristic Ir(IIL)/Ir(IV)
redox-features at ~0.75 V,*”*® and also has a significantly higher
capacilapce, e.g., ~510 mFem g, at 1.0V compared to ~250
mFem ™7y, for crystalline IrO, (see Fig. 9a). These findings are
consistent with the irreversible transition of crystalline IrO, to a
hydrous iridium-oxide observed in our previous OCV-AST study.®
The capacitance values determined from the anode impedance spectra
at 1.3V (Fig. 9b) are in reasonably good agreement with those
obtained by the CVs at 1.0 V (Fig. 9a). This confirms that the use of
the Pt-WRE electrode indeed enables the determination of the anode
capacitance from the anode impedance data.

In summary, the application of a Pt-WRE allows for the
determination of the individual HFR as well as the anode proton
conduction resistance of the anode and its capacitance under OCV
conditions. During operation, however, the water distribution and
content within the cell can change with current densities, as will the
proton conduction resistance and the high frequency resistances of
both anode and cathode. Moreover, the surface chemistry of the
iridium might change at higher currents, which would lead to a
concomitant change in capacitance. Hence, the values obtained at
1.3 V can be taken as indication for any changes observed over the
course of the OCV-AST, but cannot be used to quantitatively capture
individual performance loss contributions during operation.

Origin of the increasing HFR over the course of an OCV-
AST.—The main cause for a decreasing performance during an
OCV-AST was found to be an increasing HFR, which in principle
can result either from a higher proton transport resistance of the
membrane due to cationic contaminants and/or an additional
electronic resistance. In this section, we will review and discuss
the different reasons for an increasing HFR, which are illustrated in
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Figure 10. Scheme of an MEA with a Pt-WRE, illustrating possible reasons
for the observed HFR increase during the OCV-AST: 1) cationic contam-
ination of the membrane; 2) formation of an electronically insulating oxide
film on the Ti-PTL surface; 3) additional resistance due to the low electronic
conductivity of hydrous iridium-oxide; 4) additional interfacial resistance at
the interface of the anode electrode and the titanium PTL due to passivation
of Ti-PTL in combination with the lower electronic conductivity of the anode
catalyst.

Fig. 10. One common failure mechanism for PEM water electro-
lyzers is a decreasing performance due to ion-exchanging the
protons of the sulfuric acid groups of the ionomer membrane by
cationic contaminants (® in Fig. 10), often introduced by insuffi-
ciently cleaned feed water.*~*? Since the deionized (DI) feed water
quality was recorded and monitored continuously over the course of
the OCV-AST and since the resistivity of the feed water was always
maintained at >15 M{Qcm, an introduction of cationic contaminants
via the feed water was considered highly unlikely; alternatively,
cationic contaminants could also result from the corrosion of cell
hardware components, but post-mortem analysis of the membrane
seemed to exclude also that possibility.® The observation in the
present study that the cathode HFR (HFR yhode, S€€ Fig. 8) remains
constant over the 70 OCV-AST cycles while the anode HFR
(HFR p04e) and the full-cell HFR (HFR,) increase by the same
rate now allows to unequivocally exclude any cationic contaminant
effects: in case of cationic contamination, both sides of the
membrane would be affected and, therefore, the HFR yhoge Would
have to increase as well, especially since cations would be driven to
the cathode side of the cell. The constant proton conduction
resistance of the anode (red diamonds in Fig. 8) further proves
that cationic contaminants are not the cause of the increasing full-
cell HFR.

An increasing HFR due to the passivation of the Ti-PTL during
operation and the accompanied increasing contact resistance at the
anode (@ in Fig. 10)*® was already investigated in our previous
OCV-AST study by contact resistance (R.o, ) measurements be-
tween the PTL and the flow field performed ex situ.®'® It was shown,
that an increasing contact resistance indeed contributes to the
increasing HFR, but this can only partially explain the overall
increase. Moreover it is known that a hydrous iridium-oxide exhibits
a lower electronic conductivity compared to crystalline IrO,” and
that if the electronic resistance of the catalyst layer is not
significantly smaller than the ionic resistance (1/100) this would
be reflected in the HFR.** Therefore, a decreasing electronic
through-plane resistance of the catalyst layer might be responsible
for the observed increase in HFR during cycling (® in Fig. 10). The
formation of a hydrous iridium-oxide was proven by both an
increasing anode capacitance during cycling as well as by the
formation of the typical Ir(III)/Ir(IV) redox features (Fig. 9).
Additionally, in-plane resistance measurements showed that the
electronic in-plane resistance of the IrO, is indeed lower at BoT
(=~0.04 chmcho) compared to the in-plane resistance determined
at EoT wupon the formation of a hydrous iridium-oxide
(=0.08 chngeo).(’ Since this electronic resistance is still small
compared to the ionic resistance, it would not lead to an increase of
the full-cell or anode HFR. Hence, the only feasible explanation, as
already concluded in the previous study,® is an interfacial resistance

at the interface of the anode electrode and the Ti-PTL (® in Fig. 10),
due to a decreased electronic conductivity of the hydrous iridium-
oxide catalyst layer in combination with the increased contact
resistance due to the passivation of the Ti-PTL. Due to the coarse
structure of the Ti-PTL (10-50 zm pores)'® and the resulting small
contact area between the Ti-PTL and anode electrode, even a small
change in conductivity might lead to a significant increase in contact
resistance.’

Conclusions

In this study a Pt wire micro-reference electrode (Pt-WRE) was
applied in between the electrodes of a membrane electrode assembly
(MEA) for a PEM water electrolyzer (PEM-WE) by laminating an
insulated 50 ym Pt-wire between two 50 zm Nafion” membranes,
with the aim to measure the individual electrode potentials and
impedances. By comparing the performance of an MEA with the Pt-
WRE to previous data recorded for an MEA without a Pt-WRE, it
could be shown that the Pt-WRE does not affect MEA performance.
Since the potential at the Pt-WRE depends on the ratio of the local
permeation rates of O, and H, through the membrane, it changes
with different operating pressures and current densities. However,
for the applied anode and cathode pressures of 1.0 and 10 bar,, the
potential of the Pt-WRE is close to the reversible hydrogen potential
(i.e., at ~0 Vgyg) and can be used to determine the individual half-
cell potentials of anode and cathode separately at low current
densities (e.g., during OCV and potential holds at an electrolyzer
voltage of 1.3 V). Even though it is not possible to obtain artefact-
free anode or cathode impedance spectra while drawing significant
electrolyzer currents due to the changing Pt-WRE potential, artefact-
free electrode impedances can be obtained at OCV or at a 1.3V
potential hold

The Pt-WRE was used to study the degradation observed in our
previously proposed OCV-AST, where periods of high and low
current densities (3 Acm’%eo and 0.1 Acm’zge(,) alternate with idle
periods (OCV), mimicking electrolyzer operation with a fluctuating
power supply. This allowed to prove that the anode potential drops
close to the reversible hydrogen potential during the OCV-period,
whereas the cathode potential remains at ~0 Vgyg. Over the course
of 70 OCV-AST cycles, the electrolyzer performance decreased by
~10mV at 3 Acm chm which can be mostly ascribed to an increase
in full-cell HFR (AHFR ~ 5 chnge(,).

The Pt-WRE was used to measure anode impedance spectra at an
clectrolyzer voltage of 1.3 V, where the charge transfer resistance of the
OER is very large and the anode impedance can be described by a
simplified transmission line model (TLM). During the OCV-AST, the
cathode HFR (measured between the P-WRE and the cathode flow
field) remained constant (=47 chngeo), whereas the full-cell HFR
and the anode HFR (measured between the Pt-WRE and the anode flow
field) both increased by ~6 chngeo over the course of 70 OCV-
cycles. Thus the increasing full-cell HFR and the accompanied decrease
in electrolyzer performance is related to an increasing HFR at the anode
side. Since the cathode HFR and the anode proton conduction resistance
remained constant over the course of the OCV-AST, an increase of the
HFR due to cationic contaminants can be ruled out. Ultimately, the
decreasing performance can be ascribed to an increasing contact
resistance between the Ti-PTL in combination with a lower conductivity
of the IrO,-based anode catalyst due to the formation of a hydrous
iridium-oxide during the OCV-periods. The formation of a hydrous
iridium-oxide could be proven by both the increasing anode capacitance
extracted from the anode impedance spectra via a transmission line
model fit and by the development of the characteristic Ir(III)/Ir(IV)
redox-features observed in the recorded CVs at the end-of-test.

In summary, the implementation of a Pt-WRE allows for a
detailed electrode resolved impedance analysis of both anode and
cathode, and thus enables the extraction of meaningful physical-
chemical parameters such as anode and cathode HFR, the anode
proton conduction resistance, and the anode capacitance.
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6 Conclusion

Hydrogen produced via the electrochemical splitting of water in a PEM water electrolyzer is a
promising method to reduce the overall greenhouse gas emission and to promote the application
of renewable energies. Although the PEM-WE system is already technically advanced, there
are still some hurdles that have to be overcome in order to enable the application of PEM-WE
systems on the GW-scale (see chapter 5.1). Within this thesis, some of these challenges are

addressed and highlighted. In Figure 6.1 an overview of the scope of this thesis is given.
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Figure 6.1 Scheme illustrating the single challenges tackled within this thesis

Due to the harsh environment (low pH, high overpotentials and high oxygen concentration), the
choice of catalyst material is limited to the platinum group metals (PGM). While today the
catalyst costs only account for ~5% of the overall systems costs in a kW-range system,4° this
share will rise significantly when aiming for GW-scale systems due to the drop in
manufacturing costs in contrast to bare material costs. In addition to that, the availability of
iridium is limited and in order to enable a GW-scale application, a reduction in iridium loading
from today’s 1 - 2 mgircm2geo t0 =0.05 mgircm 2geo is required (see chapter 5.1).%% 13 While a
study by Bernt et al. showed that the activity of commercially available catalysts would be
sufficiently high, the high iridium packing density (=2.3 mgi.cm=) averts the fabrication of low
loadings, since it leads to an inhomogeneous catalyst layer.%® Hence, the development of OER

catalysts exhibiting a lower iridium packing density is required.

155



One approach would be the dispersion of iridium nanoparticles on electrically conductive
support materials, an approach similar to the Pt/C catalysts used in PEM-FCs. In chapter 5.2,
iridium nano-particles (=2 nm) are deposited on a highly conductive oxide support (antimony
doped tin oxide — ATO). The high electrical conductivity of the ATO (2 Scm™) in combination
with its high surface area (50 m2g™) enables a high catalyst dispersion and a strong metal-
support interaction (SMSI). Comparing the activity determined at 1.5 VrnE, measured within a
three-electrode RDE setup, the synthesized Ir/ATO (11 wt.-%; ~185 Agirt) outperformed two
commercially available catalysts (Ir-black: ~48 Agi! and IrO2/TiO2: =5 Agirt). Also at more
system relevant temperatures (80 °C), the Ir/ATO (11 wt.-%; ~1100 Agyr%) catalysts showed a
significantly higher activity compared to Ir-black (=190 Agir?) and IrO2/TiO2 (=45 Agr).
Hence, this catalyst design approach presents one possibility to significantly reduce the iridium

loading, while still maintaining a homogenous and sufficiently thick catalyst layer.

Besides the activity, the stability of newly developed OER catalysts is decisive for their large-
scale use. Rotating disk electrode measurements as well as flow-channel configurations are
often used to obtain the activity and long-term stability of OER catalysts, since only a small
quantity of catalyst is needed. The stability obtained in RDE measurements, however, differs
significantly from the lifetimes assessed in a PEM-WE (see chapter 5.1). Commonly, a constant
current (e.g., 10 mAcm 2gis) is applied during an RDE measurement to obtain the stability of
an OER catalyst and the observed gradual increase in potential is ascribed to catalyst
deactivation/degradation. Ultimately, the experiments terminate with a sudden jump in
potential, which is associated with a full degradation of the catalyst. In chapter 5.3, the stability
protocol is closely analyzed and clear evidence is provided that the gradual loss in performance
is mainly due to the shielding of active sides by oxygen bubbles that accumulate within the
catalyst layer. Due to the partial shielding of active sites, parts of the catalyst layer are ionically
isolated and the potentials at the remaining active sites increases in order to maintain the applied
current. Ultimately, this results in a sudden jump in potential (>2 V), which was so far
associated with full catalyst degradation. However, holding the electrode for an extended period
of time (=30 min) at OCV under argon, the catalyst activity and surface area (based on CVs)
can be partially recovered. Hence, the observed increase in potential during a constant current
RDE measurement cannot be used reliably to predict the long-term stability of an OER catalysts
since it is greatly influenced by the accumulation of oxygen bubbles within the catalyst layer.
If one were able to ensure an oxygen bubble-free catalyst layer during the measurement, one

should be able to assess the long-term catalyst stability using an RDE setup.
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One approach would be the application of ultra-sonication to efficiently remove the produced
oxygen. In chapter 5.4, a constant current (10 mAcm2gisk) measurement is performed using an
Ir-disk, where additional ultra-sonication is applied. While the potential significantly increases
(100 mV within 450 s) and is almost independent of the applied electrode rotation rate, the

application of ultra-sonication not only led to a significantly lower initial potential (<50 mV)
but also to a stable performance over the recorded 450 s. While the lower initial potential show
that the accumulation of oxygen bubbles occurs immediately when a constant current is applied,
the stable performance proves that additional ultra-sonication efficiently prevents the
accumulation of oxygen bubbles. However, OER catalysts are commonly in nano-particulate
form, and ultra-sonication would lead to the physical detachment of the catalyst layer during

operation and thus cannot be used to perform stability tests using an RDE setup.

These previous studies already provide evidence that an RDE configuration cannot be used to
reliably predict the lifetime of OER catalysts. Additionally, a comprehensive comparison of the
commonly used stability protocols (constant current or constant potential hold as well as
potential cycling) performed in the RDE and MEA configuration given in chapter 5.5 shows
that while each stability test led to a significant decrease in performance when using the RDE
setup, the performance remained stable within the MEA configuration. Although the results
suggest that the accumulation of oxygen bubbles also occurs in an MEA, it occurs to a much
lesser extent compared to an RDE, hence resulting in orders of magnitude longer lifetimes
(hours in the RDE vs ten thousands of hours in the MEA configuration). The study clearly
shows that an RDE configuration cannot be used to predict the lifetime of an OER catalyst, and
MEA measurements in a PEM-WE are required. Nevertheless, to assess the long-term stability
of newly developed catalysts one cannot measure thousands of hours before any conclusion can

be drawn, and thus the development of accelerated stress tests is a necessity.

In chapter 5.6, an AST-protocol mimicking a fluctuation power supply is presented, where the
cell is cycled between high (3 Acm?go) and low current densities (0.1 Acm?2ge) With a
subsequent idle period (OCV-period), where the cell potential drops to ~0V due to the
hydrogen crossover. After an initial improvement (=50 mV), the performance decreases over
the course of cycling, which was found to be related to an increasing HFR. The initial gain in
performance is associated with the formation of metallic iridium during the OCV-period and
its subsequent oxidation to hydrous iridium oxide upon resuming operation. Although the
formation of a hydrous iridium oxide seems to be beneficial due to its higher activity toward

the OER, it also exhibits a lower electrical conductivity compared to a crystalline IrO,. The
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lower conductivity of the formed hydrous iridium oxide in combination with a higher contact
resistance due to the passivation of the Ti-PTL at high potentials leads to an additional
interfacial contact resistance at the electrode||PTL interface, and thus a higher HFR. In a
reference study, where the cell was polarized at 1.3 V during the idle period, the performance
remained stable over the course of cycling because the formation of a hydrous iridium oxide

was prevented.

Since an unambiguous determination of the interfacial resistance is not trivial, the application
of a Pt-wire reference electrode (Pt-WRE) is introduced in chapter 5.7, which allows the
separation of the individual half-cell impedance spectra.**! For this a 50 um thick Pt-wire, with
a 9 um PTFE insulation is centrally laminated between two 50 um Nafion® membranes. The
potential of the Pt-wire is determined by the relative permeation fluxes of hydrogen and oxygen
at the location of the wire, resulting in a reference potential close to the reversible potential of
hydrogen (<25 mV) at low current densities (<0.5 Acm?go) and a reference potential (>1 V)
close to the thermodynamic potential of water splitting (=1.18 V) at higher current densities
(2 Acmge0). Due to observed change in reference potential with current density, the Pt-WRE
can only be used to track the half-cell potentials at low current densities (near/at OCV).
Applying the same OCV-AST cycling protocol as in chapter 5.6, it is shown that, while the
HFR of the cathode remains constant during cycling, the HFR of the anode increases
simultaneously along with HFR of the full-cell. This clearly proves that an additional resistance

at the anode is responsible for the observed increasing HFR during OCV-AST cycling.

In summary, while the development of highly active OER catalysts that exhibit a low iridium
packing density is one necessity, the elaboration of reliable screening tools, especially regarding
the long-term stability, is essential to speed up catalyst development. Within the present work
some of the challenges are tackled, which have to be overcome in order to enable an

economically viable and widespread application of PEM-WE in the GW-scale.
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