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Abstract

The dependence on expensive and scarce Ir catalysts hampers the widespread
application of proton-exchange membrane water electrolysis systems, making the
reduction of required materials crucial for the future role of this technology in en-
ergy transition. More efficient utilization of catalyst material can accelerate its
commercialization; even minor gains in catalyst efficiency can have a substantial
overall impact. This thesis examines novel gradient-based designs for anode cat-
alyst layers with the aim of enhancing catalyst utilization and efficiency, potentially
reducing the necessary amounts of Ir.

Several different supported Ir-based catalyst syntheses are evaluated, consider-
ing their electrochemical activity, stability, reproducibility, and specificity of the de-
sired Ir loading. A catalyst developed using the modified Adam’s fusion approach
is identified as optimal for further use in this thesis due to its relatively high activity
towards the oxygen evolution reaction and excellent stability, primarily attributed
to its predominantly rutile-IrO2 composition.

This catalyst is subsequently used to create homogeneous and gradient-design
catalyst layers. Their characterization provides insights into specific local overpo-
tentials during catalyst layer operation and the gradient’s impact on them. Ben-
eficial interactions are observed between the Ir species and the Sb-doped SnO2
support, enhancing kinetic parameters significantly beyond metallic Ir reference
catalysts. This improvement is theorized to arise from strong metal-support inter-
action, possibly induced by a semiconductor-metal junction interface between the
particles, leading to positive effects on the overall catalyst. The gradient design,
based on differential Ir loading along the thickness of the catalyst layer, results
in improved overall performance, exceeding the expected average of both homo-
geneous sublayers. Various effects on electrical conductivity and ionic transport
resistance are observed, determined by the positioning of individual sublayers.
These effects lead to a reduction in overall cell potential, thus enhancing catalyst
efficiency. A higher Ir loading near the porous transport layer proves to be bene-
ficial to performance, yielding the highest performing layer based on the catalyst
loading, likely due to reduced local electrical resistances.

Another gradient design, based on differential ionomer loading, is also investi-
gated, revealing beneficial effects and leading to higher performance for the gra-
dient layers compared to the homogeneous ones. An optimized ratio of ionomer-
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occupied volume to pore volume appears to be the most influential factor in this
context, facilitating an optimized in-plane and through-plane electrical conductivity
of the catalyst layer. Both variants of the gradient design lead to improved perfor-
mance and optimized local overpotential terms for the catalyst layers examined
here, leading to a promising concept for catalyst layer design in proton-exchange
membrane water electrolysis.
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Kurzfassung

Die Abhängigkeit von teuren und knappen Ir-Katalysatoren dämpft die breite An-
wendung von Protonenaustauschmembran Wasserelektrolysesystemen, so dass
die Verringerung des Materialbedarfs für die künftige Rolle dieser Technologie bei
der Energiewende entscheidend ist. Eine effizientere Nutzung des Katalysator-
materials kann die Kommerzialisierung dieser Technologie beschleunigen; selbst
geringfügige Steigerungen der Katalysatoreffizienz können einen erheblichen Ge-
samteffekt haben. In dieser Arbeit werden neuartige, auf Gradienten basierende
Strukturen für Anodenkatalysatorschichten mit dem Ziel untersucht, die Katalysa-
torausnutzung und -effizienz zu verbessern undmöglicherweise die erforderlichen
Mengen an Ir zu reduzieren.

Es werden mehrere verschiedene Katalysatorsynthesen auf Ir-Trägerbasis unter
Berücksichtigung ihrer elektrochemischen Aktivität, Stabilität, Reproduzierbarkeit
und Spezifität der gewünschten Ir-Beladung bewertet. Ein Katalysator, der mit
dem Adam’s Fusions-Ansatz entwickelt wurde, konnte als optimal für die weitere
Verwendung in dieser Arbeit angesehen werden. Dies beruht auf dessen rela-
tiv hohen elektrochemischen Aktivität gegenüber der Sauerstoffevolutionsreakti-
on und der ausgezeichneten Stabilität, die in erster Linie auf seine überwiegende
Rutil-IrO2-Zusammensetzung zurückzuführen ist.

Dieser Katalysator wird weiterhin zur Herstellung von homogenen undGradienten-
Katalysatorschichten verwendet. Die Charakterisierung dieser Schichten gibt Auf-
schluss über spezifische lokale Überspannungen während des Betriebs der Kata-
lysatorschicht und die Auswirkungen der Gradientenstruktur auf diese. Zwischen
den Ir-Spezies und dem Sb-dotiertem SnO2-Träger werden vorteilhafte Wech-
selwirkungen beobachtet, die die kinetischen Parameter im Vergleich zu metalli-
schen Ir-Referenzkatalysatoren erheblich verbessern. Eswird angenommen, dass
diese Verbesserung durchMetall-Metalloxid Trägerinteraktionen zustande kommt,
möglicherweise durch eineHalbleiter-Metall-Kontakt an der Grenzfläche zwischen
den Partikeln, was sich positiv auf den gesamten Katalysator auswirkt. Das Gra-
dientendesign, das auf einer unterschiedlichen Ir-Beladung entlang der Dicke der
Katalysatorschicht beruht, führt zu einer verbesserten Gesamtleistung, die den
erwarteten Durchschnitt der beiden homogenen Teilschichten übertrifft. Es wer-
den verschiedene Auswirkungen auf die elektrische Leitfähigkeit und den Ionen-
transportwiderstand beobachtet, die durch die Positionierung der einzelnen Teil-
schichten bestimmt werden. Diese Effekte führen zu einer Verringerung des Ge-
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samtzellpotenzials, wodurch die Katalysatoreffizienz verbessert wird. Eine höhere
Ir-Beladung in der Nähe der porösen Transportschicht erweist sich als vorteilhaft
für die Leistung und führt zur leistungsstärksten Schicht auf der Grundlage der
Katalysatorbeladung, was wahrscheinlich auf geringere lokale elektrische Wider-
stände zurückzuführen ist.

Ein weiteres Gradientendesign, das auf einer unterschiedlichen Ionomerbeladung
basiert, wird ebenfalls untersucht, wobei sich vorteilhafte Effekte zeigen und die
Gradientenschichten imVergleich zu den homogenen Schichten eine höhere Leis-
tung aufweisen. Ein optimiertes Verhältnis von Ionomer-besetztem Porenvolumen
zum gesamten Porenvolumen scheint in diesem Zusammenhang der einfluss-
reichste Faktor zu sein, der eine optimierte elektrische Leitfähigkeit der Kataly-
satorschicht in der Ebene und quer zur Ebene ermöglicht. Beide Varianten des
Gradienten-Designs führen zu einer verbesserten Leistung und optimierten loka-
len Überspannungstermini für die hier untersuchten Katalysatorschichten, was zu
einem vielversprechenden Konzept für das Design von Katalysatorschichten in
der Protonenaustauschmembran Wasserelektrolyse führt.
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1 Introduction

Anthropogenic climate change presents one of the most substantial challenges
humanity faces today, caused by the emission of greenhouse gases.[1] These
gases absorb and re-emit infrared radiation in the atmosphere, leading to a con-
centrating effect of heat energy on the Earth’s surface.[2] The rising temperatures
lead to increasing probabilities of considerable destructive events, such as floods,
heat waves, and the loss of habitats.[1–3] Already, the global average temperature
has increased by about 1.2 °C with emissions still rising. Therefore, it is vital to
reduce further increases in global temperatures. It has been estimated that a max-
imum increase of 1.5 °C compared to pre-industrial levels by 2030 would already
be destructive worldwide. Thus, the emission of greenhouse gases, most promi-
nently CO2, needs drastic reduction to achieve this goal. A decrease of about
43 % of global emissions compared to those in 2019 is needed at least by 2030 to
accomplish the 1.5 °C target.[3] However, according to the OECD, greenhouse gas
emissions are currently predicted to increase by about 10 % by that year instead
of decreasing.[3] The Paris climate agreement has set the target at a 2 °C tem-
perature increase, with most countries working towards a similar target of setting
a climate-neutrality goal by 2050.[3,4] Achieving these goals requires a complete
transformation of the world’s energy systems, shifting away from fossil-based fu-
els to renewable and emission-free energy. Multiple sectors, including the energy
sector itself, transportation, building, and heating sectors, need to convert their en-
ergy usage.[4] The phasing-out of fossil-burning energy producers, such as coal

Figure 1.0.1: Circular hydrogen economy schema depicting emission-free elec-
tricity generation in yellow, transportation-based hydrogen applications in blue
and, industrial hydrogen application in red.
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and gas power plants, is already underway, with Germany proposing complete
coal energy replacement before 2038 and a substantially increased focus on re-
newable electricity generation through solar and wind sources.[5] Not only will the
current energy supply be replaced by renewable sources, but the overall energy
demand is said to increase even further, placing significant stress on the expan-
sion of solar and wind energy.[6] This also extends to the transportation sector,
where gasoline and diesel need to be replaced by electricity-based propulsion for
cars, trucks, and also planes or ships. The shipping sector alone is responsible
for about 2 % of global CO2 emissions, but electrification is not easily feasible
through the use of batteries. Even the intermittency of renewable energy gen-
eration requires more energy storage in the electricity grid, as peak solar output
is usually at off-peak consumption hours. Climate-neutral generated hydrogen is
poised to play a large role in the energy transition as it can be utilized as an energy
carrier in different sectors, such as fuel for cars and ships or re-electrified in fuel
cells as grid balancing plants. Its generation can be achieved through electrolysis
of water with an electricity supply and transported much easier than batteries or
other energy storage media. The German government puts a big focus on the
economy of hydrogen as an energy carrier in many different forms throughout all
sectors.[7] By 2030, a requirement of about 90 to 110 TWh of hydrogen in all sec-
tors is estimated, and domestic production will not be sufficient long-term. It is
also proposed to be used as feed stock for many currently fossil-fuel-driven pro-
cesses, such as steel-making and the chemical industry.[7,8] Furthermore, it can
be converted to different zero-emission fuels like ammonia and green methanol
or used directly in either hydrogen combustion engines or fuel cells. The genera-
tion, as well as the import and export of hydrogen at a global scale, will play a big
role in the transition to a climate-neutral world by 2050 and reaching the goal of a
limited global temperature increase below 1.5 °C.
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2 Motivation

The role of water electrolysis in the hydrogen economy is crucial as it is the gen-
eration backbone for all following technologies that utilize the energy carrier. This
puts special focus on the scalability of the technology to produce hydrogen at a
relatively low cost and at massive scale while reducing the electricity required.
For a successful transformation of the energy system, the generation of hydrogen
also needs to be economically feasible for market-penetration since subsidies are
not sufficient at this scale. Currently, the implementation of electrolysis systems
invests in the idea of a future green hydrogen economy as it cannot compete
with hydrogen from fossil fuels at current prices of about 3.2-8.2 $ kg-1 and 1.5-
1.8 $ kg-1, respectively.[9] Extended capacities for low-cost renewable energy are
projected to change this dynamic as the cost for hydrogen generation is 70-90 %
electricity expenditure.[9,10] As the electricity cost from renewables declines, the
hydrogen price is expected to decrease accordingly, especially in Asia where re-
newables could half the price for hydrogen in the coming years.[9] With the current
efficiency of a proton-exchange membrane (PEM) water electrolysis system, the
price of green hydrogen could surpass that from fossil-sources by 2030 without
subsidies.

Different electrolysis technologies excel in various applications, as the PEM sys-
tem is especially adept at handling fluctuations in the renewable load.[9–13] This
puts this technology on the forefront for an increasing renewable electricity share
but is currently held back not only by high electricity costs but also high upfront
investment costs.[10–12] This high capital expenditure (CAPEX) is mainly due to
specialized materials used in the cell, such as machined Ti and noble-metal cata-
lysts. At scale, the cost of Ti components is projected to be dominant for CAPEX
costs but substantial research effort is put into alternative materials. In addition,
the efficiency of the catalyst is of utmost importance, as the operational expen-
diture (OPEX), mainly determined by the electricity price, can make up a large
portion of the overall electrolyzer cost depending on yearly operation hours. Be-
sides the high costs of noble-metal catalysts, its scarcity might become a con-
siderable challenge as the annual production of Ir is quite low even compared to
other noble-metals as it is one of the scarcest elements in the Earth’s crust. The
decarbonization of the transport sector alone is projected to require more than
half of the annual Ir production by 2100.[9] Already, its price has tripled in 2020
and is only poised to increase further with ongoing adoption of PEM electrolysis
systems.
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Without suitable non-noble-metal catalysts, the reduction of used material for ade-
quate efficiency is paramount to an ongoing adoption of the technology and its role
in the energy transition. Increased electrical efficiency can be achieved through
development of novel catalysts and is an ongoing research effort with several ma-
terials being considered. Another important aspect is the efficient utilization of the
materials currently used in order to avoid unnecessarily high catalyst loadings.

Traditional electrolysis cell design is based on a thin catalyst layer (CL) with a ho-
mogeneous composition in all spatial dimensions. The adaption and redistribution
of material within the layer could increase its utilization through a homogenization
of the reaction rate, which is not uniform in a homogeneous layer.[14–16] With an
increased catalyst utilization the overall Ir loading can be reduced and would sig-
nificantly impact the technology’s long-term prospects. A gradient CL design was
already investigated for fuel cell applications but remains a yet unexplored area
in the field of PEM water electrolysis. This thesis focuses on the adaption of this
design for PEM water electrolysis anode CLs with different material gradients and
the evaluation of its feasibility. To this end, the project is separated into three parts
which complement each other.

The first part is a study into several catalyst synthesis methods is carried out to
find a suitable catalyst for the third project and with that a recommendation for
laboratory and industrial applications is given. The goal here is to provide a sys-
tematic overview for different methods to yield a Ir or IrOx/IrO2 catalyst, supported
on an Sb-doped SnO2 (ATO) substrate. This catalyst is then used in the third
project where it is produced with different amounts of Ir on the support material.
Second is the implementation of an ionomer gradient for CL’s with the ionomer
component varying along the CL’s thickness and its contributions to the cells ef-
ficiency and performance are analyzed in order to evaluate the gradient of this
component. Finally, the catalysts produced in the first part are used to generate
gradient CLs with an Ir loading gradient along its thickness. The goal here is to
generate and evaluate a more efficient CL with a more rational distribution of Ir
particles compared to homogeneous layers. All gradient CLs are investigated in
a close-to-application testbench setup with several electrochemical characteriza-
tion techniques to assess individual overpotential contributions pertaining to the
gradient design. Through this effort, the layers can be optimized and their adap-
tion to industrial application may be evaluated further on. This thesis is designed
to give elementary insights into this novel CL design for PEM water electrolysis
and expedite development of more efficient water electrolysis systems.
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3 Fundamentals

3.1 Water Electrolysis

3.1.1 Principles

The process of water electrolysis to produce hydrogen and oxygen gas by supply-
ing an electrical direct current to water was discovered over 250 years ago.[17,18]

Since then, this process was used extensively, with first industrial-scale electrolyz-
ers appearing around 1900.[19] The basic reactions in liquid water are divided into
two half-cell reactions, which are as follows:[20,21]

2H2O −−−−−→ 2H2 + O2

Each half-cell reaction depends on the pH value of the liquid water present since
the charge carrier can either be H+ or OH– in liquid electrolyte. In an alkaline
pH value, the charge carrier is OH– , and the half-reactions proceed as follows
with the reduction of water to produce H2 gas (known as the hydrogen evolution
reaction (HER)) and the oxidation of OH– to produce O2 (known as the oxygen
evolution reaction (OER)).[20,22]

Cathode: 2H2O + 2e– −−−−−→ H2 + 2OH
–

Anode: 2OH– −−−−−→ 1
2
O2 + H2O + 2e–

In an acidic electrolyte, the charge carrier is H+, and the following half-cell reac-
tions occur during water splitting.[22]

Cathode: 2H+ + 2e– −−−−−→ H2

Anode: H2O −−−−−→ 1
2
O2 + 2H

+ + 2e–

The conversion of water to its constituents is not spontaneous at standard condi-
tions because its free Gibbs enthalpy (Δ𝐺°) is positive at 237 kJ mol-1.[9,11] This
energy is determined by the reaction temperature (𝑇), its change in entropy (Δ𝑆°),
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3.1 Water Electrolysis

and its change in enthalpy (Δ𝐻°), according to Equation 3.1.[9,20,23]

Δ𝐺° = Δ𝐻° − 𝑇 Δ𝑆° (3.1)

To initiate the reaction, energy must be supplied, which can be done efficiently
in an electrochemical cell by supplying electrical energy in the form of electrons.
The electrochemical potential that must be overcome is the reversible standard
potential (𝐸0) of the reaction at which the reaction is in equilibrium at standard con-
ditions. This translates to Δ𝐺° in relation to the electrical charge passed through
the system according to Equation 3.2.[20,23]

𝐸0 = −Δ𝐺°𝑧𝐹 (3.2)

Here, the electrical charge is described by the electron transfer number (𝑧) and
the Faraday constant (𝐹) (9.6485x104 C mol-1). 𝐸0 for the equilibrium reaction
of H2O −−−−−⇀↽−−−−− H2 +

1
2 O2 is 1.23 V vs. RHE with two electrons transferred overall,

while the sign for 𝐸0 is dependent on the direction of the reaction as a convention
since the sign of 𝐸0 is related to the sign of Δ𝐺°.[9,22,23] The potential of an actual
electrochemical cell potential (𝐸) deviates from 𝐸0 according to the activity (𝑎),
which is proportional to the partial pressure in case of gaseous species, of the
reactants as described by the Nernst equation 3.3.[11,23]

𝐸 = 𝐸0 + 𝑅𝑇𝑧𝐹 ln
𝑎(O2)0.5 𝑎(H2)

𝑎(H2O)
(3.3)

Here, 𝑅 is the universal gas constant. According to this, the 𝐸0 of the overall
electrochemical reaction can also be assigned to 𝐸0 of each individual half-cell
reaction as:[23]

𝐸0 = 𝐸0𝑐𝑎𝑡 − 𝐸0𝑎𝑛𝑜 (3.4)

In the case of the water-splitting reaction, the convention of potentials given is
against the reversible hydrogen electrode (RHE), which is the same reaction as
the cathode reaction and thus 0.0 V vs. RHE. Hence, 𝐸0 is determined by the an-
ode reaction with 1.23 V vs. RHE. However, this is only the case for strong acidic
electrolytes with a pH value of 0. The half-cell reaction 𝐸0 shifts with the pH values
according to the Nernst equation and their respective activities, as depicted in the
Pourbaix diagram in Figure 3.1.1.a.[24] The overall potential difference remains
the same at 1.23 V vs. RHE, but each reaction’s 𝐸0 shifts to 𝐸0𝑐𝑎𝑡 = -0.414 V and
𝐸0𝑎𝑛𝑜 = 0.815 V for a neutral pH value of 7 and to 𝐸0𝑐𝑎𝑡 = -0.828 V and 𝐸0𝑎𝑛𝑜 = 0.401 V
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3 Fundamentals

Figure 3.1.1: Schematic representation of a) the Pourbaix diagram of liquid water,
showing the pH value dependence of 𝐸0 according to the Nernst equation and
b) the change of thermodynamic parameters with the reaction temperature for
liquid and gaseous water along with their respective 𝐸0 or 𝐸𝑇𝑁. The depictions
were adapted by Li et al.[24] with thermodynamic parameters taken from the NIST-
JANAF database for thermodynamic parameters.[25]

for a strong alkaline pH value of 14, respective to the RHE potential.

During this reaction, a change in entropy occurs and thus causes the reversible
cell voltage to be dependent on 𝑇 , as depicted in Figure 3.1.1.b.[22] This makes
the reaction at a potential without a change in temperature more appropriate to
describe the reaction’s standard potential, which is called the thermo-neutral po-
tential (𝐸𝑇𝑁). Here, the consumed energy in the form of heat energy matches the
generated one. Equation 3.1 is extended by the term of entropy change, thus
yielding equation 3.5, which makes the change in overall enthalpy (Δ𝐻) the deter-
mining factor.[22]

𝐸𝑇𝑁 =
Δ𝐻
𝑧𝐹 = Δ𝐺𝑧𝐹 +

𝑇Δ𝑆
𝑧𝐹 (3.5)

In general, this relation implies that with rising temperature, a part of the required
energy for the reaction can be supplied as heat energy, thus lowering the rel-
ative required amount of electrical energy and rendering the reaction more ef-
ficient in terms of supplied electricity.[11] At standard conditions, this change in
entropy is described as Δ𝑆° with a value of 48.7 kJ mol-1.[24] As liquid water is
typically supplied to the reaction, the phase change from the liquid state of water
to the gaseous state has to be considered, and thus two values for Δ𝐻 emerge
as an approximation for the continuous temperature-dependent change in Figure
3.1.1.b.[11,22] These are known as the higher heating value (HHV) for liquid water
and lower heating value (LHV) for gaseous water, with Δ𝐻 values of 286 kJ mol-1

and 242 kJ mol-1, respectively.[22] These energy values are the sum of Δ𝐺 and Δ𝑆
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3.1 Water Electrolysis

at the respective conditions. Per definition, the HHV is the energy difference of a
specified amount of fuel being combusted at 25 °C and the products equilibrated
back to 25 °C, while the LHV is equilibrated to 150 °C.[24] This results in 𝐸𝑇𝑁 of
1.48 V vs. RHE with liquid water and 1.25 V vs. RHE for steam.[11] If 𝐸 is below
𝐸𝑇𝑁, heat must be supplied to the reaction as it is endothermic, and above 𝐸𝑇𝑁, it
becomes exothermic and produces heat.

Besides the thermodynamic constraints of the water-splitting reaction imposed
and described by the Nernst equation, 𝐸 is determined by the overpotential as
a general descriptor for energy losses, resulting in the sum of inherent thermo-
dynamic potential contributions in 𝐸𝑇𝑁 and additional potential increases in form
of overpotentials, which also include kinetic aspects of the specific reaction.[24]

Specific terms of the overpotential can be attributed to various parts of an appli-
cation level water-splitting cell, such as activation losses of charge transfer, ohmic
losses through electrical conduction, and electrolyte mass transfer losses through
ionic conduction of charge carriers. The decrease of different overpotential con-
tributions is paramount for efficient application of the water-splitting reaction for
energy-efficient gas production. The voltage efficiency (VE) of an electrolytic cell
is typically defined by the ratio of 𝐸𝑇𝑁 to its 𝐸 with the HHV or LHV used for cal-
culating 𝐸𝑇𝑁 depending on the application.[11] Additionally, the Faradaic efficiency
(FE) is often compared between electrolysis devices as it encompasses all en-
ergy losses and compares the amount of product gas stream to the theoretical
one calculated from consumed current, according to Equation 3.6.[24]

FE =
�̇�𝑔𝑎𝑠,𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
�̇�𝑔𝑎𝑠,𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙

=
�̇�𝑔𝑎𝑠,𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑
𝑖 (𝑧𝐹)−1 (3.6)

Here, �̇� represents the substance flow and 𝑖 denotes the current passing through
the electrolysis cell. Alternatively, the product gas amount produced over time can
be related to the consumed electrical charge instead of the current in a given time
interval. In modern applications, a catalyst is almost always used at the interface
between the electrolyte and electrode to reduce the activation overpotential (𝜂𝑎𝑐𝑡)
caused by charge transfer from the reactant to the external circuit. Depending on
the technology’s environment, the catalyst has to possess certain properties such
as electrical conductivity, chemical stability, and, most importantly, the ability to
lower the activation energy required for the reaction to proceed. These catalysts
are typically made from metals, metal oxides, or composite materials. The activa-
tion behavior of a catalyst in an electrochemical reaction can be described by the
Butler-Volmer theory.[23,26] This theory describes the energy barrier of an electro-
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chemical reaction on a heterogeneous interface based on the applied potential
and how this barrier can shift.[23] According to the current-potential characteris-
tic defined by Butler and Volmer, the reaction’s current, either produced or con-
sumed, is dependent on the applied overpotential. Thus, a reaction rate can be
driven by increased potential. Assuming mass transport is neglected, the driven
current (𝑖) of the reaction can be described approximately by Equation 3.7.[23]

𝑖 = 𝑖0 (𝑒
𝛼𝑎𝑛𝑜𝑧𝐹𝜂

𝑅𝑇 − 𝑒−
𝛼𝑐𝑎𝑡𝑧𝐹𝜂
𝑅𝑇 ) (3.7)

Here, 𝑖 is defined by overpotential (𝜂), exchange current (𝑖0), and anodic charge
transfer coefficient (𝛼𝑎𝑛𝑜) and cathodic charge transfer coefficient (𝛼𝑐𝑎𝑡) also named
symmetry factors. This approximation allows for a description of 𝜂𝑎𝑐𝑡 solely based
on kinetic effects, representing the catalyst’s activity towards the water-splitting
reaction. For this approximation to be valid, all other contributions of the overpo-
tential must be compensated, such as ohmic and ionic conductivity resistances.
At large overpotentials, one side of the reaction becomes insignificant as the re-
action heavily shifts in one direction, and one of the exponential terms becomes
negligible.[23] Therefore, Equation 3.7 can be rearranged to yield Equation 3.8:

𝜂 = 𝑅𝑇𝛼𝐹 ln 𝑖0 −
𝑅𝑇
𝛼𝐹 ln 𝑖 (3.8)

From this form, the relation to the Tafel description of kinetics becomes apparent,
and the kinetic parameter 𝛼 can be analytically extracted by constructing a Tafel
plot. In this plot, overpotential is plotted against log 𝑖, as shown in Figure 3.1.2.
From the linear portion of the curve at higher overpotentials, the slope can be
determined and either directly compared between catalysts as the often reported
Tafel slope or 𝛼 can be extracted from the slope’s value.[12,23,27]

Figure 3.1.2: Schematic representation of the Tafel plot with extractable param-
eters.[12,23,27]
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The slope takes the form of equation 3.9.[23]

Δ log 𝑖
Δ𝜂 = −𝛼𝐹

2.3𝑅𝑇 (3.9)

In real applications of electrocatalysts, the approximation of Equation 3.7 regard-
ing the neglected mass-transport may not be applicable, and the Tafel plot can
become non-linear again at high enough overpotential, with mass transport be-
ing superimposed on 𝜂𝑎𝑐𝑡. This caveat has to be addressed analytically when
interpreting the Tafel plot of a given catalyst.

3.1.2 Application Technologies

The transition from the fundamental reaction to actual applicable devices intro-
duces many additional factors that need to be addressed, such as heat transport,
reactant and product transport, additional overpotential, and charge carrier choice.
Over the years, three main variations have been established within the scope of
large-scale H2 production from electricity, each leveraging different thermodynam-
ical aspects of the water-splitting reaction.[20,24] These technologies have been un-
der investigation for different amounts of time and are thus at different technologi-
cal readiness levels. They aremainly characterized by their charge carrier method
and are divided into alkaline water electrolysis (AWE), proton-exchange mem-
brane water electrolysis (PEMWE), and solid-oxide water electrolysis (SOWE).

Alkaline Water Electrolysis This technology has the longest history, with its
first industrial application more than 100 years ago, mainly for the production of H2
for NH3 production.

[19,26] Since then, a lot of research effort has been invested in
this electrolysis variant in both academia and industry, with steady improvements
in terms of materials and cell architecture. At its simplest, AWE uses an alkaline
liquid electrolyte with two electrodes and a separator between them to avoid mix-
ing of gases.[18,26,28] The half-cell reactions use OH– as the charge carrier, and
thus, the reactions proceed as stated at the beginning in an alkaline electrolyte.
The first and simplest design of an AWE stack is known as the unipolar design,
where the electrodes are simply inserted in the electrolyte with a separator be-
tween the anode and cathode (Figure 3.1.3).[19,20] However, this design requires
large system dimensions as well as possesses a high weight. A more sophisti-
cated and commonly used approach today is the bipolar configuration, where the
anode and cathode are connected to metal plates, which also separate each cell
(Figure 3.1.3). This leads to a smaller system footprint along with reduced cost.
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Figure 3.1.3: Schematic of the conventional cell design in unipolar and bipolar
multi-cell setup and the zero-gap design with electrodes directly on the separator.

The electrolyte between the electrodes induces resistances based on the separa-
tion distance between them, thus decreasing efficiency. A modern solution to this
downside is the zero-gap design, where the electrodes are directly pressed onto
the separator, reducing the distance between them to aminimum (3.1.3).[19,20] The
separator presents an important part of the cell, especially in regard to safety, as
a mixture of the product gases can lead to catastrophic failures. For the longest
time, asbestos was used here as it provides excellent mechanical and chemi-
cal stability, but has since been outlawed, due to hazardous properties.[19] Thus,
mainly ceramic and polymeric materials have taken its place. Recently, a novel
type of AWE cell was presented, which fed the electrolyte through a porous sep-
arator due to capillary interactions and thus provided much lower ohmic losses
and better gas separation, hence increased efficiency.[29] The catalyst material of
choice, Ni metal, was already used in 1925 for AWE and remains to this day.[19,20]

This provides the benefit of using a similar material for both electrodes and does
not pose the need for noble-metal catalysts as in other types of electrolyzers.
Most modern catalysts consist of Ni oxides or oxyhydroxides with the addition of
small amounts of transition metals. Here, Fe seems to be the metal to boost the
electrochemical activity the most.[19,30,31] The materials used in AWE are mostly
accessible and relatively cheap, which makes this technology widely available for
industrial-scale applications.[19,20] It can also produce H2 at elevated pressure,
with today’s system providing H2 with up to 30 bar. However, the maximum cur-
rent AWE can operate at is lower compared to other technologies, mainly due
to the liquid electrolyte used, which consists of an aqueous solution with around
20-40% KOH and is prone to heating under operation conditions.[19,31] This intro-
duces large ohmic losses and requires fairly high alkaline concentrations, which
degrade the peripheral materials of the cell. Additionally, the liquid electrolyte
renders the system sluggish, with slow response times to changing loads.[32] This
property is especially important for electrolysis in the context of renewable energy,
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which is often very fluctuating, and a fast system response time to the changing
load is vital.[31]

A new approach is to use a semi-permeable membrane instead of the separator,
which conducts OH– ions and is often referred to as anion-exchange water elec-
trolysis (AEMWE). This allows for the usage of pure water or low-concentrated
alkaline electrolytes, higher currents, and also higher H2 pressures (> 30 bar) to
improve the system efficiency.[19,31,33] The main limiting factor of this technology is
the membrane, which often shows limited durability. Commercial membranes are
already available but with limited lifetime, mainly due to chemical and mechani-
cal degradation under operation conditions.[31,33] This calls for more research into
polymers, conducting OH– that can be reasonably stable over long operation life-
times. Thus, this technology is very promising but needs more time to reach the
technological maturity of the AWE system.

Solid-Oxide Water Electrolysis The energy required to split water depends on
the phase state of the water, including the additional presence of the latent heat
of vaporization, as described in Figure 3.1.1. The SOWE technology has a main
advantage, making water electrolysis a much more efficient process if the water is
supplied in gaseous form, as steam.[26,34–37] Here, the cell is operated at tempera-
tures between 700 and 900°C, not only providing steam as a reactant but also in-
creasing the reaction rate substantially through the elevated temperature.[35] The
efficiency of a SOWE system can get over 95% if the steam is supplied by an
external source, such as waste heat from other industrial processes, which is not
possible with other low-temperature technologies.[34,36] These systems also allow
for a wide range of educts, enabling, for example, the co-electrolysis of water and
CO2.

[34,36] The simultaneous generation of H2 and CO, also known as syngas, is
possible with this process, which is a crucial feedstock for the industrial chemical
industry.[36] Hence, the possible generation of CH4 directly from the syngas en-
ables direct coupling of the generation of renewable electricity with fuel production
in a power-to-gas or power-to-fuel setup.

The design of modern SOWE cells is mainly split into variants, depending on
the mechanically supporting component: cathode-supported cells and electrolyte-
supported cells.[34] Each specific component supporting the cell is much thicker
than the other cell layers. The charge carrier conducting medium is most often
made from a ceramic, such as Y-stabilized ZrO2 (YSZ) or Gd-doped CeO2 (GCO),
that conducts O2– ions at the elevated operation temperature from the H2 elec-
trode to the air electrode.[34] The latter material is becoming more prevalent re-
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cently due to its higher ionic conductivity. However, the high sintering temperature
above 1500 °C poses amanufacturing problem in the other cell components At the
H2 electrode, water is reduced to produce H2 gas and O

2– ions and thus needs to
be conductive for these and also provide porosity for the transport of gases and
electrical conductivity. A metal-modified version of the YSZ or GCO electrolyte,
most often Ni metal, is used here to form a ceramic-metal. On the other side
of the electrolyte, the O2– ions are oxidized to form O2 on a doped perovskite
catalyst. These are most often Co- and Sr-doped materials, commonly utilizing
(La, Sr)(Fe,Co)O3 or La0.8Sr0.2MnO3–𝛿 perovskite structures. Chemical stabil-
ity of these materials is one of the main challenges due to migration of dopant
elements into the electrolyte.[34,38] Thus, an intermediate layer is often applied
between the electrolyte and air electrode to avoid dopant migration and dampen
mismatched thermal expansion of both adjacent materials, which can lead to lower
contact or mechanical failure of the cell. This can be a modification of the elec-
trolyte ceramic that is compatible with the electrode, such as Y-doped CeO3 or
GCO.[34] Another variant of the standard asymmetrical cell is the symmetrical cell
design, employing a perovskite catalyst for both electrodes and thus avoiding ma-
terial mismatch and alleviating manufacturing constraints, leading to lower manu-
facturing costs.[37] In general, the main problem hindering SOWE systems is their
limited lifetime, which is typically only 2-3 years of operation, lagging behind other
electrolysis technologies.[34,37,38] This can be attributed to the chemical instability,
such as migration of Sr and Co, and thermal damage that leads to mechanical
instabilities of the materials, like brittleness and delamination. However, further
research into this technology can make it a widely adopted electrolysis variant,
particularly for use in the chemical industry where steam is readily available, as
well as for power stations to generate H2 with a steady electricity supply

Proton-Exchange Membrane Water Electrolysis The third main type of wa-
ter electrolyzer employs a proton conducting membrane, leveraging protons as
charge carriers for the water splitting reaction.[9,10,39] Originally designed for crit-
ical applications, such as aerospace missions, where device reliability is more
important than manufacturing costs, this type utilizes high noble-metal loadings
and thick membranes.[39] Since its inception in the 1960s, it has been steadily
developed to drive down manufacturing costs and has already been applied at a
moderate scale. This is mainly due to the invention of the Nafion® polymer by
DuPont, which is more advanced than the membrane materials currently avail-
able for AEMWE.[11] Figure 3.1.4 shows a schematic of a PEMWE cell. Nafion®

is a perfluoro sulfonic acid (PFSA) polymer with a perfluoro ethylene backbone
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Figure 3.1.4: Schematic of a PEMWE cell.

and sulfonic acid functional groups that facilitate proton conductivity.[40] The po-
lar groups orient themselves together to form hydrophilic pockets in the polymer,
where water can be retained. Thus, the conduction of protons through these pock-
ets is facilitated by a mix of Grotthus transport and vehicular transport, caused by
electroosmotic drag.[11,40] The hydration of the polymer is crucial as it directly in-
fluences ion conductivity and is essential in PEM fuel cell applications. In water
electrolysis, however, the membrane is always hydrated enough through the sup-
ply of educt water. The membrane has to provide proton conduction between the
electrodes but also has to separate the product gases and provide electrical insu-
lation.[9,12] The separation of products is especially important as crossover not only
increases the demand for further purification but can also lead to detrimental out-
comes at high concentrations, causing safety concerns.[21,41] PFSA membranes
only ensure sufficient life-times at moderate temperatures up to 90 °C, limiting the
application range to liquid water electrolysis, while higher temperatures require
novel membrane materials.[11] In a typical cell, the electrodes are in direct contact
with the membrane and are often made from noble metals.

The HER catalyst typically consists of Pt nanoparticles supported on a high sur-
face area C substrate.[12,42,43] These are similar to the catalysts used in fuel cells
and show very fast kinetics, which lower the need for large amounts of Pt.[9,12]

In comparison to the OER anode reaction, the HER is much faster in PEMWE
operations, as it operates in an acidic regime with the anode constantly at po-
tentials above 1.48 V vs. RHE, leading to the dissolution of most non-noble cat-
alysts. Consequently, very stable materials are required, which in turn increase
the manufacturing cost. State-of-the-art OER catalysts consist of Ir and are further
discussed in section 3.1.3.
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In addition to the catalyst, other componentsmust also withstand harsh conditions,
hence they are most often made from machined Ti.[12,44] The membrane with both
catalysts is further sandwiched by the gas-diffusion layer (GDL) and porous trans-
port layer (PTL) on the cathode and anode, respectively. The GDL can be made
from C paper or woven to produce C cloth. These materials have a long history
of application in PEM fuel cells and are extensively investigated. Their main task
is to facilitate product transport away from the catalyst with a micro-porous mesh
in addition to providing electrical conductivity to the surrounding electrical circuit.
The PTL in the anode serves the same purpose but has to be made from more
resilient materials, such as Ti or noble-metal coated substrates.[11,45] The oxida-
tive environment leads to oxidation of the PTL surface, which increases contact
resistances and thus lowers efficiency, making it one of the main degradation
drivers.[45] Noble-metal coating can alleviate this degradation but comes with in-
creased manufacturing costs. The same treatment can be applied to the bipolar
plate (BBP), which surround the GDL and PTL and provide compression as well
as mechanical stability to the cell. These can be manufactured from C-based ma-
terials, such as graphite on the cathode but require stable materials on the anode.
Machined Ti is often used as anode BBPs, incurring high costs and sometimes
requiring further noble-metal coating to avoid surface oxidation.[12,44] The BBPs
provide the in- and outlets for educts and products and connect to the electricity
supply. In order to spread the educts over the entire active cell area, a flow field
is machined into the BBP, which can show different geometries like a serpentine
or parallel ridge arrangement.[46]

For later application of the product gases, they must be further compressed for
efficient transport and their end-use.[47] In order to alleviate the need for com-
pression, the operation of the PEMWE cell can also be performed under elevated
pressure of the product gases.[26] Here, the electrochemical reaction directly com-
presses the H2 and O2 at formation and not only leads to increased system effi-
ciency through less extra compression but also has beneficial kinetic effects on
the reaction.[11] The lower volume of the generated H2 at the catalyst occupies
fewer active sites, which increases the reaction rate. The pressure can be ap-
plied equally to both parts of the cell or in differential mode, where the H2 side is
pressurized with the O2 side at ambient or only slightly increased pressure. This
can further increase system efficiency and avoid risks of compressed O2, but it re-
quires more stable and expensive materials, especially membranes.[11,12,47] The
operation under increased pressure can also increase gas-crossover from one
electrode to the other, posing a significant safety concern that must be addressed
with operation procedures and additional periphery.[11,12]
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3.1.3 Oxygen Evolution Catalysts in Acidic Environment

Before the introduction of PEMWE cells, research on OER catalysts in acid elec-
trolyte was already present from the early 1960s using different noble metals.[48]

Since the OER at low pH values occurs at fairly high potentials, the catalyst ma-
terials must be especially stable. Therefore, only noble metals can be used in
this environment without detrimental dissolution, which is why they have been
investigated the most. In general, the activity towards the OER can be corre-
lated with the O binding capacity or oxyphilicity, represented in a volcano plot in
Figure 3.1.5.[49–51] The strength of the metal-O bond depends on the d-band po-
sition, which comes from the d-orbital combination of the individual atoms in the
lattice.[50,52] A higher occupation of the anti-binding d-states could lower the bond
strength and the adsorption strength of the O, and vice versa. Through these
effects, the specific metal-O bond strength can be tuned via the synthesis of dif-
ferent material structures resulting in different oxidation states, lattice distortions,
or lattice vacancies to influence the d-band position. The bond strength needs to
be in a certain range to be neither too strong nor too weak. Figure 3.1.5 shows

Figure 3.1.5: Electrocatalytic activity in O2 evolution at various oxide electrodes
as a function of the enthalpy of the lower to higher oxide transition in alkaline
(hollow) and acidic (full) solutions. Reprinted with permission from [53]. Copyright
1984, Elsevier Ltd.

that the oxides Ir and Ru have superior OER activity compared to other noble
metals, especially Pd and Pt, which are very active for the HER and in a fuel cell
setting.[48,54] One advantage of Ir and Ru for the OER is that the oxide phases of
these elements, which form during the reaction, are quite active, unlike those of
Pt.[48,55] However, the stability of the noble-metal oxide is inversely proportional
to its oxyphilicity, indicating a role of oxide stability in the OER activity. Ru and
Ir form less stable oxides than Pt or Au, granting them higher OER activity. For
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Ru-based catalysts this presents a major drawback as they are remarkably active
but rapidly dissolve under operational conditions.[48–50,56] Thus, Ir catalysts have
been investigated and applied in whole systems the most as a good trade-off be-
tween stability and activity. Nonetheless, Ru catalysts are still under investigation
because Ru is less scarce than Ir, and stabilizing Ru catalysts could lower manu-
facturing costs due to material availability.[57–59] Addition of Ir or its oxides seems
to stabilize the catalysts, and thus mixed metal catalysts or alloys could become
a promising alternative in the future.[48,60,61]

The requirements a catalyst has to fulfill to be applied in widespread applications
are manifold, including material properties such as electrochemical activity, pore
structure, electrical conductivity, and stability, as well as other factors as the avail-
ability of materials, price, and the manufacturing method for up-scaled produc-
tion.[50,52] Macroscopic structure of a catalyst material can significantly impact its
overall activity, even though the intrinsic activity, based on d-band position and
other factors, may not be the highest. The available surface area of the catalyst
plays a big role here, as exposing more active sites increases its utilization and
cost-effectiveness. Pore structure of the material is also crucial, as it affects reac-
tant and product transport and ensures that the active sites are not starved from
reactants or blocked by products. One approach to increase the available surface
area of the catalyst is to anchor it on a non-catalytic support material, stabilizing
small particles and exposing more of their surface.[50,52] This also reduces the
overall content of noble metals in the catalyst and makes it more cost-effective.
In some cases, single atoms can be supported on a substrate to maximize the
utilization of the metal.[62,63] For electrochemical applications specifically, the cat-
alyst requires high electrical conductivity, as contact resistances can otherwise
significantly diminish the system’s efficiency.[50] This is especially crucial for sup-
ported catalysts, as the substrate must also be sufficiently electrically conductive.
Material stability is also essential, as the catalyst can dissolve and decrease its
activity or become passivated, thereby reducing available surface area and elec-
trical conductivity.[64] When considering noble metals, availability and subsequent
high price can be problematic, especially when scaling up catalyst production.[52]

This is particularly relevant for Ir-based catalysts, as it is one of the scarcest ele-
ments in the earth’s crust. Additionally, Pt availability plays a role for the cathode
of PEMWE systems and as an electrode in PEM fuel cells. A simple synthesis
method can lower manufacturing costs, but this must conform to easily scalable
industrial processes. However, some catalysts require intricate synthesis, mak-
ing them commercially unfeasible despite high activity and good properties. Many
properties need to be considered when designing a catalyst system and trade-offs
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must be made. As the production of Ir for PEMWE catalysts is limited, the recy-
clability of the cells becomes increasingly important with their expanded applica-
tion. The recovery of Ir from end-of-life cells can be performed with remarkable
efficiency with recovery rates over 90 % without substantial loss in activity or qual-
ity.[65] Catalyst material can either be recovered by thermal decomposition of the
entire membrane electrode assembly (MEA) or direct recuperation of catalyst ma-
terial as described by Carmo et al.

Ir-based OER catalysts Ir-based catalysts are the most active for the OER and
are also stable, making them highly investigated. During the O oxidation, Ir atoms
involved in the reaction are mostly in some oxidic form, either as IrO2 or lower co-
ordinated Ir oxides.[50,52] Their exact structure and coordination depends on the
operation conditions and catalyst synthesis. As previously discussed, the stability
of the metal oxide influences its activity, suggesting the participation of unstable
moieties in the reaction mechanism.[49,50] Two reaction mechanisms proposed are
the adsorbate evolution mechanism (ADEM) and the lattice participated mecha-
nism (LPM), which depend on the oxidation degree and crystallinity of the oxide
structure.[49,50,66,67] The ADEM and LPM mechanisms are shown schematically
in Figure 3.1.6. The ADEM process involves the adsorption of water molecules

Figure 3.1.6: Schematic representation of postulated ADEM (left) and LPM (right)
OER mechanisms, adapted from Geiger et al.[66]

on the surface of the Ir oxide and occurs on the surface of crystalline [IrO6] oc-
tahedra. First, O is adsorbed on an Ir site from the oxidation reaction of a water
molecule under discharge of 2 H+ and 2 e– . Then, a second water oxidation
takes place with the O atom adsorbing either on an adjacent Ir site or bound to
the already adsorbed O atom, as depicted in the schema. Finally, an O2 molecule
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is discharged without charge transfer, and the Ir site is freed again. In the LPM
process, activated lattice oxygen atoms directly participate in the reaction and get
expelled with the product O2, restoring the lattice vacancy from additional water
molecules. Here, in a water oxidation process, the O atom binds to the activated
oxygen atom inside the catalyst lattice under discharge of protons and electrons.
The O2molecule formed from the oxidized water and the lattice atom leaves, while
leaving a lattice vacancy that is highly reactive. This vacancy can either proceed
in filling an O atom by oxidation of a water molecule, or it can release solvated
Ir ions as the structure degrades and dissolves. Both mechanisms are driven at
different potentials, but both take place simultaneously and compete.[52] The LPM
is expected to lead to higher OER activity, but the participation of the lattice O
atoms can lead to instability of the lattice and dissolution of Ir species.[52,66] Differ-
ent oxide structures may favor one mechanism over the other as more defects in
the oxide structure lead to higher lattice O activation. This could explain the differ-
ences in activity and stability, as promotion of the LPM can lead to lower lifetimes
of the catalyst.[66]

Support Materials The deposition of catalyst material on a high-surface-area
support material has been extensively investigated and applied in many differ-
ent fields of heterogeneous catalysis.[50] The basic principle is to dilute the active
species on a larger substrate to increase the catalyst’s available surface area
through mechanical and electrochemical stabilization of small active particles.
Several properties need to be considered for OER catalysts in PEMWE applica-
tions, including sufficient electrical conductivity, electrochemical stability at oper-
ating conditions, and the ability for Ir deposition Different support-catalyst interac-
tions can also modify the electronic structure of the active species and influence
the deposition dispersion.[50,68,69] Supports that have already found application
in fuel cells and as cathode PEMWE catalysts are C-based materials. Different
studies have shown that they provide excellent activity when combined with Ir
catalysts, but they tend to corrode rapidly under harsh OER conditions. C is not
stable under elevated potential in acidic pH, and thus, it offers very limited lifetime.
Many Cmodifications have been investigated, including C nanotubes or graphene
with very high Ir activity due to their high electrical conductivity and favorable in-
teractions between the catalyst and the π-support structure.[50,70,71] Nonetheless,
limited durability makes them unusable; however, more graphitized and B- or N-
doped modifications rather than amorphous ones make more stable C supports
possible.[50,72,73] Long-term investigations into these materials under different real
system conditions are still lacking and require more effort, but they pose promising
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materials if stabilized. Another category of support materials are transition metal
oxides, which are promising since they show adequate stability; however, their
electrical conductivity is often low. Some of the most prominent supports here are
Ti oxides. These show excellent stability but are practically non-conductive in their
TiO2 rutile and anatase phases. Without direct modification of the Ti oxide phases,
the only way to increase electrical conductivity is to drive electrons through the Ir
particles, and thus a percolating particle network is required.[50,74] A lower support
surface area could thus counterintuitively increase the catalyst’s activity through
network formation at lower Ir loadings.[50,75] Some interaction between the TiO2
and Ir species was reported as higher oxidation numbers for the Ir were preserved,
thus increasing its stability.[50,76] Another approach is to use a core-shell structure
with a TiO2 core, which improves conductivity while lowering the overall Ir load-
ing. The ubiquitous commercial IrO2/TiO2 benchmark catalyst by the company
Umicore is an example of this approach. Rutile and anatase TiO2 phases are
practically non-conductive, but suboxide phases, where parts of the Ti lattice are
reduced to TiIII, also known as Magnéli phases, show much higher electrical con-
ductivity.[50,77–80] However, during operational conditions, these supports might
be oxidized and thus lose conductivity. Again, a sufficiently high Ir loading might
protect the support from excessive oxidation.[50,81] Stabilization of these subox-
ides could thus alleviate some of the disadvantages of Ti oxides. In contrast to
suboxide Ti, doping of TiO2 could also improve its conductivity, while avoiding the
degradation of Magnéli phase Ti oxides.[50] When n-type dopants are introduced
to the TiO2 lattice, they provide an e

– surplus and distortion of the lattice, result-
ing in higher conductivity and a modified structure. Most of these elements, such
as Nb, V or Ta, thus increase the surface area, its conductivity and can also im-
pact the electrochemical performance through metal-support interaction and have
shown to be suitable supports.[50,82,83]

Among the chemically stable transition metal oxides is SnO2, which shows poor
electrical conductivity but with sufficient Ir loading, this problem could be over-
come, similar to the approaches in Ti oxides.[50] More promising alternatives, how-
ever, are doped SnO2 phases, which drastically increase its electrical conductivity,
such as Sb, In, Nb or Ta.[50,84–86] These materials have been extensively investi-
gated for different applications, including photochemistry and fuel cells. The SnO2
with the highest electrical conductivity is the Sb-doped variant.[50,87] This material
is also considered to improve Ir dispersion and thus increase mass-based activ-
ity.[50] Still, commercial ATO requires high Ir loadings for adequate performance,
but other synthesis methods were shown to increase its activity and thus make
lower loadings possible.[50,74,85] In addition to higher Ir dispersion, ATO seems
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to promote lower oxidation states in the Ir species, through strong metal-support
interactions (SMSIs) that increase both activity and stability.[50,68,88] Besides the
support materials mentioned, metal nitrides and carbides attracted some atten-
tion, especially the Ti ones.[50] However, more research is still needed on these
materials as PEMWE supports.

The design of a supported Ir catalyst is generally not only dependent on the sup-
port material but also the Ir deposition method and specific species. As the Ir
loading in relation to the support surface area is crucial for less conductive sup-
ports, a catalyst system has to be designed as a whole, taking all effects into
account. Different supports also provide an electronic interaction with the cata-
lyst species and thus might promote certain Ir species during deposition, which
influences their properties.[50,68,69]
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3.2 Catalyst Layer Design

The electrodes of an electrochemical cell are the main contributing factor for the
efficiency of the reactions, and their composition has to be carefully designed
with multiple different components working together.[9,89] For both fuel cells and
PEMWE cells, the electrode most often consists of the catalyst material, which is
mixed with a binder and an electrolyte and thinly coated onto a membrane.[9,89]

Reactions take place where reactants, ionic charge carriers, and electric charge
carriers are present at a so-called triple-phase boundary (TPB).[90] This composi-
tion is designed to facilitate the TPB by distributing reactants across the whole CL
through a porous network for the reactant and product gases and through an elec-
trolyte network for charge carriers as displayed in Figure 3.2.1. Electric charge
carriers are conducted through the catalyst material, which also acts as a reaction
site for increased overall efficiency through kinetic reaction promotion. Optimiza-
tion of this microstructure can have a sizable impact on the performance of the
electrochemical cell, and several different parameters have to be considered. The

Figure 3.2.1: Schematic representation of a CL with catalyst support indicated
in grey, active catalyst in white and ionomer in yellow with indicated TPB and
electronic and ionic charge carrier pathways along with reactant pathways.

general optimization process for CLs aims to evaluate the pore structure, thick-
ness, and distribution of the ionomer film, as well as the accessibility of active
catalyst sites. Pore structure of the CL is primarily determined by the catalyst ma-
terial, whether it consists of metal particles or supported particles, which form the
rigid framework of the layer. These properties can influence the sizes and distribu-
tion of the pores based on particle and agglomerate sizes. The coating process,
including the potential use of pore formers or solvent evaporation rates, also plays
a role in determining the pore structure.[91–94] Availability of ionic charge carriers at
the TPB is crucial for achieving good performance and it is influenced by the pres-
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ence of ionomer at each reaction site and a continuous ionomer network leading
to the membrane. In an ideal scenario, the rigid catalyst framework is uniformly
covered by a thin film of ionomer. Thickness of this film impacts both the ionic
resistivity of the layer, contributing to efficiency losses (with thicker layers provid-
ing better conductivity), and the void volume of the pores as the film fills them,
thus affecting reactant transport.[95] Non-uniformly covered catalysts can lead to
ionically isolated regions, reducing catalyst utilization and overall efficiency.[12,96]

Furthermore, at high ionomer loadings, an ionomer film can form between cat-
alyst particles, electrically isolating some parts of the catalyst. To maximize the
accessible surface area of the catalyst, the particle size can be reduced. This
allows for a greater surface area per unit mass, increasing efficiency. Techniques
such as utilizing metal nanoparticles, supporting nanoparticles on a substrate, or
employing novel engineering approaches with ordered structural substrates can
be employed to achieve particle size reduction.[50,77,97] Especially structural sub-
strates, such as meso- and macroporous TiO2, ATO or other metal oxides might
allow for a better fine-tuning of CL properties, in particular the pore network and
particle accessibility. The deposition of Ir as a thin film of a substrate could also
be utilized to achieve a higher utilization, as has been demonstrated by Böhm et
al.[98]

The manufacturing of CLs offers multiple approaches, each impacting the CL’s
properties in different ways. Direct deposition of a catalyst suspension can be
achieved through spray coating, inkjet printing, or doctor-blading onto a mem-
brane.[99–102] Here, the catalyst is suspended in a solvent mixture and combined
with a binder and electrolyte and processed to allow for maximum dispersion of all
components. Afterward, the CCM is dried and sometimes hot-pressed to achieve
better contact between the membrane and CL. Industrially, a decal process is
more often employed that coats the CL onto an inert Teflon® substrate from where
the CL can be transferred to a membrane through hot-pressing.[9] This process
avoids membrane deformation during the spraying process that occurs due to
swelling in contact with the solvents and can be inconsistent across the whole
membrane, hence leading to lower-quality MEAs. With a decal process, how-
ever, the CL can be produced with roll-to-roll processes, which allow for a high-
throughput industrially coating process with consistent MEA properties. Besides
the approach to coat the CL on the membrane, another one gained prominence
where the CL is applied on the GDL or PTL resulting in a gas-diffusion elec-
trode (GDE) or porous transport electrode (PTE), respectively.[89,99,103,104] This
promises better electrical conductivity between theCL andGDL/PTL by direct con-
tact between them across the whole surface. Especially in the field of PEMWE it
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was discovered that a low electrical conductivity of the catalyst leads underutilized
parts of the CL without direct contact to the PTL.[93,95,105] The downside of this ap-
proach is that the CL morphology is very dependent on the GDL/PTL morphology
and catalyst can penetrate in its pores isolating it from the ionomer network, hence
lowering catalyst utilization.

Composition Gradient CCMs Standard CLs show a homogeneous distribu-
tion of its constituents in all spacial directions in ideal conditions. This approach
reduces complexity during its manufacturing process, but can lead to negative
performance impact or reduce its efficiency. The reaction does not take place
everywhere in the CL at the same time and the reaction front can shift based on
materials used as well as operation conditions.[46,106] Hence, in an homogeneous
layer, the catalyst might be underutilized and thus reduces its mass efficiency and
increases its CAPEX. The downsides of homogeneous material distribution can
impact all CL properties as the pore volume might induce mass transport limita-
tions in some parts of the layer while it does not offer sufficient surface area in
others. The reaction rate follows local overpotential variations, allowing for an
optimization based on these different overpotential.[14,107]

To alleviate some of these drawbacks, the electrode can be varied in its composi-
tion in different dimensions based on the type of material that is distributed. Figure
3.2.2 illustrates three of these approaches with Figure 3.2.2.a showing a patterned
electrode, that changes in catalyst composition based on the channel of the flow
field. Most of the reactant and product transport takes place directly underneath
the channel of the flow field. At low potentials, the reaction rate is highest at the
edge of the channel, where the diffusion paths of the electrons are shortest to the
land while sufficient reactions are supplied by the channel.[14] However, at higher
potentials the local highest reaction rate shifts to the channel, where reactants and
products can be transported more easily, leading to lower mass transport over-
potential. With a higher concentration of catalyst material, the area underneath
the channel could thus improve the cells efficiency by increasing the catalysts uti-
lization. This effects, however, have to be tailored to the application of the cell as
the optimal distribution shifts with operation conditions. Additionally, the electrical
conductivity of the catalyst has to be taken into account, as the area underneath
the channel is quite far from the electron pathways through the land and a poorly
conductive catalyst leads to higher ohmic overpotential in this area. It was calcu-
lated that themaximum reaction rate for a relatively poorly conductive IrOx catalyst
takes place underneath the land while it was underneath the channel for a better
conductive Ir metal catalyst.[95] Besides the catalyst loading, a gradient of poros-
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Figure 3.2.2: Schematic representation of a) the electrode pattering following the
cells flow field, b) a gradient in x-y direction from inlet to outlet of the flow field,
and c) a gradient in z direction of the CCM with the composition gradient indicated
in blue shading.

ity could be introduced underneath the channel, through pore-formers or varying
deposition parameters, to allow for more pore volume and reduce mass transport
overpotential to the area underneath the land.[14] In general, this approach mainly
alleviatesmass transport overpotential and therefore leads to higher performance.

Another gradient approach, focusing on themass transport properties of the CCM,
involves changing the distribution of its composition in the in-plane direction (Fig-
ure 3.2.2.b) based on the reactant/product ratio. In this approach, reactants are
introduced at the inlet of the flow field and react to form products, which increase
in concentration towards the outlet. In an homogeneous setup, this leads to an
anisotropic distribution of the reaction, with higher reaction rates near the inlet due
to an abundance of reactants and no blocking of product pathways.[15] However,
this uneven distribution lowers the utilization of catalysts as the reaction rate de-
creases near the outlet. To address this issue, a gradient of catalyst loading can
be introduced, with lower loading near the inlet and higher loading near the out-
let to homogenize the reaction rate across the entire cell.[15,16] Achieving a more
homogeneous reaction rate also increases the lifetime of the cell, as catalyst par-
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ticles across the entire CL experience similar potentials, unlike in homogeneous
CLs. Interestingly, an improved cell performance can also be observed with a
reversed gradient, where high catalyst loading near the inlet homogenizes the re-
actant concentration along the flow length, rather than the reaction rate.[108] The
effect of gradients in the reactant depletion direction strongly depends on the reac-
tant supply and operation potential and it becomes more pronounced in fuel cells
due to the intricate management of product water and reactant gases, unlike in
PEMWE cells. In most cases, the PEMWE cell is flooded with water, indicating no
reactant gradient along its channel length. Only mass transport limitations through
the product gases can result in overpotential. However, at low inlet water fluxes
relative to the consumed water, dehydration of the membrane and ionomer can
become an issue. This can be counteracted by designing a gradient that adapts
certain CCM properties based on the local water content or rather the stoichio-
metric water ratio.[109]

The composition gradient approach in the z-direction or the thickness of the CL
(Figure 3.2.2.c) has been extensively studied for fuel cell applications, involving
variations of multiple parameters such as ionomer loading, catalyst loading, and
pore sizes. Various studies have explored the Pt content variation on the support
material to address underutilization of the active material.[110–114] As the distance
from the membrane increases, the relative ionic resistance of the ionomer also
increases, resulting in higher ionic overpotential and dampened reaction rates.
However, with a lower concentration of Pt particles, this underutilization is re-
duced, leading to an overall improvement in cell efficiency. Ye et al. also demon-
strated that a porosity gradient, achieved by adding a filler material to the outer
layer, results in higher volume between particles and similarly addresses under-
utilization through this hierarchical pore system.[107,112] The variation in pore size
distribution and catalyst loading primarily impacts areas with high current den-
sity, where the reaction rate is high and mass transport overpotential become
dominant. In a fuel cell setup, the interplay between reaction rate and reactant
transport is crucial, unlike in a PEMWE setup where an oversupply of reactant is
preferred. Lowering the humidity of reactant gases can lead to a more homoge-
neous reaction rate throughout the CL, improving its performance and enhancing
the positive effects of grading.[115] Studies by Nguyen et al. and other groups
have shown that variation in ionomer loading, such as a linear gradient across
the thickness, can improve performance.[114–120] By increasing ionic conductivity
near the membrane, the reaction rate at that location can be enhanced, and a
more uniform temperature distribution can be achieved.[119,120] The overall perfor-
mance increase can be substantial, as demonstrated by Xing et al., who observed
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a 16 % performance increase and a 47 % reduction in Pt usage.[119] Different ma-
terial gradients address similar overpotential within the CL and it has been shown
that an already improved gradient CL may not benefit from further optimization.
Studies have indicated that either a catalyst or ionomer gradient alone might be
sufficient, as the performance did not increase further with simultaneous grad-
ing.[114] Although the concept of through-plane gradients has not yet been applied
in a PEMWE setup, it holds promise, as numerous performance increases have
been observed in fuel cells. As some of the challenges in fuel cells, such as water
management and temperature control, are alleviated in PEMWE, the optimization
of ionic, ohmic, and mass transport overpotential can be explicitly applied.
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4.1 Electron Microscopy

Transmission electron microscopy (TEM) This technique allows for imaging
of thin samples at much higher resolutions than with light microscopy.[121,122] An
electron beam is directed at the sample, and the electrons passing through without
colliding and scattering are detected. Through the discrimination of scattered and
unscattered electrons, a gradient is observed, producing a grayscale image. The
scattering probability depends on the mass of the element and sample thickness,
and thus different elements create different contrasts in the image. The resolu-
tion of this technique depends on the acceleration of the electrons since their de
Broglie wavelength corresponds to their momentum through wave-particle dual-
ity.[122] With higher acceleration, a shorter wavelength, and thus higher resolution
can be achieved. At very high resolutions, individual crystal planes can be identi-
fied, and even singular atoms in some cases. This microscopy technique is espe-
cially suited for analysis of nanoparticle catalysts as the high resolution can image
individual particles and their morphology can be evaluated. The contrast in the
final image is dependent on the electron density of molecules and atoms and thus
also the molecular weight of the element, which allows for identification of differ-
ent components of a catalyst and to distinguish between active catalytic particles
and substrates. Especially the evaluation of particle sizes is of special importance
as this could directly influence the catalyst activity. For additional investigation,
energy dispersive X-ray spectroscopy (EDS) can be used to determine the sam-
ple’s specific element composition and map these signals to a TEM image.[121]

Through the interaction of irradiated electrons and lower-orbital electrons, X-rays
are emitted, which have an element-specific wavelength that is detected in EDS.
This can be used for a spatially resolved elemental composition, where specific
elemental ratios can be assessed based on their position in the image. Thus,
individual particles or structures can be characterized based on their elemental
composition.

Scanning electron microscopy (SEM) In contrast to TEM, which employs a
stationary electron beam, this technique employs a modulated electron beam
in the x- and y-directions, producing a so-called raster scan across the sam-
ple.[122] Through the irradiation of electrons, the samples undergo certain pro-
cesses, which are recorded in the detector, thus generating an image of the sam-
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ple. Different detectors allow for the observation of different processes, which
most often include the detection of secondary electrons and backscattered elec-
trons. Secondary electrons are emitted through the inelastic scattering of impact-
ing electrons, whereas backscattered electrons are elastically scattered in the
sample and ejected again without substantial energy loss. The penetration depth
of incoming electrons and the emission depth of the secondary electrons depend
on the acceleration of the electron beam and follow a circular shape inside the
material, as the electrons also propagate laterally inside the sample, as displayed
in Figure 4.1.1. In conjunction with SEM, an ion-beam technique is often used,

Figure 4.1.1: Schematic representation of the penetration depth and propagation
volume inside the sample in SEM.

which bombards the sample with high-energy ions to manipulate the sample and
dispatch layers, for example allowing for cross-sectional analysis.[123] Generally,
Ga atoms are used as ions, but recently He atoms were also employed, which
allows for higher resolution of the ion beam.

In contrast to TEM, SEM allows for the evaluation of larger samples and con-
structs, such as microchips or biological samples and most importantly for this
work MEAs and catalyst layers.[123] The analysis of MEA cross-sections can be
used to determine layer thicknesses, morphology as well as homogeneity, or el-
emental mapping in conjunction with EDS. Specifically the elemental mapping of
different species within the catalyst layer is of special interest in this work, as it
allows for exact determination of material gradients within the CL.

4.2 X-ray Techniques

X-ray diffraction (XRD) The diffraction of a monochromated X-ray beam on
electrons in a sample can be used to identify crystalline domains in powders and
single-crystals.[124,125] The X-rays’ wavelength is similar to the plane distances be-
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tween crystal planes and thus are diffracted on them. This leads to interference
depending on the exact separation of the planes. The planes of a crystal are in-
dicated by Miller indices with their corresponding hkl values and describe the ge-
ometry of the crystal cell. According to Bragg’s Law (4.1), the path lengths of two
parallel incident beams on crystal planes are different depending on the incident
or glancing angle of the beams, as schematically depicted in Figure 4.2.1. The

Figure 4.2.1: Schematic representation of the diffraction of X-rays on crystal
planes along with the Bragg-Bretano measurement arrangement on the outer cir-
cle.

separation of crystal planes (𝑑ℎ𝑘𝑙) can thus be determined by finding the glanc-
ing angle (Θ) at which the path-length difference (Δ𝑝) is an integer of the beam’s
wavelength (𝜆). Here, the beams interfere constructively and a signal can be de-
tected.

𝜆 = 2 𝑑ℎ𝑘𝑙 sin(Θ) (4.1)

For the determination of crystalline domains in powder samples as opposed to
single crystal samples, the Bragg-Bretano geometry is most often used for the X-
ray source and detector.[124,125] Here, either the source or detector can be rotated
around the flat-pressed sample to scan through differentΘ and thus identify differ-
ent crystal planes. The sample is additionally rotated to gather information in all
viewing angles of the circular sample. The analysis of the gathered diffractograms
also allows for sophisticated data fitting, such as Rietveld refinement, which can
be used for specific quantification of crystalline domains within a sample, or the
application of Scherrer analysis, which can help to calculate the sizes of crystalline
domains. Especially the Scherrer equation is of use in this work as it can be used
to estimate the particle size of metallic and thus crystalline particles as well as the
approximate degree of crystallinity for different species.
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X-ray photoelectron spectroscopy (XPS) Non-destructive analysis of a sam-
ple surface can be achieved by irradiating it with monochromatic X-rays and an-
alyzing the emitted photoelectrons.[126] The photoelectric effect occurs when X-
rays are absorbed by electrons in the atomic and molecular orbitals of the sample,
leading to the emission of these electrons. The kinetic energy (𝐸𝑘𝑖𝑛) of the emitted
electrons is determined by the binding energy (𝐸𝐵) of the electron in its orbital, as
described by Equation 4.2.[126,127] By analyzing the kinetic energy, the presence
and quantity of those electronic states can be studied.

𝐸𝐵 = ℎ𝜈 − 𝐸𝑘𝑖𝑛 − Θ𝑠 (4.2)

Here, 𝐸𝐵 is defined by the energy of the irradiated X-rays as described by its
wave frequency (𝜈) along with Planck’s constant (ℎ) and the spectrometer work
function (Θ𝑠). The escape depth of emitted electrons without energy loss through
inelastic collisions is determined by the element-specific mean free path and is
usually around four to eight atomic layers.[126] At larger depths, the probability
to be emitted from the sample without any energy loss becomes so low that the
detection is unlikely compared to surface-emitted electrons. Depending on the
main quantum number of the orbital from which the electron is emitted, it can
experience spin-orbit splitting, which occurs for p-, d-, and f-orbitals. This leads to
a doublet splitting of the resulting signal according to the total angular momentum
quantum number of the electron, with a specific intensity ratio of the main and
trailing signal corresponding to the degeneracy of the state. Depending on the
specific electronic environment around an atom, the 𝐸𝐵 shifts slightly to positive or
negative values. Through this effect, the chemical environment around the atom
can be examined, and specific oxidation states and even molecular bonds can
be identified. This also allows a quantitative analysis of the different species and
oxidation states relative to each other.

4.3 Other Physical Characterizations

Inductively coupled plasma (ICP)-mass spectrometry (MS) The principle of
MS lies in the ionization of atoms or molecules and subsequent separation by
their mass-to-charge ratio. Of special importance here is the variant with an ICP
used to ionize the sample and is especially useful for trace metal analysis.[128] It
employs a noble gas plasma, most often Ar, in order to fragment compounds in
the sample and analyze individual atoms. The sample is inserted in liquid form
with dissolved ions of the target species and vaporized prior to introduction to the
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plasma. The formed ions are then guided through ion lenses and optics in order
to obtain a stable ion beam, which is then separated in a quadrupole according
to the ion’s mass-to-charge ratio and then detected. A schematic of this process
is displayed in Figure 4.3.1. In order to calculate the concentration of the ele-

Figure 4.3.1: Schematic representation of the analysis stages for concentration
determination via ICP-MS with (I) representing the vaporizer, (II) representing the
plasma ionization, (III) representing the ion optics and lenses, (IV) representing
the quadrupole splitting and (V) representing the detector.

ment based on the signal intensity in the detector, a device calibration has to be
carried out prior to measurement. Here, several stock solutions of known concen-
tration are measured and correlated with the signal in an interpolation with which
the sample signal can be associated. The analysis of catalysts via ICP-MS of-
ten requires a chemical digestion step, prior to the measurement, as the catalyst
species have to be dissolved in order to be analyzed. Especially for noble met-
als this can pose quite a challenge as metals, such as Pt and Ir, tend to be very
stable and require very harsh digestion methods. For example, the digestion of
Ir needs to be carried out in aqua regia and under elevated pressure at high tem-
peratures, above 200 °C, which can pose challenges in the experimental setup to
reach these conditions.

Thermogravimetric analysis (TGA) The heating of a sample in different envi-
ronments while observing the weight change can confer information about differ-
ent characteristics of a sample, such as the uptake of humidity and decomposition
or oxidation of species.[129] The temperature increase can be carried out under
different atmospheres to observe different phenomena and it can be extended
by further analysis techniques downstream to study decomposition products in
the gas atmosphere. Especially, the usage of MS or infrared detectors can yield
substantially more information about the decomposition products and complex
mixtures can be characterized. In this thesis, the technique is mainly used to
study the decomposition of Nafion® and oxidation of Ir species in an oxygen at-
mosphere. Nafion® decomposes, when heated in an O2 atmosphere, mainly to
CO2 and other products containing F and S species. The weight difference during
the decomposition of Nafion® can thus be used to determine the ionomer content
in CLs.[89,99]
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4.4 Electrochemical Techniques

Three electrode setupwith a rotating disk electrode (RDE) The electrochem-
ical properties and performance of catalyst materials can be assessed in an aque-
ous model system with liquid electrolyte and a thin film of catalyst on a disk-
working electrode (WE).[23,130,131] The WE in this technique is rotating, which
induces predictable electrolyte flow around the disk, as shown in Figure 4.4.1.
This enables reproducible transport phenomena around the WE, leading to loca-

Figure 4.4.1: Schematic representation of the RDE setup.

tion independence of the measured current, as the catalyst film operates under
steady-state conditions. Due to the laminar flow around the WE, a diffusion layer
is formed that only depends on the WE’s rotation speed and thus excludes mass-
transport limitations from the measurement and reduces these to diffusion limita-
tion.[132] This technique thus allows for accurate determination of kinetic proper-
ties of the catalyst in a low potential area but is limited by diffusion limitation at
higher ones.[132,133] For investigations of fuel cell catalysts, this limitation is more
pronounced as the diffusion of the O educt is rather slow in liquid electrolyte and
a diffusion limitation plateau is formed.[133,134] This limitation is not dominant for
electrolysis catalysts but the formed gas products could stick to the catalysts as
bubbles and reduce the available surface of the catalyst or lead to additional detri-
mental effects.[134] This is particularly the problem when evaluating powder sam-
ples, as the bubbles tend to form inside pores of the material, where a shedding is
less probable and the blocking of active sites becomes more likely. Thus, special
care has to be applied when characterizing these catalysts as the film thickness
and composition on the electrode is important for alleviating this issue. The RDE
technique can also be used in conjunction with other analysis methods, such as
electrolyte analysis via MS for the determination of dissolved species in stability
evaluations.
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Electrochemical impedance spectroscopy (EIS) One technique of special
importance to disseminate different processes during the PEMWE operation is
EIS.[135] Here, a sinusoidal perturbation of either the current or potential is applied
with different frequencies and the response signal is analyzed, as seen in Fig-
ure 4.4.2.a.[23,135] The frequency-dependent perturbation thus allows for a tempo-
rally resolved analysis of different processes taking place at different time scales.
The overall measured impedance (𝑍) can be separated into its real part of the
impedance (𝑍′) and imaginary part of the impedance (𝑍″) representing the resis-
tive contribution and phase shift of the alternating signal, respectively.[23] A com-
mon form of analysis for impedance data is the Nyquist plot, where 𝑍′ is plotted
against 𝑍″, schematically depicted in Figure 4.4.2.b. Here, the signal forms half
circles for different processes in the optimal case. These half-circles pertaining

Figure 4.4.2: Schematic depiction of a) the applied sinusoidal signal with its cor-
responding answer signal and b) an exemplary Nyquist plot with half-circles of
processes with different resistances.

to different processes can be fitted with equivalent circuit models and thus indi-
vidual resistive contributions can be calculated. Each process can be depicted
by an electrical element proxy, that can describe the conversion of the applied
current or potential to the system answer and be varied in its parameters to yield
a resistance value for each process. These electrical elements can consist of a
simple resistor, constant phase element, or an inductor and can be put into serial
and parallel circuits to better mimic each process. The challenge is that differ-
ent equivalent circuit models can model the EIS data and distinguishing between
processes with too many individual circuit elements can become non-trivial.

Besides the modeling with equivalent circuits, the data can also be analyzed
through the distribution of relaxation times (DRT).[135,136] This yields information
about the overall contribution to the total impedance of individual processes re-
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solved along a time constant for each one. DRT thus allows for analysis of the
system without knowledge about the exact system but requires high-quality data
for accurate calculations. The time-dependence of the impedance data can be
extracted using discretization, often a Gaussian function, and Tikhonov regular-
ization, which makes the analysis dependent on chosen parameters.[135] These
are the FWHM-coefficient (𝑚), determining the peak’s width and the Tikhonov
regularization parameter (𝜆𝑇𝑖𝑘ℎ𝑜𝑛𝑜𝑣), that impacts the number of observed peaks,
which can easily under- or overestimate the number of processes calculated. The
resulting spectrum of DRT process-associated resistance (𝛾(𝜏)), corresponding to
its time constant (𝜏), is inversely related to the frequency at which the process
takes place. Parameters have to be carefully chosen in regards to other evidence
of the processes and compared to literature values as the estimation of DRT spec-
tra can be ambiguous without rigorous analysis.

The catalyst layer ionic sheet resistance (𝑅𝐶𝐿𝐼𝑜𝑛) of either anodic or cathodic CLs
can be determined by analysis of EIS spectra, that are recorded in a non-farradaic
potential area. Here, the capacitive contribution to 𝑍(𝑓) can be observed at low
frequency (𝑓), where 𝑍′ converges to one value and a vertical impedance arc
can be observed in the Nyquist-plot.[10] The total impedance can be described by
equation 4.3.

lim
𝑓→0

𝑍(𝑓) ≈
𝑅𝐶𝐿𝐼𝑜𝑛
3 + 1

𝑗 𝐶𝐷𝐿 𝑓
+ HFR (4.3)

Here, 𝑅𝐶𝐿𝐼𝑜𝑛 is defined by the imaginary unit number (𝑗), the double layer capaci-
tance (𝐶𝐷𝐿), and the high-frequency resistance (HFR), which corresponds to the
𝑍′ value at zero 𝑍″, namely the x-intercept of the Nyquist-plot. At the phase mini-
mum of the measurement, the transition of the 45° to the 90°, namely the transi-
tion to the capacitive behavior begins. Here, 𝑅𝐶𝐿𝐼𝑜𝑛 can be determined graphically
by finding 𝑓 at this phase minimum and the corresponding 𝑍′ value, corrected by
the HFR.[10]

Cyclic voltammetry (CV) In order to characterize the redox processes in a cat-
alyst, CV can be used to discern between different transitions of oxidation states,
based on the applied cell potential. Usually, a certain potential range is scanned
with a fixed scan rate (𝑟) in a triangular wave and each redox process impacts
the measured current density at each potential. Besides the redox processes, a
double layer charging occurs, elevating the baseline of each redox signal. Here,
this technique is foremost used to determine the electrochemical surface area

35



4 Methods

(ECSA) of the Ir-based catalysts, which can be categorized in two groups, that
require different ECSA determinations. First, on metallic Ir, a hydrogen underpo-
tential deposition (Hupd) process takes place, where a single atomic layer of H is
adsorbed on Ir sites and the total charge of this process can be correlated with
the ECSA based on a metal-specific charge density of H on Ir (𝑞𝐼𝑟), according to
equation 4.4.[91,137]

ECSA =
𝑄 Hupd

𝑟 𝑞𝐼𝑟 𝐴𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝐿𝐼𝑟
(4.4)

Here, the ECSA is defined the electrode area (𝐴𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒), and the Ir loading (𝐿𝐼𝑟)
with a 𝑞𝐼𝑟 value of 179 µC cm-2 for metallic Ir. The underpotential deposition pro-
cess takes place here at potentials below the equilibrium potential given by the
Nernst equation as the interaction between the H and metal interface is energeti-
cally favorable, allowing amonolayer of H to adsorb on the surface easily. Second,
oxidic Ir species do not show Hupd peak, which is why the ECSA determination
is less trivial.[138] Here, the mass-specific charge (𝑞∗) is used as a proxy for the
oxidic Ir sites, where the redox peak in the potential area between 0.4 and 1.2 V
is assumed to stem from oxidic Ir species, as depicted in Figure 4.4.3. This sig-
nal emerges when metallic Ir surface is oxidized, as described by Zhao et al.[138]

Since this approach only works for non-supported catalysts, the 𝑞∗ for supported

Figure 4.4.3: Schematic depiction of a CV of an oxidic Ir catalyst with indicated
oxidic Ir charge used to determine 𝑞∗ in blue.

catalysts in this work has to be compensated for 𝐶𝐷𝐿 of the support material. Thus,
the minimum current density signal between 0.3 and 0.4 V is assumed to be solely
caused by double layer charging and is subtracted from the oxidic Ir charge.
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5.1 Catalyst Synthesis

ATO The ATOmaterial synthesized here was used as the support for all following
Ir-based catalysts. The method was adapted from Hartig-Weiss et al. and also
described in Gollasch et al.[84,139] First, pure Sn granules (42.25 mmol, 5.0 g,
Carl Roth), Sb2O3 (1.1 mmol, 325 mg, Carl Roth) were added to a solution of
concentrated HNO3 (75.0mL, 65 vol.%, Carl Roth) and pure water (125.0mL) for a
nominal doping of 5 wt.% (Sb:Sn). During the initial addition of the solid materials,
nitric fumes were produced, due to the formation of a colloid, hence the addition
was performed in a fume hood with caution. The mixture was added to a 250 mL
polytetrafluoroethylene (PTFE) autoclave liner (DAB-2, Berghof) and stirred for
15 min. Then, the autoclave was sealed and heated to 140 °C for 10 h. When
the autoclave cooled down to room temperature, it was slowly unsealed in a fume
hood in case nitric fumes were produced. The light blue powder was then washed
several times with pure water to reach a neutral pH and then additionally 2 times
with ethanol. Afterward, it was calcined in air atmosphere, to increase its electrical
conductivity, in a laboratory oven (P330, Nabertherm) at 600 °C (3 °C min-1) for
3 h to produce a dark blue powder.

Reduction synthesis (RS) This synthesis method employs the impregnation
of the support material and subsequent chemical reduction with NaBH4, as de-
scribed by Wang et al.[140] Additionally, a structure conducting surfactant was
added to restrict particle growth of the forming metallic Ir nanoparticles. The reac-
tion requires an inert gas atmosphere, in order to protect the NaBH4 from decom-
position through hydrolysis. All chemicals and materials used in this method have
been dried before usage and it was carried out in a nitrogen atmosphere glove
box. In a typical synthesis for a 40 wt.% Ir on ATO catalyst (different loadings
are displayed in Table A.1), anhydrous absolute ethanol (min. 99.9 vol.%, CHEM-
SOLUTE), which was previously dried under 3 Å molecular sieve (TH Geyer) for
3 d, was mixed with ATO (170 mg) and cetyltrimethylammonium bromide (CTAB)
(4.82 mmol, 1.755 g, Carl Roth). This mixture was stirred for 30 min before the
addition of IrCl3 x H2O (0.59 mmol, 212 mg, Alfa Aesar), dissolved in anhydrous
ethanol (50.0 mL). To ensure sufficient impregnation of the ATOwith the precursor,
this suspension was stirred overnight. Then, NaBH4 (7.66 mmol, 290 mg, Sigma
Aldrich) was dissolved in anhydrous ethanol (50.0 mL) and added drop-wise to
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the ATO suspension. The mixture was stirred for 4 h, while slowly changing its
color to black, indicating the formation of metallic Ir particles. Afterward, the reac-
tion was quenched with pure water, and the solids were separated by centrifuging
(7000 rpm, 5 min, Centrifuge 5430, Eppendorf). These were washed multiple
times with pure water and absolute ethanol. The resulting powder was then dried
in air at 70 °C.
In order to investigate the viability of thismethod under air atmosphere, themethod
was carried out as described before but without drying the materials or chemi-
cals. To stabilize the NaBH4, NaOH (1.0 M, 10 mL, AppliChem) was added to the
NaBH4 solution before adding it to the ATO suspension.

Modified Adam’s fusion (MAF) The Adams Fusion or modified Adams Fusion
method is a variant of the original synthesis of Pt oxides by Adams et al. involving
the oxidation of a noble-metal precursor in a melt of NaNO3.

[141] This method was
adapted for Ir-based catalysts and described by Böhm et al. for support-based Ir
catalysts with limited particle growth due to a relatively low reaction temperature
compared to similar methods.[74,142,143] The postulated Ir species formed here is
a tetragonal IrO2. In a typical synthesis for a 40 wt.% Ir on ATO catalyst (different
loadings are displayed in Table A.2), IrCl3 x 3H2O (3.81 mmol, 137.0 mg) and
NaNO3 (35.30 mmol, 3.0 g, Carl Roth) were dissolved in pure water in a molar
ratio of 1:12.24 and mixed with the ATO support (110 mg). The suspension was
then stirred for 3 h and subsequently horn-sonicated for 10 min. Then, it was
transferred to a crystallizing dish and bath-sonicated at 80 °C until dry. The dry
reaction mixture was ground to a fine powder and heated in a laboratory oven
to 150 °C (3 °C min-1) for 2 h, to ensure all remaining water evaporated before
the reaction, and then to 375 °C (3 °C min-1) for 1 h. Finally, the product was
washed several times with pure water and dried in air at 70 °C. The reaction was
also carried out with commercial Ir black (1.30 mmol, 250 mg, Ir mohr, Umicore)
instead of the IrCl3 precursor. This was performed to assess the influence of the
oxidation of this synthesis on metallic Ir particles.

Colloidal deposition (CD) and Hydrothermal deoposition (HTD) For the de-
position of an Ir particle colloid a dispersion of particles was first synthesized by
the thermal reduction of Ir precursor in ethylene glycol as described by Abbou et
al.[144] This colloidal suspension was then further used in both the colloidal de-
position and in the hydrothermal deposition. In a typical synthesis of the colloid,
a 6.95 mgIr mL

-1 H2Cl6Ir x H2O (0.147 mmol, 60 mg, CHEMPUR) solution was
prepared by dissolving it in pure water. This solution (8.6 mL) was then added to
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a mixture of ethylene glycol (120 mL, Carl Roth) and pure water (60 mL). To this,
NaOH solution (0.5 M in 1:1 ethylene glycol and water) was added until the pH
reached 12 and the color of the solution changed to a pale yellow. The solution
was then purged with Ar for 10 min, held in Ar atmosphere, and heated to 160 °C
for 4 h while refluxing. During this, the Ir precursor got reduced and an Ir colloidal
suspension was formed, which turned the color of the solution from yellow to a
dark brown.

This suspension was then further processed in two different deposition methods.
First, for colloidally deposited catalysts with a nominal loading of 40 wt.% Ir on
ATO (different loadings are displayed in Table A.3), ATO support (43 mg) was
suspended in a ethylene glycol (10mL) and pure water (10mL) mixture and colloid
suspension (180 mL) was added. To this, H2SO4 solution (1.0 M in 1:1 ethylene
glycol and water, Carl Roth) was added until the pH of the solution reached 1.
Through the added acid, the Ir intermediates are supposedly condensed and the
IrOx particles are deposited on the support.

[145] This mixture was stirred for 3 d and
the solids were separated by centrifuging. The powder was then washed several
times with pure water and finally dried in air at 70 °C.

The hydrothermal deposition method employs a further reduction of the colloidal
intermediates through thermal treatment in tert.-butanol to supposedly bind the
particles stronger on the support material, as described by Böhm et al.[146] In a typ-
ical synthesis for a 40 wt.% Ir on ATO catalyst (different loadings are displayed in
Table A.4), ATO (160 mg) was added to pre-warmed tert.-butanol (30 mL, Thermo
Fisher Scientific) in a 250 mL PTFE autoclave liner. Then, previously prepared
Ir colloidal suspension (190 mL, 0.147 mmolIr) was added and the autoclave was
sealed. While stirring the mixture, the autoclave was heated to 175 °C for 12 h and
then passively cooled to room temperature. The resulting suspension was then
separated by centrifuging and the solids washed several times with pure water
after which the powder was dried in air at 70 °C.

Post-synthesis heat treatment In order to convert metallic Ir and suboxidic IrOx
particles to a IrO2 form to investigate the difference in electrochemical stability,
the RS, CD and HTD catalysts were further heat treated in air atmosphere. The
oxidation temperature was chosen to coincide with the reaction temperature of the
MAF method in order to provide some comparability. The catalysts were heated
in a laboratory oven in air atmosphere to 375 °C (3 °C min-1) for 1 h. After the
temperature hold, the sample was allowed to cool to room temperature without
any heat source.
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5.2 CCM Preparation via Ultrasonic Spray Coating

Catalyst suspension For the coating with an ultrasonic spray coater, the cat-
alysts were suspended in a mixture of different solvents along with an ionomer
that acts as a proton-conducting medium as well as a binder. Different catalysts
require specific solvent mixtures for a viable suspension and all solvent mixtures
for each catalyst are given in Table 5.2.1. In a typical suspension preparation,
the catalyst powder was first mixed with the appropriate solvents. Then the sus-
pension was bath sonicated for 30 min, while cooled in an ice bath. After initial
sonication, the Nafion® ionomer (5 wt.% 1100 equivalent weight solid polymer in
aliphatic alcohols, Sigma-Aldrich) was added drop-wise while bath sonicating the
suspension. The amount of ionomer depends on the specific desired composition
of the catalyst layer but it generally varied between 5 and 30 wt.% of the solids
in the suspension. After ionomer addition, the suspension was bath sonicated for
an additional 15 min and then horn-sonicated for 15 min with a pulse sequence
of 10 s on and 10 s off in an ice bath to avoid solvent evaporation. Finally, the
suspension was stirred on a roll-mixer (RS-TR 10, Phoenix Instrument) for approx-
imately 30 min to equilibrate to room temperature from the ice bath. The prepared
suspensions were either used freshly prepared or kept stirring until used.

Table 5.2.1: Solvent composition for different catalyst materials with solvent ratio
of the resulting solvent mixture and solid ratios of the resulting suspension.

Catalyst solvent 1 solvent 2 solvent ratio /
wt.%

solids in
suspension /

wt.%

Ir black tetrahydrofuran 2-propanol 50 / 50 1

Ir- and
IrO2/ATO

water 2-propanol 50 / 50 1

Pt/C water ethanol 85 / 15 20

Coating procedure and treatment The coating of membranes with catalyst
suspension was carried out on an ExactaCoat (Sonotek) ultrasonic spray coater.
This device was additionally equipped with an ultrasonic syringe to keep the sus-
pension agitated during the prolonged coating process and to avoid particle set-
tling in the reservoir. In a typical coating process, a Nafion® membrane (Nafion®

NR212, Chemours) was cut to the appropriate size and fixed in either a 5 cm2

or 25 cm2 steel mask. The heating plate was then heated to temperatures be-
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tween 40 and 100 °C, depending on the desired CL properties. The suspension
was filled into the reservoir and sprayed through a 120 kHz ultrasonic nozzle in a
corner-alternating serpentine pattern onto the membrane. It was pumped through
the nozzle at 0.3 mL s-1 with a conical nitrogen shaping gas stream. The weight
of the resulting CL was monitored by coating aluminum foil with the same mask
in the same process. It was regularly weighted and this material was monitored
instead of the membrane directly due to the swelling of the polymer and subse-
quent vast variations in weight. After the coating on both sides, the double-sided
CCM was hot-pressed (PW20H, P/O/Weber) to increase the contact between CL
and membrane. Here, the CCM was pressed for 5 min at 125 °C and under the
pressure of 5 MPa.

5.3 Electrochemical Characterisation

RDE setup Electrochemical measurements in an aqueous model system were
carried out in a 3-electrode setup in acidic medium. All measurements were per-
formed in a glass cell, which was chemically cleaned prior to use by submersion
in a mixture of concentrated sulphuric acid and concentrated hydrogen peroxide
to remove any organic or inorganic contaminants. The cell remained submerged
for 24 h, was rinsed with pure water repeatedly afterward, and placed under pure
water between measurements to avoid contamination from ambient air. As the
working electrode, a gold disk with a PTFE shroud (Pine Research) and an ac-
tive surface area of 0.2475 cm2 was used in all measurements. Prior to each
measurement, the electrode was cleaned by polishing first with 1.0 µm and sec-
ond with 0.05 µm aluminum oxide abrasion suspension (MicroPolish 40-10081,
BUEHLER) for 5 min and subsequent ultrasonication in pure water. In addition
to the working electrode, either a Pt wire or graphite rod counter electrode, sepa-
rated from the electrode department by a glass frit, was used in conjunction with
a RHE (Mini-hydroflex, gaskatel). For a typical catalyst suspension, catalyst pow-
der (3.5 mg) was suspended in pure water (7.6 mL), 2-propanol (2.4 mL) and
Nafion® solution (20 µL, 5 wt.% 1100 equivalent weight polymer in aliphatic alco-
hols, Ionpower) by horn-sonication for 15 minutes, while cooled in an ice bath, and
then mixed with a roll-mixer. The suspension (10 µL) was then dropped on the
working electrode while rotating at 100 rpm, which was then increased to 600 rpm
until the electrode film was fully dry. For stability measurements, the concentra-
tion of the catalyst suspension was doubled and the suspension applied twice to
the working electrode, resulting in an applied volume of 20 µL. This increase in
catalyst mass was performed to ensure sufficient catalyst material for dissolution
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measurements. For measurements, the working electrode was submerged in the
electrolyte while rotating at 2400 rpm to avoid air bubbles blocking the catalyst
film. In a typical measurement, the electrolyte consisted of 0.5 M aqueous H2SO4
(Titripur quality, VWR). In addition to the in-house synthesized catalysts, refer-
ence catalysts have been characterized with this technique. The two used are
commercial Ir black and commercial IrO2 (Elyst Ir75 048C, Umicore).

Potentiostatic control of the cell was established with a PG-STAT128N (Metrohm
Autolab). The electrochemical testing protocol can be divided in a protocol to
determine the activity of the catalyst and one to determine its stability. A typi-
cal activity determination consisted of activation of the catalyst to generate fresh
surfaces on the Ir and to oxidize metallic Ir to its active species. Here, a poten-
tial of 1.6 V vs. RHE was applied for 10 min. Afterward, an EIS measurement
was carried out at 0.35 V vs. RHE with an amplitude of 10 mV in a frequency
range of 100 kHz to 0.1 Hz. The system’s Ohmic resistance (𝑅𝑂ℎ𝑚) was deter-
mined through this EIS measurement by determining 𝑍′ at zero 𝑍″, namely the
x-intercept of the Nyquist-plot. This resistance was used to correct the measured
potential to yield corrected potential (𝑈𝑐𝑜𝑟𝑟) with equation 5.1

𝑈𝑐𝑜𝑟𝑟 = 𝑈 − 𝑖 𝑅𝑂ℎ𝑚 (5.1)

This measurement was followed by a CV, typically consisting of three scans with
a scan rate of 10 mV s-1 in a potential range of 0.05 and 1.3 V vs. RHE. In some
cases, the CV measurement was also carried out prior to activation procedure to
determine the hydrogen underpotential signal of metallic Ir catalysts.[147,148] This
peak is only visible on fresh metallic Ir surface and disappears quickly once the
catalyst is exposed to an oxidative potential above 1.4 V vs. RHE. The polariza-
tion curves were performed in potentiostatic mode via linear sweep voltammetry
(LSV). Here the potential was increased from 1.2 to 2.0 V vs. RHE with a scan
rate of 20 mV s-1.

The determination of the stability of the catalyst was performed in a separate mea-
surement with two different accelerated stress tests (ASTs) and subsequent de-
termination of the Stability number (S-number) via the ratio of the amount of pro-
duced O2 (𝑛𝑂2) during the stress test, which was calculated with equation 5.3, and
the amount of dissolved Ir (𝑛𝐼𝑟) in the electrolyte according to equation 5.2.[13,66]

S-number =
𝑛𝑂2
𝑛𝐼𝑟

(5.2)
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𝑛𝑂2 =
1
𝑧𝐹 ∫𝑖(𝑡)𝑑𝑡 (5.3)

Here, 𝑛𝑂2 is defined by the time (𝑡) of the AST. The 𝑛𝐼𝑟 was calculated by taking
an aliquot from the electrolyte and determining the Ir concentration by ICP-MS.

Electrolysis testbench setup For measurements involving 4 cm2 cells, a mea-
surement cell manufactured by Fraunhofer ISE was used with Ti flow fields in a
parallel channel setup (refer Figure 5.3.1). The CCM was placed in a dry state
between a Pt-coated high-porosity Ti PTL (250 µm, ∼70 % porosity, Fuel Cell
Store) and a TGP-H-120 (370 µm, Fuel Cell Store) C GDL on the cathode and
a Pt-coated low porosity Ti PTLs (250 µm, ∼30 % porosity, Fuel Cell Store) on
the anode. The PTL was added on the cathode to avoid an imprint of the flow-
field on the C GDL and provide even compression for the GDL and CCM. This
assembly was then compressed to 2 kN with four 127 µm thick Kapton® gaskets
with two 127 µm Teflon® gaskets around the MEA to compress the C GDL by
∼50 %. The optimal spacing for the gaskets was achieved with two 3D printed
parts, that span around the flow field and provide compression on the gaskets in
order to seal the setup. Measurements of CCMs in a testbench setup have been

Figure 5.3.1: Schematic representation of the different MEA single cell setups.

carried out on an E40-ETS (Greenlight Innovation) test station using the 4 cm2

cell for all measurements in 6.2 and 6.3. Pure water was supplied at 80 °C and
500 mL min-1 to the anode side, while the cathode was operated with a dry N2 or
H2 stream, depending on the measurement with 500 mL min

-1. The cells were left
to equilibrate at this temperature without galvanostatic control for at least 30 min
to ensure sufficient membrane hydration. Electrochemical measurements were
recorded on an external solatron potentiostat with a 20 A booster (Ametek). Be-
fore CCM conditioning a CV measurement was carried out in order to determine
the ECSA for Ir black catalysts before the CCM was exposed to any elevated po-
tentials above 1.4 V vs. RHE. This was carried out under N2-saturated water/H2
conditions and five CVs were recorded from 0.05 to 1.2 V vs. RHE with a scan
rate of 50 mV s-1. A typical conditioning procedure consisted of a galvanostatic
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hold at 0.1 A cm-2 for 10 min and then 1 A cm-2 for an additional 30 min under N2-
saturated water/H2 conditions. For this, a N2 stream with 500 mLmin-1 was added
to the water stream in order to purge O2 from the water. After initial conditioning,
another CV was recorded with the same conditions to examine the influence of
the conditioning. Then, five polarization curves were recorded by increasing the
current density in different intervals up to a maximum current density of 5 A cm-2

or a maximum uncompensated potential of 2 V was reached. In the first interval
between 0 and 0.8 A cm-2, the current density was increased in 0.005 A cm-2

steps with a dwell time of 20 s. Afterward, the step size and dwell time were in-
creased to ensure steady-state conditions to 0.05 A cm-2 and 130 s, respectively
up to 1 A cm-2. Until 5 A cm-2, the step size was increased to 0.25 A cm-2 with
the same dwell time and the back scan was carried out in the same intervals. Af-
ter the initial dwell time, the cell potential was measured to be within 5 mV over
30 s intervals until stable conditions were achieved. As the polarization measure-
ments were concluded, the CCM was assumed to be in stable conditions and
end-of-test characterizations were carried out in N2-saturated water/H2 operating
conditions. Here, galvanostatic EIS was recorded at current densities of 0.025,
0.05, 0.1, 0.15, 0.5, 1.0, and 2.0 A cm-2 with an amplitude of 20 % of the applied
current while not being under 0.01 A cm-2 to ensure sufficient system pertubation.
Each spectrum was recorded three times after an initial dwell time of 5 min was
applied for each current density in a frequency range of 100 kHz to 1 Hz and av-
eraged between individual measurements. These EIS measurements were used
to determine the HFR as the x-axis intercept of 𝑍′ of the spectrum and utilized to
correct the polarization measurements. The rate of HFR decrease with increased
current density was calculated and included in the potential correction according
to equation 5.4.

𝑈𝑐𝑜𝑟𝑟 = 𝑈 − (
ΔHFR
Δ𝑖 𝑖 + HFR0) (5.4)

Here, ΔHFRΔ𝑖 is the slope of the HFR decrease with current density and HFR0 is the
y-intercept of that regression. The spectra included for regression-based HFR
correction were taken when the applied current density was above 0.5 A cm-2.
The determination of ionic conductivity was achieved with a measurement of po-
tentiostatic EIS at 1.2 V after an initial dwell time of 10 min in a frequency range
of 50 kHz to 300 mHz and pertubation amplitude of 10 mV. Each spectrum was
recorded thrice and averaged. DRT analysis of the impedance data was carried
our according to recommendations by Giesbrecht et al. with a 𝜆𝑇𝑖𝑘ℎ𝑜𝑛𝑜𝑣 of 10-4 and
a𝑚 of 0.6 for PEMWEMEAs with Ir catalysts as was used here. The discretization
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was done with a Gaussian function of first order derivative and inductive spectra
portions also used in the analysis. The calculation was done with DRTtools in a
modified Python script.[149,150]

5.4 Physical Characterisation

Electron microscopy TEM characterizations were performed on a standard
resolution device, an EM900N (Zeiss) with 80 kV acceleration voltage. High-
resolution (HR)-TEM imageswere recordedwith a JEM-2100F (Jeol) with a ZrO/W
(100) Schottky field emission electron emitter at 80 to 200 kV acceleration volt-
age. The samples were prepared by suspending the powder catalysts in ethanol
and depositing a drop (3.0 µL) on a polyvinyl butyral-coated copper mesh (Polio-
form, Plano GmbH). Microscopy on the standard TEM was performed by Jasmin
Schmeling from DLR and microscopy on the HR-TEM was performed with assis-
tance from Ute Friedrich from the electron- and light microscopy service unit of
the Carl von Ossietzky University Oldenburg.

SEM images were recorded on a S 3200N (Hitachi) device with a W cathode and
equipped with a back-scattering electron (BSE) detector. The SEM was operated
with an acceleration voltage of 20 kV and currents between 1.3 pA and 22 nA to
achieve optimal resolution at different scales and to avoid excessive damage on
the samples.

The samples were prepared by placement between plastic sheets, which were
wetted with acetone, in order to dissolve its surfaces and adhere to each other.
This assembly was then cut in its cross-section with a razor and fixed on a Al sam-
ple holder with carbon tape. In order to facilitate electronic connection between
the CL and sample holder, Ag suspension was applied between them.

X-ray photoelectron spectroscopy All measurements were carried out on an
ESCALAB 250Xi (Thermo Fisher Scientific). A 1486.6 eV Al Kα monochromated
X-ray source was used with a ray diameter of 650 µm. Powder samples were com-
pacted in an Al sample holder and a charge compensation was employed during
measurement. Survey spectra were recorded across the whole binding energy
spectrum with a pass energy of 10.0 eV, 50 ms dwell time, and a step size of 1 eV.
Element-specific high-resolution spectra were recorded subsequently with a pass
energy of 50 eV, 50 ms dwell time, and a step size of 0.025 eV for all elements
except Ir, which was recorded with a step size of 0.01 eV. Deconvolution of Ir XP-
spectra was performed in Unifit (Unifit Scientific Software GmbH) with a Shirley
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background correction. Fit parameters can be found in Table 5.4.1 and the decon-
volution was performed with parameters taken from Pfeifer et al.[151] The values
for satellite lines are given relative to the main line as a shift regarding 𝐸𝐵 or a mul-
tiple of the value for the main line in the case of full-width half-maximum (FWHM).
All 4f 5/2 lines are shifted by 3 eV from the main line and Gaussian-Lorentzian
sum (SGL) asymmetry specifies the Lorentzian character of the fit function with
100 indicating purely Lorentzian and 0 a purely Gaussian.[151]

Table 5.4.1: Deconvolution parameter limits for XPS in adherence to parameters
from Pfeifer et al.[151]

Parameter Ir0 IrIV IrIV sat.1 IrIV sat.2 IrIII IrIII sat.

𝐸𝐵 / eV 60.4–60.9 61.4–62.0 + 1 + 6 62.2–63.0 + 1

FWHM /
eV 0.8–1.2 0.8–1.6 x 2 x 2 0.8–1.6 x 2

Asymmetry 0.13,
SGL(100)

0.20,
SGL(55) 0 0 0.20,

SGL(55) 0

X-Ray diffraction X-ray powder diffraction measurements were carried out on
an EMPYREAN diffractometer (PANalytical) in a Bragg-Bretano geometry. The
samples were irradiated by Kα X-rays emitted from a copper anode under 40 kV
voltage and 40 mA current. The powder was deposited on an amorphous silicon
disk sample holder with a minimal and uniform film thickness to avoid diffraction
angle shifts. Standard measurements were recorded in a 10 to 90° 2Θ range with
a dwell time of 300 s per step and a step size of 0.013°. Analysis of diffractograms
was performed withHighScore Plus Software (PANalytical) and the diffractograms
background was corrected. Comparison to known crystal structures was per-
formed with the crystallography open database and a version of the inorganic
structure database of the FIZ Karlsruhe (PAN-ICSD version 3.5). In-situ high-
temperature XRD measurements were performed with the addition of an XRK900
stage under pure nitrogen or synthetic air atmosphere. The measurements were
performed in 7 °C intervals starting at 350 °C up to 441°C and with a dwell time
of 30 minutes after each temperature was reached.

Mass spectrometry All measurements to determine the elemental composition
of materials were carried out on an ICP-MS (XSERIES 2, Thermo Fisher Scien-
tific). An aqueous solution is inserted into the device, where it is ionized in an Ar
plasma and subsequently separated by a quadrupole according to the element’s
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mass-charge ratio. Ir-containing samples were first dissolved in an aqua regia
digestions by the addition of concentrated HNO3 (1.56 mL, ROTIPURAN Supra,
Roth) and concentrated HCl (3.45 mL, ROTIPURAN Supra, Roth) to 5 mg cat-
alyst powder in a PTFE autoclave-liner. The mixture was then sealed in a steel
autoclave and heated to 220 °C for 18 h. The sample solutions were diluted in
a HNO3 matrix (2 vol.%) and an internal Lu recovery standard was added to an
aliquot and for the measurement. Device calibration was performed with multiple
standard solutions of various concentrations for each element (Carl Roth) and a
minimum correlation coefficient of 0.999 was used. The device was operated by
Jana Ewert from DLR.

Thermogravimetric analysis For an analysis of the behavior of catalysts and
catalyst layers under thermal treatment, TGAwas performed on a TGA4000 (Perkin
Elmer) in a ceramic crucible. The measurements were performed under O2 at-
mosphere to decompose the ionomer with a gas flow rate of 40 mL min-1. The
temperature was then increased from 30 to 950 °C with 5 °C min-1 and a hold time
of 10 min at the top temperature. Analysis of catalyst materials was done directly
with the powder, while the analysis of coated CLs required the scratching of the
catalyst material either of the membrane or a PTFE sheet.
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6 Results and Discussion

6.1 Comparative Analysis of Ir Catalyst Syntheses

Parts of this section have already been published open access in Adv. Mater.
Interfaces 2023, 2300036. Reproduced in part with permission, copyright 2023
Wiley-VCH GmbH.

The most commonly used Ir catalysts in the PEMWE field are for the most part un-
supported bulk catalysts or core-shell structures, where the resulting CCM thick-
ness depends directly on the catalyst loading. This is the result of the packing of
spherical catalyst particles that form the primary structure of the CL. In contrast,
the primary structure of a CL with a supported catalyst mainly depends on the
support material, assuming that the support material is significantly larger than
individual catalyst particles. This contraposition is represented in Figure 6.1.1,
where the CL thickness for bulk catalysts is correlated with the catalyst loading
but it is independent of the catalyst loading for supported catalysts.

Figure 6.1.1: Schematic representation of the resulting CCM thickness per cata-
lyst layer depending on unsupported or supported catalyst usage.

For this thesis, the use of a supported catalyst is imperative since the CL’s thick-
ness strongly influences the electrochemical performance and a variation of cata-
lyst loading across the CLs z-axis would simply stack multiple of the same layers
with varying thicknesses but result in an overall homogenous catalyst loading.
Thus, the choice of a suitable supported Ir catalyst was essential for the success
of an investigation into catalyst loading gradient CCMs. Commercially available
supported Ir catalyst with different Ir loading but otherwise similar properties posed
a challenge and since this field is still not fully explored for PEMWE catalysts the
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synthesis of in-house made catalysts was crucial. The most important properties
of this catalyst would be a reproducible and precise deposition of Ir particles on
the support material to minimize variation across different batches. Additionally,
a low variation of electrochemical performance depending on the Ir loading is cru-
cial since this would influence the performance of the overall resulting layer and
obscure effects stemming from the gradient design. The catalysts were synthe-
sized in three different Ir loading, namely 15, 40, and 65 wt.% (mIr/mtotal), to allow
for a wide variation of loadings to exacerbate effects ensuing from the gradient
design, while ensuring a sufficient size difference between the support material
and Ir particles to avoid an increased CL thickness with high Ir loadings.

As support material, ATO was chosen for all methods based on its relatively high
electrical conductivity (2 S cm-1) compared to other support materials.[84,85,87,152]

The main hindering factor for support materials is the stability in the highly cor-
rosive PEMWE anode environment and thus mainly oxidic supports like TiO2 or
SnO2 can be used. Four different methods were investigated for a comprehensive
approach to identify suitable supported Ir catalysts. These resulted in different Ir
species present on the support material and can be roughly separated in metallic
Ir or IrOx and rutile-IrO2 species. The catalysts with metallic Ir particles were then
further heat treated to convert them into IrO2 catalysts. The methods used were
(i) a reduction synthesis (RS) with NaBH4, (ii) a colloidal deposition (CD) with a
reduction in ethylene glycol, (iii) a hydrothermal deoposition (HTD) of a colloid in
tert.-butanol and (iv) a modified Adam’s fusion (MAF) synthesis with oxidation in
NaNO3.

An overview of synthesis pathways with resulting Ir species is displayed in Figure
6.1.2. These methods are commonly used to deposit Ir particles on a support and
are therefore also evaluated based on their ease of adoption in terms of necessary
reaction optimization.[84,98,140,144,146] The reaction parameters and reactant ratios
were used as described by the original authors to estimate the method as anyone
would adopt them to comply with the goal of this study.

Figure 6.1.2: Schematic representation of synthesis pathways with the indicated
method and proposed formed Ir species.
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The resulting catalysts are then assessed based on their suitability for catalyst
loading gradient CCMs and then used in further work in this thesis. The catalysts
are characterized in-depth pertaining to structure-performance correlations and
considered in the larger literature context. Furthermore, the synthesis methods
themselves are evaluated in regard to their scalability to industrial processes and
viability in a laboratory setting for further research in this area. Thus, this project
provides an overview and categorization of different synthesis methods and Ir
target species, a detailed analysis of their chemical properties, and a recommen-
dation for both laboratory- and industrial-scale applications.

6.1.1 Ir Deposition Reproducibility and Precision

The deposition yield of the synthesis is an important parameter when comparing
different methods, as an incomplete reaction can lead to loss of precursor mate-
rial or involve complex recovery steps. This is especially important for noble-metal
catalysts as these are particularly expensive and their relative scarcity makes ef-
ficient usage even more valuable. The yield of the reaction can be estimated by
analysis with ICP-MS with the catalyst dissolved in a medium. Due to the stability
of Ir, a dissolution with very harsh conditions is necessary, in this case the reaction
in aqua regia under elevated pressure and temperature. All four reactions were
carried out twice to estimate the reproducibility of the reaction with the exception
of the MAF method, which was modified slightly between synthesis attempts to
increase its deposition yield. The reproduction syntheses of the HTD and CD cat-
alysts for 15 and 65 wt.% also resulted in little material, which was insufficient
for ICP-MS analysis and these were thus omitted. Results of this analysis are
displayed in Figure 6.1.3. The overall best deposition yield and reproducibility
can be seen by the RS method with an Ir loading within ± 2 wt.% of the desired
loading between both attempts for all loadings. Compared to the same method
carried out in different studies, the yield here is higher than the one reported by
Wang et al.[140] They observed an Ir loading of 24 wt.% with an intended 30 wt.%
on a Magnéli phase Ti4O7 support. This difference could be due to a preferable
impregnation of the support material with the precursor in this study and therefore
greater adherence of Ir particles on the support. Alternatively, the conversion of
IrIII to metallic Ir could be higher here, however, the added amount of NaBH4 was
already in excess which most likely leads to a complete reduction of the precursor
in any case. Thus a stronger adhesion of the Ir on the support seems more likely
to cause the increased deposition yield, which could either be due to the used
support material or minute differences in synthesis execution.
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Figure 6.1.3: Ir loading for each synthesis for the three different desired loadings
with indicated error bars pertaining to the median between both attempts and des-
ignated first and second attempts for the MAF method.

The first attempt at the MAF method resulted in catalysts with lower than desired
Ir loadings with differences of 5 to 10 wt. % from low to high loadings. This lower-
than-expected loading most likely results from low adherence of Ir particles on
the support. In the second attempt, a longer impregnation time was implemented
from 30 min to 3 days and an additional tip-sonication. As seen here, the Ir load-
ing increased to comparable levels compared to RS after the reaction adaption,
which supports insufficient impregnation as the reason for lower deposition yield
in the first attempt. This method is thus also fairly precise for a targeted Ir load-
ing. Both the CD and HTD methods were carried out using the same Ir colloidal
suspension and are thus both dependent on the first reaction step forming the
colloid. Especially, the CD method shows very low Ir loadings across all loadings.
Compared to results from other studies this catalyst loading is particularly low as
Hartig-Weiss et al. achieved about half the desired Ir loading on the support, while
the loading here is about 25 % as high in the best case for the 40 wt.% catalyst.[84]

Abbou et al. even got an Ir loading fairly close to the desired one, indicating no in-
trinsically low deposition yield.[144] This deposition method thus seems to be very
dependent on specific reaction parameters and might need more optimization for
each system. For example, the specific support surface area could play a big role
as the area for the ATO here is about 28 m2 g-1 compared to the ATO aerogels
used by Abbou et al. with 40 and 80 m2 g-1. A recovery of undeposited Ir would
also require substantial effort, as the Ir is already in nanoparticle form and would
most likely need a reconversion to the precursor. The HTD method, however,
shows adequate deposition yields, at least for 15 and 40 wt.% Ir loadings, indi-
cating an insufficient deposition of the colloid on the support in the case of CD
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opposed to an incomplete colloid formation. Low deposition yields for both CD
and HTD methods might indicate incomplete colloid conversion, which might oc-
cur at higher colloid concentrations. The high yield for HTD at 15 wt.% promises
a fairly good capacitance for quantitative deposition of Ir particles as this was also
observed by Böhm et al.[146] The lower yields at higher loadings, however, indi-
cate the need for reaction optimization most likely both the HTD and the colloid
formation in the first step. Overall these two methods seem to be unreliable as not
only the deposition across different loadings is very inconsistent but also between
attempts. Especially, the CD method needs a fair amount of optimization for the
specific catalyst system.

6.1.2 Physical and Morphological Characterization

Different Ir species formed during each synthesis significantly influence its elec-
trochemical properties and thus their specific crystalline structure is of utmost im-
portance. Figure 6.1.4 depicts the XRD patterns for all synthesized catalysts be-
fore their calcination. Most prominently, the ATO diffractions dominate the diffrac-

Figure 6.1.4: X-Ray diffractograms of all catalysts as-synthesized with unloaded
ATO as reference.

togram for each catalyst with the two major diffractions at 26.6 and 33.9° 2Θ,
corresponding to the (110) and (011) facets. Further signals are apparent at 38.0,
51.8, 54.8, 61.9, and 66.0° 2Θ with lower intensities and depict the (020), (121),
(220), (130), and (031) facets, respectively. The most dominant Ir signal is appar-
ent in the RS catalyst around 41.0° 2Θ, which appears fairly broad, indicating a
small crystallite size and, thus, most likely, small particle size. Scherrer analysis
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of this peak suggests a particle size of 1.7 nm, however, due to the obfuscation
of cubic Ir0 signals with ATO signals, this values presents a rough estimate as the
Scherrer analysis becomes non-trivial. This diffraction corresponds to the (111)
facet of cubic Ir0 and therefore hints at the presence of metallic Ir in this cata-
lyst.[140,146,153] Because of the broadness of this signal, another cubic Ir0 diffrac-
tion at 46.5° 2Θ becomes protruded with further signals appearing at 67.7, 81.9,
and 86.3° 2Θ. The absence of signals suggesting oxidic forms hints at the pres-
ence of only metallic Ir or amorphous oxidic forms. Signals suggesting cubic Ir0

are also present in the HTD catalyst, albeit at a much lower intensity. This im-
plies either a very small crystallite size, a low amount of formed Ir species, or an
amorphous character of the latter. With the Ir loading of HTD at a desired 40 wt.%
being around 30 wt.%, as seen in Figure 6.1.3, a low signal intensity due to low
loading becomes improbable. Böhm et al. also observed a very broad peak for
the HTD method at 41° 2Θ, indicating the Ir species here might have formed in
very small crystallites, becoming indistinguishable from the ATO signals.[146] No
apparent signals are visible for the CD catalyst, hence are at least indistinguish-
able from the ATO reference. This was also observed for other catalysts with the
same synthesis route.[144] The absence might implicate no crystalline Ir species
has formed during the synthesis, where in-part a IrOx mixed oxide was expected.
This species would show a diffraction at around 33° 2Θ, as was observed for a dif-
ferent colloid synthesis by Böhm et al.[146] The lack of a crystalline species could
be caused by incomplete condensation of intermediary Ir(OH)6 during the reaction
as discussed by Zhao et al.[145] However, since only a very small signal can be
seen for the HTD method it could be suggested, that low crystallinity or at least
small crystallites are due to the colloidal synthesis as both of these methods use
it.

The MAF catalysts show signals, that are hard to identify as distinct signals from
the ATO, mainly at 28.0 and 34.8° 2Θ. Further signals appear at 40.0, 54.0, 57.9,
65.5, and 66.1° 2Θ, identifying the (020), (121), (220), (130), (112), facets, respec-
tively The main signals at lower 2Θ, corresponding to the (110) and (101) facets
of tetragonal IrO2, overlap almost completely with the (110) and (011) ATO facets
and only appear as shoulders of those peaks. However, in comparison to mainly
cubic Ir0 catalysts, like the RSmethod, the difference becomes more pronounced,
especially when observed in relationship to different loadings, as depicted in Fig-
ure 6.1.5. Here the shoulder of those two signals becomes more pronounced as
the loading degree goes up. However, the crystallite sizes also go down from 2.9
to 2.0 to 1.7 nm. Higher oxidation of the IrCl3 precursor and subsequent crys-
tallization could be the reason for this increase since the ratio of NaNO3 oxidant

53



6 Results and Discussion

Figure 6.1.5: X-Ray Diffractograms of different loadings of MAF catalyst.

to precursor increases with loading. This phenomenon of decreasing crystallite
size only occurs in the MAF method and none of the others, as seen in Table
A.5. The variation between the crystallite sizes is however fairly small along with
the overlapping with ATO signals and thus might be ambiguous as a direct cor-
relation to oxidant ratio in the MAF catalyst. This small crystallite size is most
likely due to the relatively low reaction temperature of 375 °C, as similar methods
across the field range from 350 to 500 °C.[142,143,154] As the reaction tempera-
ture increases, more pronounced particle ripening occurs and the IrO2 becomes
more crystalline to form needle-shaped rods. The crystallite size observed here
increases only slightly from 1.7 nm as observed at 350 °C by Abbot et al.[142] They
also discussed the emergence of individual IrO2 facets at lower temperatures, as
no (110) and (211) facets, at 28.0 and 54.0° 2Θ, respectively, are visible at 350 °C
but they start to form at 375 °C. Tetragonal IrO2 rods form along the (110) plane,
which might cause the small crystallite size for the catalyst observed here since
the growth in this direction is only at its on-set at 375 °C.[142,143] Going to higher
reaction temperatures crystallite sizes increase more, but remain fairly small as
the particle growth is most likely limited due to reduced O partial pressure in the
NaNO3 melt, as discussed by Böhm et al.[98,154]

The calcination process of three of the catalysts in air was investigated by an in-
situ XRD measurement, where the temperature of the synthetic air atmosphere
was increased and measurement sequentially taken. These results are depicted
in Figure 6.1.6. Each step consisted of a 7 °C ramp with a dwell time before
measurement to allow for oxidation of the sample and stable conditions during
the recording of the diffractogram. Overall, it becomes apparent, that the main
diffraction at 41.0° 2Θ, indicating cubic Ir0 first narrows and then decreases in in-
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Figure 6.1.6: In-situ high-temperature diffractogram for 65 wt.% loaded RS cat-
alyst with indicated peaks corresponding to cubic Ir and tetragonal IrO2 and in-
tensity trends with indicated diffractions for cubic Ir (black, ICDD: 00-046-1044),
tetragonal IrO2 (gray, ICDD: 00-015-0870) and ATO (Sb0.1Sn0.9O2, blue, ICDD:
98-015-5956) Color grading indicates the calcination temperature for blue at room
temperature to red at 441 °C with 7 °C steps from 350 to 441 °C.

tensity, while signals for tetragonal IrO2, as depicted, increase. The narrowing
of the cubic Ir0 (111) facet mainly occurs between room temperature and the first
calcination temperature of 350 °C, implying a particle and crystallite growth of the
metallic Ir particles. The second most intense diffraction for the cubic Ir0 (200)
facet at 46.5° 2Θ also becomes more distinguished as they narrow. Here, the
crystallite size doubles from 1.7 to 3.8 nm, with a further increase to 5.3 nm at
375 °C. This signal mainly decreases in intensity at higher temperatures while not
significantly narrowing further. One explanation could be the surface oxidation of
metallic Ir particles, which hinders further particle ripening and would only allow
for crystal growth inside particles. The majority of intensity reduction occurs up to
approximately 380 °C with it decreasing slower at higher temperatures. Most of
the oxidation might have occurred here at lower temperatures with further metallic
Ir only being oxidized at a lower rate. This might be caused by the surface oxide
layer shielding lower metallic Ir atoms from the air atmosphere and only being
exposed after the surface crystallizes further, thus uncovering more metallic Ir. It
was also observed before, that complete oxidation of metallic Ir particles does not
occur even after hour-long oxidation at 400 °C.[155] This strengthens the assump-
tion of a shielding oxide layer as this phenomenon also occurs in electrochemically
treated metallic Ir particles, where only the surface gets oxidized.[84]

Already at 350 °C oxidation occurs with an emergence of the (110) IrO2 facet, as
opposed to the observations discussed before by Abbot et al., where this facet
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growth was limited to higher temperatures in NaNO3 medium.
[142] This confirms

a growth limitation to be specific for this medium as it does not occur in air at-
mosphere at the same temperature. The growth of diffractions corresponding to
tetragonal IrO2 also increases at a higher apparent rate than the cubic Ir0 ones
decrease. A higher degree of crystallization at higher temperatures would nar-
row the diffraction and thus appear more distinct from the ATO signals. Higher
degrees of crystallinity of tetragonal IrO2 increase its electrochemical stability but
also lower its activity.[67,156] A balance between sufficient surface oxidation of the
metallic Ir particles and preserving low crystallinity thus has to be struck when
calcining these catalysts. With the chosen calcination temperature of 375 °C, the
majority of the decrease in metallic Ir intensity can be observed here while the
tetragonal IrO2 signals are still quite broad.

Differences between other thermally treated catalysts in their pristine and calcined
form are shown in Figure 6.1.7. The same trends as observed in the in-situ XRD

Figure 6.1.7: X-Ray Diffractograms of all catalysts both in as-synthesized and
calcined form.

can also be seen here with cubic Ir0 decreasing in intensity for both the RS and
HTD samples. Shoulders on both major ATO signals become visible for these two
catalysts in addition to the CD one. The emergence of tetragonal IrO2 signals for
CD suggest the presence of Ir species after synthesis but in either non-crystalline
or nanocrystalline form. This could also be caused by further oxidation of interme-
diary Ir(OH)4 as discussed before. After calcination, the diffractograms of both CD
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and HTD become quite similar to the MAF one with no apparent cubic Ir0 signals
visible.

The morphology of Ir particles deposited on ATO can be assessed by TEM. Mi-
crographs of uncalcined and calcined RS catalysts are shown in Figure 6.1.8. At

Figure 6.1.8: TEM micrographs of a) 15 wt.% Ir , b) 40 wt.% Ir, c) 65 wt.% uncal-
cined RS catalysts and d) 15 wt.% Ir calcined RS catalysts. Additionally, e) and
f) depict the calcined 65 wt.% RS catalyst with enhanced resolution and indicated
lattice spacing in f).

a low Ir loading of 15 wt.% particles are distinctly visible but appear in patches
across the ATO particle. Individual particles are also clearly visible at a medium
loading of 40 wt.% Ir, while some patches of particles touch and form a network
of interconnected particles. This network is, however, not uniformly coating the
ATO particle, as uncovered parts are still visible. A percolating network of Ir par-
ticles across the ATO support can be beneficial for PEMWE performance, as Ir is
more electrically conductive, and electronic pathways can form along the particle
network.[98,146] This effect might even increase the catalyst’s overall performance
when considering that the ECSA of Ir particles is lowered when they touch and
form patches. The particle patches seen in the lower loading catalyst with 15 wt.%
Ir might not gain a substantial benefit in terms of electrical conductivity as these
are too disconnected from each other. At a higher loading of 65 wt.% Ir, the sup-
port seems to be completely covered in Ir particles. This could result in an overall
reduced ECSA without the performance-increasing effect of the percolating net-
work. A support with a higher surface area might thus increase the capacity for
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Ir loading without lowering dispersement of Ir particles. Upon calcination, the Ir
particles oxidize and become more difficult to identify in TEM micrographs since
the electron density declines and the contrast to the ATO support subsides.[152] No
apparent difference is visible on the particles once they are calcined. The identi-
fiable Ir particles seem to retain their patch-like overall structure. This suggests,
that the percolating network observed in the uncalcined samples is intact. How-
ever, the electrical conductivity is still lowered, due to the surface oxidation of the
particles and thus increased interfacial resistance. High-resolution images of the
calcined sample also show lattice spacings of Ir particles, as depicted in Figure
6.1.8.f. The reported spacing of 2.2 Å; however, is not specific to one Ir lattice as
both metallic Ir (111) and tetragonal IrO2 (110) facets show this spacing.[88,97,146]

One could argue, that the darker part of the particle hints at a metallic Ir core, due
to the higher electron density, with an oxide shell but these micrographs do not
provide rigorous evidence for this. TEM micrographs of the MAF samples at all
Ir loadings are shown in Figure 6.1.9 Here, the electron density in catalyst and

Figure 6.1.9: TEM micrographs of a) 15 wt.% Ir, b) 40 wt.% Ir, c) 65 wt.% MAF
catalysts with d) showing enhanced resolution and indicated lattice spacing.

support material makes identifying individual particles difficult, as their contrast
becomes comparable. Small particles on the bigger support can nonetheless be
seen, especially at higher loading. These are thus most likely IrO2 particles as
the primary ATO particle size is fairly consistent over all catalysts. These parti-
cles seem to create loosely packed patches, similar to the RS catalyst, as some
ATO particles are covered in smaller particles while some others are not. This be-
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comes even more apparent at 65 wt.% Ir loading with enhanced resolution, where
individual IrO2 particles become visible. These are roughly arranged around the
ATO particle without forming tightly packed clusters, which might lower the avail-
able Ir surface area. They seem almost film-like in nature, which might be due
to fairly small particles as indicated by the broad diffraction shape in the XRD.
Again, the lattice spacing indicates the presence of either IrO2 or Ir species as
discussed before, while the particles more likely consist of IrO2. Less contrast to
the ATO material and no indication of cubic Ir phases in the XRD underline the
sole presence of IrO2 particles. In contrast to the patch-like nature of the RS and
MAF catalysts, the HTD catalysts show finely dispersed particles as seen in Figure
6.1.10.a and 6.1.10.b. A uniform distribution of particles as seen here is normally

Figure 6.1.10: TEM micrographs of a) 15 wt.% Ir, b) 40 wt.%, c) Ir 65 wt.% Ir
uncalcined CD catalyst, d) 15 wt.% Ir, e) 40 wt.% Ir, f) 65 wt.% Ir calcined CD
catalyst, g) 15 wt.% Ir, h) 40 wt.% Ir, i) 65 wt.% Ir uncalcined HTD catalyst and j)
15 wt.% Ir, k) 40 wt.% Ir calcined HTD catalyst.

beneficial to available Ir surface area, as adjacent particles do not touch and thus
lose available surface but the lack of a percolation network could be detrimen-
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tal for MEA performance. With this arrangement of Ir particles on the support,
its electronic conductivity becomes more important compared to the RS or MAF
methods. However, as support material is still visible between the dispersed Ir
particles, the capacity for additional Ir particles might be higher compared to the
RS method as a higher loading there could lead to more clustering and thus avail-
able surface area loss. The micrographs for the CD method, shown in Figure
6.1.10.c and 6.1.10.d resemble the morphological structure of HTD with individ-
ual dispersed Ir particles. The loading here is lower than for the other catalysts,
which is why the particles are sparsely distributed on the support. Both of these
catalysts show the same phenomena as RS, once calcined. Individual particles
become harder to identify due to the contrast loss but their relative position seems
to stay the same.

The chemical composition of the Ir particles plays an important role in both the
catalyst’s performance and its durability under operation conditions. For further
investigation, XPS was carried out and the results of different atomic ratios for Ir
oxidation environments are depicted in Figure 6.1.11 and the corresponding XP
spectra in Figure 6.1.12. The uncalcined RS catalyst is composed almost entirely

Figure 6.1.11: Comparison between the chemical composition of Ir4f species
detected by XPS and indicated in the atomic ratio between different oxidation
states for uncalcined and calcined catalysts.

of Ir0, as suggested by the XRD in the metallic fcc phase. Negligible amounts of
both IrIII and IrIV are present in the deconvoluted spectra but this could be due
to small inaccuracies during the analysis and inherent errors and surface oxida-
tion in ambient air.[140] The almost exclusive presence of Ir0 also indicates only a
small or no presence of unreacted precursor, which is present as IrIII and thus a
complete reaction. The amount of IrIV increases substantially, once the catalyst
is calcined in air, which confirms the formation of an oxide phase in the catalyst.
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Figure 6.1.12: Ir 4f high-resolution XP spectra of uncalcined (a-d) and calcined
(e-g) catalysts.

However, not all detected Ir0 disappears, which hints at an oxide surface layer
with Ir0 still present underneath. Even though XPS is a surface-sensitive tech-
nique the electrons’ mean free path is around 7 nm in Ir and thus still larger than
the whole particle, which means that not only surface oxide layers can be de-
tected but also an Ir0 core if present here.[84,157] The amount of IrIII stays fairly low
even after calcination and might indicate a direct oxidation to crystalline IrO2 that
can also be seen in the diffractograms. The HTD synthesis also shows metallic
Ir in its diffractograms and Ir0 is also the main component in the XPS analysis.
However, around 40 at.% of the whole Ir content in the sample is present as IrIV,
which is substantially higher than for the RS method. The oxidized Ir most likely
stems from the colloid formation, which was reported to produce IrOx. Ir

III is how-
ever not present in the HTD catalyst, which might indicate a complete reduction of
IrIII during the hydrothermal treatment with the IrIV containing species being more
resistant to reduction. A strong presence of Ir0 can; however, also be seen for
the uncalcined CD catalyst, which shows a substantial Ir0 presence in addition to

61



6 Results and Discussion

the IrIV majority. When considering the uncalcined CD sample might have unre-
acted colloid intermediates present, which are also present in the HTD reaction
mixture, the difference in IrIV in both catalysts indicated a rather small amount of
IrIV was reduced to Ir0 in the HTD. The IrIV present in HTD catalysts might also be
present as Ir(OH)4, as no crystalline IrO2 was detected in the diffractograms.[84]

Additionally, IrOx phases instead of IrO2 also necessitate the presence of Ir
III that

can not be identified here.[155] Böhm et al. report higher amounts of Ir0 for this
method, which might be caused by different colloid synthesis methods.[146] For
the colloid synthesis, a higher amount of solvent was used here compared to the
method reported in the literature and that might impact the reduction capability of
the tert.-butanol due to lower overall concentration. The Ir0 found in uncalcined
CD catalysts is not represented in the diffractograms, where no cubic Ir diffraction
could be identified. This could indicate the Ir0 being present in very small crystal-
lites but it is nonetheless present. IrOx, which was postulated to being formed by
Hartig-Weiss et al. can not be found here as no IrIII is being detected.[84] In their
analysis even more Ir0 was found but it could also be caused by differences in
deconvolution of the XP spectra.

When compared to other support materials, it was reported that ATO can induce
lower oxidation states during the polyol method, which could be the reason this
high amount of Ir0 was formed rather than IrOx.

[88,158] When calcined, both HTD
and CD catalysts show a strong decrease in Ir0 and an equal increase in IrIII. The
CD method shows almost equal amounts of IrIV in both calcined and uncalcined
states, which hints at a direct oxidation of the Ir0 to IrIII. The composition of this
catalyst would indicate a IrOx presence in addition to tetragonal IrO2, as depicted
in the diffractograms. Pfeifer et al. described, how the presence of IrIII is explained
in an amorphous IrOx phase, where IrIII is formed through oxidation of lattice O
atoms due to Ir lattice defects.[151] The cationic lattice thus further oxidizes adja-
cent IrIV atoms, forming IrIII. The presence of two different O species proportional
to the amount of IrIII is; however, not possible in these samples as the O signals
due to the ATO support superimpose any differentiation between O– and O2–

lattice atoms. IrIII only occurs in small amounts in the calcined HTD sample, com-
pared to CD with a more comparable composition to the RS method. The amount
of Ir0 is also very small here, indicating almost complete oxidation of all Ir species
to IrO2. A higher amount of Ir

0 oxidation of the HTDmethod compared to RSmight
be due to a smaller particle size or more exposed Ir0 surface. This assumption is
also supported by TEM images, where the HTD catalysts show more evenly dis-
persed Ir particles and thus allow for more oxidation. The difference between the
calcined HTD and CD catalyst might hint at an incomplete colloid formation as the
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relatively high amount of IrIII in this sample could be formed through the thermal
treatment of Ir(OH)4 intermediates since Ir

III is not present in significant amounts
in RS and HTD catalysts. A fairly comparable composition to the calcined CD cat-
alyst is shown for the MAF catalyst. Here, a majority of the Ir is present as IrIV with
a fairly high amount of IrIII. IrOx in addition to IrO2 could have formed during the
synthesis due to the low reaction temperature of 375 °C compared to other works
using higher temperatures.[74,142,143] The oxidative reagent in the form of NaNO3
also lowers the O partial pressure during the reaction and thus decreases crystal
growth but could also retain lower oxidation states for the Ir.[98] It was also pos-
tulated, that surface Ir atoms might form hydroxo species as IrIII since these are
lattice terminated.[142] Commercial IrO2 catalysts also show a much lower content
of IrIII, which might be due to higher crystallization compared to the MAF catalyst
synthesized here.[158]

6.1.3 Electrochemistry

The suitability of a catalyst for a specific application not only relies on certain phys-
ical properties but also their electrochemical activity. Especially the relationship
between features observed with different physical techniques and their emerging
electrochemical properties is of great interest. The catalysts are here tested for
their electrochemical performance towards the OER but also their stability against
performance decay. To evaluate the catalysts based on their intrinsic catalytic ac-
tivity, without the addition of more complexity, an aqueous model system in form
of a half-cell RDE setup was chosen. When compared to an application setting,
where the catalysts are applied in an MEA, different electrochemical features are
pronounced differently in an RDE cell. Especially the mass-transport and elec-
tronic conductivity phenomena are expressed differently.[134,159] The effects of the
conductivity as discussed above for different catalysts are almost negligible in an
RDE setup as the catalyst film thickness is very small as described by Lazaridis
et al.[134] With a sufficiently thin catalyst coating, the transport of product gases
should also not lower the activity at high current densities as compared to an MEA
setup where this effect can become much more pronounced. In general, the mea-
sured electrochemical activity of catalysts towards the OER is transferable to the
activity observed in an MEA setup. However, stability determinations in RDE can
lead to fairly different results when compared to MEAs.[134,148,159] The formation
of microscopic bubbles at catalytic sites can lead to an increased experienced
potential at other sites during the stress test, which in turn leads to higher degra-
dation rates. This might be one of the factors why the stability of catalysts in an
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RDE setup is up to four magnitudes lower than in an MEA setting.[134] This phe-
nomenon also occurs independent of the chosen stressors, i.e. in galvanostatic
as well as potentiostatic stress tests.[148] Thus, the results from stability tests pre-
sented here do not necessarily reflect the catalyst’s behavior in the electrolyzer
application but they nonetheless serve as a guideline and a rough estimate of the
stability compared to each other.

For an estimation of the activity of the synthesized catalyst towards the OER, all
catalysts in addition to a reference catalyst for metallic Ir and one for tetrago-
nal IrO2 were characterized in a liquid electrolyte cell. The results of the mass-
normalized polarization are presented in Figure 6.1.13 both over the whole poten-
tial range and the kinetic potential area. The highest mass currents of all tested

Figure 6.1.13: Mass normalized polarization curves a) of the (upper) uncalcined
catalysts and (lower) calcined catalysts with 40 wt.% desired loading and Ir black
and MAF catalyst as a reference and b) at a low overpotential of Ir (solid line) and
IrO2 (dotted line) catalysts with the desired 40 wt.% Ir loading.

catalysts are displayed by the uncalcined RS catalysts, which even exceed the
reference Ir black with a similar composition of Ir species. The comparison be-
tween the RS and benchmark catalyst can be explained by the effect of supported
nanoparticles, which show a higher accessible surface area due to their geometry,
dispersion, and particle size.[146,147] A possible different explanation is presented
by Lettenmeier et al., where the synthesis of metallic Ir nanoparticles leads to the
formation of defects and low-coordinated sites, which enhance the performance
and thus might explain the difference between the RS and reference catalyst.[160]

A similar onset potential, as seen in Figure 6.1.13.b, between both catalysts how-
ever indicates comparable kinetic properties. The initial oxidation of metallic Ir
at OER operation potentials to a superficial porous IrOx film also weakens this
hypothesis as the defects present on the metallic Ir surface are quickly removed.
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At lower potentials, the HTD catalyst shows a similar performance compared to
RS, however, it experiences a steep decline in mass current at higher potentials.
The initially similar performance is most likely due to similar Ir species, which is
mostly metallic Ir as shown by XPS analysis. Even though the overall loading
of this catalyst is much lower than the expected one, the similar mass normal-
ized performance indicates a comparable overall catalyst. The higher amount of
IrIV has no apparent effect on the performance at least at lower potentials. This
may be caused by the electrochemical oxidation of metallic Ir upon the introduc-
tion to operating conditions to IrOx, which is mainly composed of Ir

IV and IrIII.[147]

However, the decline in performance at higher potentials marks a big difference
to the other metallic Ir catalysts. A deviation from linear performance increase
with higher currents is normally attributed to hindered mass transport of either the
educts or products, in this case, most likely the product gases. A limitation of
the diffusion of products typically leads to a plateau in the polarization curve but
the decline observed here might indicate a blockage of active sites, probably by
O bubbles. The difference in apparent mass transport properties in comparison
to the RS catalyst is surprising since the same support material was used and
the performance at low potentials is comparable. A possible explanation for this
behavior is also not apparent in TEMmicrographs as the morphology for both cat-
alysts is similar. The effect however persisted over several measurements and
thus can not be attributed to a flaw in the electrode preparation.

The CD catalyst shows significantly lower performance than the other ones, even
when normalized for the mass of Ir species. They seem to follow the same shape
of the polarization curve as the HTD catalyst with an increase at low potentials
but stagnation and then a decrease at higher potentials but at much lower mass
currents overall. This low performance could be an indicator of an incomplete re-
action as hypothesized previously where the Ir present in the catalyst is at least in
part not in an OER active form. Furthermore, the similarity in curve shape between
the CD and HTD catalysts hints at some common mechanism at play even exac-
erbated through the synthesis where the same Ir colloid was used. Since both
supports were treated very differently in the deposition of Ir particles, a common
property pertaining to the support is unlikely to explain the probable site inhibition
at high potentials. Some species present as IrIV could thus be responsible for
this behavior, which could remain from the colloid synthesis, as seen in previous
results determined by XPS.

The MAF catalyst is the only one synthesized here that is majority IrO2 without
a thermal post-treatment. In general, crystalline IrO2 is less active than metallic
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Ir or more accurately electrochemically oxidized IrOx.
[67] The performance dis-

played here by the MAF catalyst is however comparable to the Ir black bench-
mark catalyst and is only slightly less active than the RS and HTD catalysts. Its
onset potential is slightly higher than the metallic Ir catalysts. This high activity
could be the result of its small particle size and good dispersion, probably pro-
ducing a high ECSA. A relatively high presence of IrIII might also promote the
electrochemical activity as this could be the result of O defects in the tetragonal
IrO2 structure as described by Pfeifer et al.

[151,161] These defects in the lattice can
be electrochemically active through the formation of electrophilic O-I that partake
in the OER.[66–68,151] Another explanation was suggested by Abbot et al., where
an IrIII presence is an indicator for superficial Ir –OH species, which promote the
OER.[142,162] This catalyst also exceeds the performance of the thermally treated
metallic Ir catalysts and the benchmark IrO2 catalyst.

Once calcined the metallic Ir catalysts show a quite uniform performance, on par
with the benchmark catalyst. Even the CD catalyst displays a not only compa-
rable but improved performance compared to its uncalcined state. This increase
might in fact be evidence of an initially incomplete colloid formation with the inac-
tive intermediate being oxidized in the thermal treatment to form an OER active
species thus improving the performance. The effect of a decreasing mass current
at high potentials also disappears once the CD and HTD catalysts are calcined.
The cause for this seems to be eliminated through the thermal treatment which
might be leftover intermediates from the colloid formation as discussed before.
The similar performance of the calcined catalysts indicates surface species that
are uniform in nature. Even the catalysts with Ir0 present seem to be fully oxi-
dized on the surface with crystalline IrO2 since their performance is similar to the
fully oxidic benchmark catalyst. This is also implied by the shift in onset potential
compared to the uncalcined state and in line with both references. Since Ir0 is
still present in the XP spectra of mainly the RS catalyst, it would seem the sur-
face got oxidized and an metallic Ir core remains, which was also observed in
TEM micrographs. This structure is further substantiated by the analysis of CVs
presented in Figure 6.1.14. Here the Hupd area from 0.05 to 0.3 V vs. RHE is
shrinking during the first introduction to elevated potentials even during the first
few scans in Figure 6.1.14.a. This indicates the oxidation of metallic Ir species.
Once the catalyst underwent the full activation procedure with prolonged expo-
sure to oxidizing potentials, the Hupd area is no longer observable implying no
more accessible metallic Ir presence. The activated RS catalyst’s CV is compa-
rable to that of the calcined one with the exception of a redox peak around 0.6 to
0.7 V vs. RHE. This signal is probably attributable to the IrIII/IrIV transition, regu-

66



6.1 Comparative Analysis of Ir Catalyst Syntheses

Figure 6.1.14: Cyclic voltammograms of 65 wt.% Ir RS catalyst, during initial elec-
trolyte immersion (blue) and after electrochemical activation procedure (green).

larly observed in electrochemically produced IrOx catalysts.
[163,164] The lack of this

signal in the calcined catalyst further illustrates the sole presence of IrO2 on the
surface. The metallic core could remain even after the electrochemical oxidation
through a metal-support interaction, preserving the Ir in a low oxidation state as
discussed by Trogisch et al.[84,88,148]

A determination of the ECSA could in principle shed more light on the difference
between these chemically similar catalysts however for supported Ir catalysts this
is non-trivial.[59,147] Available techniques include the determination of the Hupd
charge in a CV or CO-sorption experiments, as done regularly for Pt-based fuel
cell catalysts but this phenomenon only occurs on metallic Ir sites.[91,137,147] The
introduction of different Ir species like IrOx renders this approach thus ambiguous,
even for mostly metallic Ir catalysts.[137] Additionally, the ECSA of metallic Ir sites
changes once oxidizes during the activation procedure as the oxidic Ir shows a
different structure and is most likely porous including additional uncertainties.[148]

A comparison to IrO2-based catalysts is also not possible since this species does
not experience Hupd. Another approach based on the redox behavior of IrO2 was
proposed by Zhao et al. but this is only valid for IrO2 based catalysts and does not
translate well to other other techniques for metallic Ir catalysts.[138] The application
of active species-independent techniques like the comparison of specific capaci-
tance and thus the surface area of the catalyst also only applies to non-supported
catalysts as the contribution of the support material to the overall capacitance can
not be estimated accurately.[137,147,165,166]

Overall, the catalysts synthesized here show comparable performance to com-
monly used benchmark catalysts, i.e. Ir black and the Umicore IrO2 / TiO2 catalyst.
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Even compared to other state-of-the-art research catalysts their activity is ade-
quate. In comparison to a novel IrO2-coated catalyst based on TiO2 supports, the
MAF catalyst displays a specific activity of 996 A cm-2 compared to 1048 A cm-2

from Böhm et al. with comparable Ir loadings.[98] Its high specific activity, while
consisting of mainly IrO2 and probably being more stable, positions it as the ap-
parently most suitable catalyst here. The electrochemical activity across different
loadings was also investigated since this is a very important parameter for the
choice of catalyst in this thesis. The results are displayed in Figure 6.1.15.

Figure 6.1.15: Mass activity regarding the catalysts’ actual loading with (full) un-
calcined catalysts and (hollow) calcined catalysts.

Most catalysts display a linear relationship of mass activity with its loading. A
decreasing trend to higher loadings can be explained by particle dispersion on
the support. As the number of particles increases relative to the supports surface
area, the probability of adjacent touching particles increases and thus diminishes
the relative accessible surface area of the Ir. This trend is however reversed for the
uncalcined RS catalyst which might be caused by differences in electrical conduc-
tivity through the formation of a percolative Ir network. Even though the catalyst’s
conductivity is not too impactful in an RDE setup this might still explain this diver-
gence. If this is the case, the difference is most likely even more pronounced in
an MEA setting. In contrast, the calcined RS catalyst shows a decreasing mass
activity with Ir loading but is still very stable. The oxidation could rearrange some
of the clustering exhibited by the uncalcined catalyst and thus result in a uniform
behavior in all loadings. For the characterization of the HTD and CD catalysts
of different loadings, not enough material was available and thus they have been
omitted here, especially since they are most likely not considered for further work
here due to their irreproducible loading. The measurements that are available of
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these catalysts are in line with the respective other catalysts for each calcined and
uncalcined state. The MAF catalysts show a declining mass activity with loading
as well as the calcined RS one but display overall higher activity. Additionally, this
catalyst displays a very predictable behavior even with more data points available.

The stability of three selected catalysts was estimated with a galvanostatic stress
test and the electrolyte subsequently analyzed for dissolved Ir. Even though a
determination of application-level stability is not possible through an RDE test, as
discussed before, this test was carried out to provide a rough estimation of their
longer duration behavior and especially their relative susceptibility to Ir dissolu-
tion. To this end, the S-number was determined for the uncalcined and calcined
RS catalyst as these show the highest activity for metallic Ir catalysts in addition to
the MAF catalyst, which shows superior performance compared to other IrO2 cat-
alysts. The S-number provides a reliable metric for the turn-over frequency (TOF)
number for Ir catalysts as it is independent of the type of active species, catalyst
loading, and ECSA.[66] It was first introduced by Geiger et al., is since then widely
accepted in the community and basically describes the number of produced O
atoms during the test in relation to each dissolved Ir atom.[13,66,167,168] The re-
sults of this stress test are displayed in Figure 6.1.16. The general understanding
is, that crystalline rutile-type IrO2 is more stable under operation conditions than
amorphous IrOx. This is mainly due to activated or electrophilic O

-I atoms inside
the IrOx lattice, which participate in theOER but can thus leave vacancies and lead
to the dissolution of adjacent Ir atoms.[66,169] Recently, comprehensive evidence
was presented, that the activity differences can also be attributed to surface-bound
intermediate O-species (O*) that repel each other in adsorbate-adsorbate inter-

Figure 6.1.16: S-number (blue) and the amount of produced O atoms (green)
during the AST for three selected catalysts.
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actions, leading to a weaker Ir-O* binding and accelerated desorption of O2.
[170]

On IrOx, the reaction participation of active sites penetrated deeper into the ma-
terial, leading to a higher geometric activity due to more active sites present. This
then leads to a higher O* coverage on the material, compared to rutile-IrO2 and
easier desorption of the product. The catalysts containing rutile-IrO2 should then
be more stable and show a higher S-number, since a lower amount of activated
lattice O-I atoms are present, which can in fact be observed here, where the cal-
cined RS and MAF catalyst exceeds the uncalcined RS one. The dissolution rate
of the uncalcined RS catalyst is about 10-20 fold higher than the IrO2 containing
ones but it shows a very high OER activity and thus its S-number is only slightly
lower than the more stable catalysts as the S-number is defined as the ratio of
produced O to dissolved Ir.

The calcination process leads to a vast increase in dissolution stability as seen
here, most likely due to the complete surface oxidation to rutile-IrO2 as also seen
in XPS and XRD analysis. The absence of IrIII and thus activated lattice O atoms
leads to a less generated O compared to the MAF catalyst, which contains some
IrIII.[66,151] Higher amounts of IrIII could lead to a higher amount of lattice participa-
tion in the MAF catalyst, increasing the O* coverage without excessively desta-
bilizing the lattice.[170] The values for S-numbers presented here are also in line
with the ones presented in recent studies with comparable materials. They match
the ones reported by Daiane Ferreira da Silva et al. for a mix of IrOx and IrO2 cat-
alysts.[13] The S-number of the uncalcined RS catalyst even exceeds all reported
values for supported metallic Ir and even IrO2 based catalysts (up to 2.0 x 10

4),
which is most likely due to its high activity, hence a large amount of generated O2.

These results indicate a trade-off between the stability and activity of the catalytic
species and the desired catalyst may need fine-tuning depending on the desired
properties. For example, a lower reaction or calcination temperature could be
used in order to generate less crystalline rutile-IrO2, which shows a higher ac-
tivity at the expense of stability or in turn a higher temperature for the reversed
result. It seems that a rutile-IrO2 lattice with Ir defects, inducing higher activity
through electrophilic O atoms, could be advantageous as it shows a significantly
higher stability compared to amorphous electro-oxidized IrOx. Especially in a wa-
ter electrolysis application the longevity of the catalyst is paramount since these
devices need to operate for a long time in order to assimilate the high CAPEX of
the system.[9,11,171]
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6.1.4 Evaluation of the Synthesis Methods

As stated initially in this chapter the choice of catalyst for further work in this study
depends on several factors as the reproducibility of Ir loading, a linear and possi-
bly low variation of electrochemical activity in relation to Ir loading, and the ease of
adaption to larger batches. When considering the use of a catalyst for industrial
use the Ir loading yield grows in importance along with the efficiency of scale-
up and inherent costs of scale-up due to synthesis conditions. This includes the
choice of solvents, additives and general reaction procedure. In terms of reaction
yield or the efficiency of conversion of initially used Ir to the final catalyst is fairly
high for the RS and MAF catalysts used here. The RS shows a complete conver-
sion of the precursor to deposited Ir, just as the MAF after an initial optimization.
In contrast, the HTD and CD not only deplete the used Ir precursor with the in-
complete conversion but also do not show a linear behavior of the reaction yield
with desired Ir loading on the support. The recirculation of unspent Ir precursor or
reaction intermediates would require additional effort and would thus drive costs.
The adaptability of the synthesis to larger batches is especially easy for the MAF
as it employs a salt melt reaction, which is already applied in industrial settings.[67]

This reaction also seems to be applicable to different support materials with little
modification and can the catalysts properties can be influenced through simple
variations of reaction temperature and time.[67,74,98]

A different reaction path is taken with the RS, where a wet-chemical approach em-
ploys ethanol and CTAB in addition to the Ir precursor. These materials are readily
used in industrial processes with an easy evaporation and recirculation option for
the ethanol solvent.[172,173] However, this reaction also uses NaBH4 as a reduction
medium, which often requires water-free solvents in order to yield high precursor
conversion. This adds extra complexity if carried out in water-free conditions but
this step can also be substituted by the addition of a base. NaBH4 was shown to
be rather stable under alkaline conditions with its half-life increasing exponentially
with the pH value of the solution.[174] It could be shown here that the Ir loading
of catalysts synthesized in water-free conditions is as high as the same reaction
carried out in atmosphere-exposed ethanol just with the addition of some NaOH
to the NaBH4-containing solution. This could make steps to remove water from
the solvent obsolete and reduce the complexity of the reaction. The two remain-
ing syntheses first employ the formation of an Ir colloid, which utilizes ethylene
glycol as the solvent. Its high boiling point makes the removal of the solvent non-
trivial and adds additional required reactor volume as the formation is dependent
on the ratio of solvent to precursor. Simple evaporation under reduced pressure
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complicates the separation of the final product as either fairly low pressures or a
high temperature are required. An easier scale-up could be achieved with a dif-
ferent colloid-forming method instead of the one reported here. HTD additionally
employs a pressure vessel, which can pose dangers, especially at larger scales.

These considerations eliminate both the HTD and CDmethod for the chosen cata-
lyst in this thesis as their irreproducible reaction conversion is not reliable enough
for the small differences in catalyst layers investigated here. The RS catalyst
shows a substantially higher electrochemical activity than the other catalysts in-
vestigated and even higher than the benchmark ones. Additionally, it converts
the entire precursor to active species, making the Ir loading very reliable and
targtetable. However, the mass activity in relation to its Ir loading is non linear,
most likely due to an effect of a percolating Ir network. This behavior is rather
favorable in an MEA setting for PEMWE application but it renders the analysis of
loading gradient CLs rather difficult. Its calcined form avoids these downsides but
also lowers its electrochemical activity. Finally, it was decided the MAF catalyst
would be used moving forward as it employs a very easy and scalable reaction in
addition to the high specificity of the Ir loading and high activity.
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6.2.1 Influence of Ionomer Content on CCMs

The ionomer in a CL serves both as a binder and as an electrolyte, conducting
charge carriers from the membrane to the active sites of the catalyst and the TPB.
Inmost cases, the ionomer forms a thin film around the catalyst particles, providing
charge carrier conduction while also being penetrable for educt and product trans-
port. As the ionomer content is varied, the film varies in its coverage of the cat-
alyst particles, its thickness and subsequently also the ion conductivity. Through
its varying thickness, the available void volume between catalyst particles as the
layers rigid structure is influenced as well. The interplay between these differ-
ent properties directly influences all different types of overpotentials and thus the
overall performance of the PEMWE cells. In general, the performance of a CCM
can be described in terms of the total potential as the sum of overpotentials in
addition to the reversible cell voltage according to equation 6.1.[12]

𝐸 = 𝐸0 + 𝜂𝑎𝑐𝑡 + 𝜂𝑂ℎ𝑚 + 𝜂𝐶𝑎𝑡𝐼𝑜𝑛 + 𝜂𝐴𝑛𝑜𝐼𝑜𝑛 + 𝜂𝐶𝑎𝑡𝑀𝑇 + 𝜂𝐴𝑛𝑜𝑀𝑇 (6.1)

Here, 𝐸 is defined as the sum of 𝐸0, 𝜂𝑎𝑐𝑡, the ohmic overpotential (𝜂𝑂ℎ𝑚), the ionic
overpotential (𝜂𝐼𝑜𝑛) for each electrode individually, and mass transport overpo-
tential (𝜂𝑀𝑇 ) for each electrode. The contribution of the Ir loading to the overall
performance lies mainly in 𝜂𝑎𝑐𝑡, as the amount of active sites vary with different
loadings, influencing kinetic parameters of the CL. Additionally, a large contributor
is 𝜂𝑂ℎ𝑚, as the Ir loading on the support material contributes large portions to its
overall electrical conductivity and thus directly influences the HFR. Individual con-
tributions of the overpotential terms are crucial to understand the CL’s properties
and individual changes based on different materials and compositions.

The assessment of the influence of ionomer content on these individual contribu-
tions was accomplished with homogeneous ionomer composition CCMs between
5 and 30 wt.% ionomer loading to provide a substantial difference between each
contributing factor in each CCM. For a wide variety of Ir catalysts, the optimal
ionomer loading was reported to be between 8 and 15 wt.% Nafion® with various
different factors influencing it.[12,96,135,175] Even though an optimal overall perfor-
mance can be observed at lower ionomer loadings, higher loadings may be ben-
eficial in certain areas, such as ionic conductivity and thus might be valuable in
gradient designs.
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In order to evaluate overpotential contributions of the ionomer loading at different
Ir loadings and thus overall CL mass, homogeneous 10 and 30 wt.% CCMs were
characterized at 1 and 2 mgIr cm

-2. As the ionomer contents that were chosen
for the gradient designed CLs, these are of special importance. Ionomer con-
tents of 5 and 20 wt.% are discussed further down at just one overall Ir loading of
1 mgIr cm

-2. The results of the overall cell performance are display in Figure 6.2.1.
The impact on performance is not linearly dependent on the Ir loading as becomes

Figure 6.2.1: Polarization data for homogeneous CCMswith 10 wt.% and 30 wt.%
ionomer loading at a catalyst loading of 1 mgIr cm

-2 and 2 mgIr cm
-2.

evident through the not too different performance of the CCMs. The performance
difference between the CCMs with 10 wt.% is negligible across the whole current
range, which indicates no impact of the loading for uncompensated polarization.
It differs for the 30 wt.% CCMs, where the lower loading one performs better than
the higher loading one. The difference becomes clear at higher current densities,
which hints at higher 𝜂𝑀𝑇 at the higher loading. This can be explained by the differ-
ent thicknesses of the CCMs, where product gas has to be transported and longer
diffusion paths increase the cell voltage through a hindrance of subsequent prod-
ucts.[12] If the products cannot be transported quickly enough, the partial pressure
of the product at the catalytic site increases and thus reduces the electrochemical
reaction rate. This is then expressed as an additional overpotential contribution as
the reaction rate requires a higher potential to reach the same value compared to
that without the product transport hindrance. Even at an high ionomer loading, the
performance of the 30 wt.% CCMs comes quite close to 10 wt.% ones, indicating
only small contributions of the ionomer loading to the overpotential seen here. An
optimal ionomer loading was determined for different Ir and IrO2 catalysts to be
close to the 10 wt.% used here, where different studies found large performance
differences between variable ionomer loadings.[12,96] The smaller difference here
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might be due to the catalyst used, namely Ir black nanoparticles, where other
groups have used IrO2-based catalyst with different structural properties.

The ionomer’s performance impact and mass transport contributions are a func-
tion of the ionomer pore filling and differs for different catalyst densities. As Bernt
et al. describe completely filled pores at 25 wt.% ionomer loading for an IrO2/TiO2
catalyst, the one used here shows filled pores at 28 wt.% as displayed in Figure
6.2.2 with values calculated from equations A.1 and A.2. The pore volume of the

Figure 6.2.2: Calculated volume fractions for an Ir black catalyst based on the
calculations and reference values presented by Bernt et al.[12]

catalyst layer is not only a function of the catalysts density but also its packing
density as the catalyst here occupies roughly 15 % of the void volume, whereas
the mentioned IrO2/TiO2 catalyst takes up around 30 %.[12] This difference leads
to a higher void volume at low ionomer loadings but declines more rapidly, still
resulting in a slighty higher ionomer content when approaching zero void volume.
Even though this is just a rough estimation of the void volume fractions, it hints
at severe gas transport hindrance through the pores at high ionomer contents.
The high performance of the 30 wt.% CCMs with lower loading suggests an ad-
ditional effect to the mass transport as no clear difference to both of the 10 wt.%
CCMs can be observed at high currents. The transport by diffusion through pores
and ionomer can be accompanied by transport through cracks and pinholes in
the CCM as Bernt et al. proposed even for CCMs with very low void volume as
seen here.[12] Mandal et al. also observed severe volcano shaped cracks on the
CLs surface after testing without sufficient pore volume inside the CL, which are
also likely here but no post-mortem analysis was carried out.[91] This could also
explain the difference between the different 30 wt.% loadings, as the transport
through cracks is still impeded by a thicker CL and thus longer convection paths.
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Since a large fraction of the CL is ionomer, this could also rapidly fill CL cracks
or hinder their formation as the ionomer also acts as a binder between catalyst
particles.

The performance difference between Ir loadings seems to only occur at higher
ionomer loadings, mainly determined by mass transport contributions. In order
to further analyze the impact of the ionomer loadings to better understand the
contribution of a gradient structure, CCMs with varying ionomer loadings at the
same Ir loading have been characterized. The Ir loading was held constant be-
tween CCMs with the assumption, that the catalyst particles are determining the
overall CL structure and ionomer mainly filling the pore space between particles.
Thus, the CL thickness and any other properties stemming from structural pa-
rameters should be the same indifferent of the ionomer content. Performance
data in terms of uncompensated polarization curves for ionomer contents of 5, 10,
20, and 30 wt.% are displayed in Figure 6.2.3.a. The overall performance differ-

Figure 6.2.3: Polarization curves for homogeneous and gradient CCMs with a)
uncompensated and b) HFR compensated potential.

ence between the varying ionomer loadings is quite low but generally rather high
and comparable to results from other studies.[12,91,93] In contrast to other works
showing an optimal ionomer loading of 10 wt.%, an optimum can be observed
here at 20 wt.% with the overall lowest potential across the whole current den-
sity range.[12,96,135,175] A difference in optimal ionomer loading could be caused
by different CL structure and pore-size distribution due to the coating process. At
low current densities, all CCMs show a comparable performance indicating simi-
lar kinetic properties of the layers. This is expected as the same catalyst is used
across all ionomer loadings and it should have little impact on kinetic aspects of the
layer. In the high current densities range, the polarizations deviate more, which
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can be attributed to a combination of ohmic resistance, stemming from contact re-
sistances, ionic transport within the layer and mass transport contributions.[12,176]

Varying the ionomer contents further from the optimum of 20 wt.%, namely to 5
and 30 wt.%, yields a lower performance in both directions. However, the CCM
with only 5 wt.% shows the lowest performance with a quite high margin to the
optimum. Even though void pore volume should be quite high at this ionomer
loading, it might be insufficient to provide acceptable ionic conductivity and the
ionomer coverage of catalyst particles could be much lower than the other CCMs.
The individual contributions to the overall overpotential are discussed in detail
further on.

Compensated of iR-free potential polarization represents the overall cell poten-
tial with the ohmic resistance deducted and shows more detail about the per-
formance of a CCM. This data is displayed in Figure 6.2.3.b and shows almost
no difference between the 10 and 30 wt.% CCMs, which was observed in the
uncompensated polarization data. The difference stems from varying HFRs be-
tween the two with the 30 wt.% one showing a higher ohmic resistance than the
10 wt.% one (77.3 mΩ cm2 vs. 72.5 mΩ cm2 at 0 A cm-2). The higher 𝜂𝑂ℎ𝑚
increases the cell potential and when deducted, indicates a similar performance
between the two CCMs. The CCM with 20 wt.% ionomer content shows a lower
performance and higher compensated potential in contrast to the uncompensated
potential compared to the 10 and 30 wt.% CCMs, which is due to an even lower
HFR of 68.2 mΩ cm2, increasing the remaining potential above the other two. Dif-
ferences in the HFR can be attributed to electrical contact resistances between
catalyst particles, the CL and PTL, and PTL and current collector.[12,176,177] As
the same cell setup is used for all CCMs, different contact resistances between
the PTL and current collector can be neglected, leaving only inter-particle and
CL-PTL resistances. The ionomer in the CL was reported to be able to isolate
catalyst particles at high contents, as the void pore volume is exceeded and the
ionomer film gets thick enough around particles to completely envelop them, thus
rendering individual particles or particle agglomerates inert for the electrochem-
ical reaction.[96,99] Jang et al. observed this effect to its maximum degree with
the HFR increasing to 500 mΩ cm2 at an ionomer loading of 40 wt.%, which can
not be perceived here with an only slight increase in HFR.[96] This might very well
be the case for the high HFR in the case of the 30 wt.% CCM where the highest
ionomer content leads to the highest HFR. When considering this, the lowest HFR
at 20 wt.% is unusual as 10 wt.% ionomer would induce even less isolation issues;
however, a second phenomenon could come into effect, where a low ionomer
content might no cover all available catalyst particles, leaving some without an
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ionic conduction pathway. As the reaction in an electrolysis cell is reliant on the
availability of TPBs, an impaired ionic connection can also isolate particles from
the reaction and increase the HFR. This is especially visible when considering
the compensated polarization of the 5 wt.% CCM, which shows the lowest per-
formance even after correction for its quite high HFR (81.2 mΩ cm2). Insufficient
ionomer coverage is the most likely cause for this high HFR but the compensated
potential is still higher than for the other CCMs, stemming from additional overpo-
tentials such as a hindered ionic conductivity due to the low amount of ionomer,
which can influence the ionomer films thickness and thus ionic transport proper-
ties. The ionomer content of 20 wt.% might thus be the optimal value for the HFR
in this regard, striking a balance between both HFR-increasing effects. Another
contribution to the increased contact resistance might be the contact between the
CL and PTL. Even though the same cell setup was used for all measurements, dif-
ferent surface compositions of the CCM could induce additional resistance as the
ionomer might be pushed out of the layer and agglomerate on the surface. This
would especially affect the CCM with an ionomer loading higher, than the void
volume and can be a contributing factor to the high HFR of the 30 wt.% CCM.
However, since the cell is compressed, the CL-PTL could experience sufficient
pressure for the PTL structure to pierce a relatively pliable ionomer film on the
catalysts surface and come into contact with the particles and establishing elec-
trical contact. Thus this effect is unlikely or only contributes small resistances to
the overall HFR and the hypotheses mentioned before are favored to explain the
perceived phenomena.

Generally speaking, the difference between compensated and uncompensated
potential is fairly important when considering CCM compositions for application-
level usages with the caveat of paying special importance to the source of the HFR
differences. When the HFR variations are due to the electrical contact between
the CL and PTL, different catalyst and PTL materials for application electrolyzers
can affect the cell potential differently and the compensated potential can indicate
a more favorable setup as Bernt et al. discuss in their analysis of CL electrical
conductivity.[93,178] But when the differences, as observed here, are mostly due
to inter-particle contact resistances, the uncompensated potential is more impor-
tant when considering a CCM composition. Thus the 20 wt.% ionomer content
displayed here as the most performant one can be used as a benchmark for later
consideration of large scale production with Ir black catalysts and as a comparison
for the gradient CCMs.

Tafel plots can be constructed from the compensated potential in the low current
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Figure 6.2.4: Tafel analysis of homogeneous and gradient CCMs of iR-free po-
tential with Tafel slopes determined between 10 and 100 mA cm-2.

density range, where solely kinetic aspects of the OER determine the potential.
These are displayed for the homogeneous CCMs with varying ionomer loadings
in Figure 6.2.4. The Tafel slope indicates the overpotential due to the kinetics of
the OER stemming from catalyst properties are generally take values between 40
and 70 mV dec-1.[135,179] It is apparent, that all CCMs show a comparable Tafel
slope, while the 30 wt.% CCM shows the lowest one with 44.4 mV dec-1, com-
pared to 48.0 mV dec-1 of the 20 wt.% one. Small variations in this value can be
due to uncertainties in the determination of HFR and thus the compensated po-
tential. The lower Tafel slope might indicate a higher ionomer coverage of catalyst
particles, which results in more catalytic surface area, which would be in-line with
the proposed benefits of a higher ionomer loading, namely increased ionic con-
ductivity and higher ionomer coverage. This is however in contrast to the trend on
ECSA, where a linear decrease with ionomer content can be observed with 14.7
and 10.8 m2 g-1 for 10 and 30 wt.%, respectively (see Figure 6.2.12 for ECSA val-
ues). In general, 10 wt.% ionomer content should display the lowest Tafel slope
as observed in other studies but its value is close to the one with 20 wt.% and
still higher than the one of 30 wt.%.[135] This would also be in-line with the ECSA
observed but is not reflected in the Tafel slopes. Thus, no clear correlation of the
Tafel slope with the ionomer content can be made here and the assumption of
similar Tafel slopes for these CCMs with only small variations in its value seems
to be most likely. The low Tafel slope of the 5 wt.% CCM is almost as low as the
30 wt.%, which could be a hint at a correlation of the HFR with the Tafel slope as
the HFR increases the Tafel slope gets lower. This could be caused by a slight
overcompensation of the cell potential at these low currents or an undercompen-
sation with a lower HFR resulting in the different Tafel slopes. Still, the CCMs
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characterized show an overall low Tafel slope when compared to other studies,
indicating a kinetically very active catalyst and low 𝜂𝑎𝑐𝑡 with little impact of the
ionomer loading on it. The relative impact of the HFR thus seems to be more
pronounced on the overall cell potential than the differences in the Tafel slope or
kinetic aspects of the catalyst, providing similar properties of the catalyst between
CCMs and only adjusting the ionomer content.

When operating an electrolyzer, the applied current density can induce different
kinds of overpotentials and impact them differently. To evaluate the CCMs at dif-
ferent operational points, Figure 6.2.5.a depicts the uncompensated potential de-
pending on the ionomer content of the CCM. As seen in the polarization curves, an

Figure 6.2.5: Parameter comparison depending on the total ionomer content of
the homogeneous CCMs of a) uncompensated potential at different current den-
sities and b) HFR values with color gradient indicating the current density (0.0-
4.0 A cm-2) at which it was calculated (darker color indicating low current density
and lighter color indicating high current density).

optimum at 20 wt.% ionomer content appears with 10 wt.% showing only slightly
higher potentials. This effect gets exacerbated at higher current densities with the
5 wt.% CCM showing notably lower performance. The potential differences do not
increase linearly, but they become more pronounced at higher current, stemming
from the current dependent character of the resistance values associated with
each overpotential term. However, no apparent jump is visible precluding any
additional overpotential terms becoming discernible such as pronounced mass
transport or particle detachment. As discussed before, the HFR value has a large
impact on the overall cell performance as 𝜂𝑂ℎ𝑚 is the largest overpotential term.
Figure 6.2.5.b displays the HFR dependence on the ionomer content with the ad-
dition of its trend from low to high current densities, displayed as color gradients.
The optimal value at 20 wt.% is here even more apparent, than in the polariza-
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tion data with differences of more than 10 mΩ cm2 from the highest to the lowest.
The trend following an inverted volcano shape is derived from different structural
phenomena in the CL depending on the ionomer content. Some of these were
discussed before but the changing HFR value depending on the applied current
density is not constant for different ionomer contents. In general, the HFR value
is a combination of the electrical contact resistances and the membrane resis-
tance. The membrane resistance should be constant across all measurements
as the same membrane was used in all CCMs. In the case for a fully hydrated
Nafion® 212 membrane at 80 °C, the membrane resistance is in the range of 41-
54 mΩ cm2, depending on the expansion direction, whether it is assumed to be
isotropical or through-plane.[12] The electrical contact resistance due to the cell
setup and electrical connections can simply be measured by compression of the
cell without a CCM in between the PTL and GDL. This leads to a potential differ-
ence of 23.9 mV at 3 A cm-2, which corresponds to a resistance of 31 mΩ cm2,
totaling to a resistance range of 72-85 mΩ cm2, which is well within range of the
measured values, when considering isotropic membrane swelling and thus the
lower membrane resistance value. Small differences from these predicted val-
ues can occur such as better contact area between the CCM and the PTL / GDL
compared to the PTL and GDL directly. Only the 20 wt.% ionomer CCM shows a
HFR lower than the predicted value, probably due to the aforementioned effects.
Values higher than that of the 20 wt.% CCM then are probably caused by elec-
trical contact resistance between catalyst particles and at the CL/PTL interface.
Higher HFR values at lower ionomer loading was so far not reported in literature
but it could be caused by inhomogeneities in the CL as the ionomer binder is not
sufficiently distributed across all particles as was observed for very low loading
CL.[180]

The dependence of the HFR with the applied current density was observed before
and is most likely the result of increased local temperatures with higher reaction
rates at higher current densities, which leads to a higher membrane conductiv-
ity.[176,180] Since the decrease of the HFR value here is higher than in similar stud-
ies, it can be assumed that the membrane might not be sufficiently equilibrated
and slightly lower in temperature than the set 80 °C. This dependence on the cur-
rent density is approximately the same for all CCMs with -0.06 to -0.07 mΩ A-1

while the 30 wt.% CCM displays a HFR dependence of -0.03 mΩ A-1. An increas-
ing HFR with current density was observed by Bernt et al. in an electrolyzer and
by Springer et al. in a fuel cell.[180,181] They explained the phenomenon with a
decrease in local water content near the CL-membrane interface. Here, the elec-
troosmotic drag of the membrane from the anode to the cathode transports water
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quicker than it can diffuse through the CL creating water starved areas within the
CL and thus increasing the HFR. In conjunction with the higher water consumption
rate in an electrolyzer, the reactant starvation becomes more likely. This effect
is especially prevalent for thicker CLs as the water has to diffuse through longer
paths in order to reach the membrane. The water consumption does not only
increase at high current densities but the product gas formation also increases,
which hinders the water transport even further. When increasing the operation
pressure, leading to lower O2 volume inside the CL, Bernt et al. observed the
disappearance of this phenomenon, strengthening their hypothesis.[180] Since the
void pore volume of the 30 wt.% CCM approaches zero, the water transport is fur-
ther diminished, probably leading to this effect. It is also independent of the water
flow rate, which is quite high in this work at 500 mL min-1, as the water only flows
over the CL and is not forced into it. While the increasing temperature increases
the membrane conductivity, the water starvation in the 30 wt.% CCM lower elec-
trical conductivity and results in an overall decreasing HFR but at a lower rate
compared to the other CCMs.

The protonic transport resistance is a key metric for the variation of ionomer ob-
served here as it is directly dependent on the amount of ionomer and its film thick-
ness along with catalyst particle coverage. Calculated 𝑅𝐶𝐿𝐼𝑜𝑛 values are presented
in Table 6.2.1.

Table 6.2.1: Contributions of anodic 𝑅𝐶𝐿𝐼𝑜𝑛 for the different homogeneous ionomer
loading CCMs.

Ionomer loading 𝑅𝐶𝐿𝐼𝑜𝑛 / mΩ cm2

5 wt.% 4.7

10 wt.% 3.1

20 wt.% 1.7

30 wt.% 2.3

Since the ionomer content influences the coverage of catalyst particles with poly-
mer and the thickness of the ionomer film, the ionic conductivity is generally de-
pendent on this parameter.[115,177] This dependence is exemplified by the values
for 𝑅𝐶𝐿𝐼𝑜𝑛 observed in the homogeneous CCMs. It is initially high for low ionomer
loadings and again follows the trend of an optimum at 20 wt.%. Unexpectedly, 𝑅𝐶𝐿𝐼𝑜𝑛
increases again at higher ionomer loadings at 30 wt.% as the additional ionomer
should only contribute to a thicker film, which at least is as conductive as in the
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20 wt.% CCM. DeCaluwe et al. investigated thin Nafion® films and observed,
that the initial film is composed of a lamellar structure that is a few nanometers
thick but transitions to a bulk-like phase at higher loadings.[182] This bulk-phase is
similar in properties to a membrane and should not increase in ionic resistivity at
higher thicknesses. One possible explanation for this phenomenon is diminishing
water content inside the polymer, leading to a lower conductivity. It was observed
before, that the water content might decrease at higher current densities during
operation but the values measured here were taken at 1.2 V vs. RHE, where no
farradaic processes occur and the CL is at maximum hydration level. Other stud-
ies report a pressure-dependent water uptake of Nafion® membranes, where not
only the water content inside the polymer but also its diffusion coefficient decrease
under increased mechanical pressure.[183] This is explained by the structure of
Nafion® ionomer, which is comprised of a hydrophobic polymer backbone and hy-
drophilic sulfonic acid groups, which form channels upon water uptake. The acid
groups lead to the conduction of protons along these channels. Upon mechanical
compression, the water-rich channels might be compressed and discharge water
leading to an overall lower water uptake and thus also lower protonic conductiv-
ity. As the void volume of the CL approaches zero already at ionomer loadings
below 30 wt.% one can assume the pore are completely filled with ionomer at
this loading in a wet state of the CCM. When introduced to the electrolyzer cell
and hydration of the water, the ionomer inside the pores swells further but might
be constrained in the pores due to the rigid structure of the catalyst. This effect
could lead to the same phenomenon as observed by El Kaddouri et al., where
the ionomer is put under mechanical compression and the water uptake is hin-
dered.[183] This is also corroborated by the conclusions, that ionomer films form
bulk-like structures akin to a membrane, which explains its behavior even inside
the pores. If one assumes, the comparatively lower HFR decrease with current
density of the 30 wt.% CCM is caused by local water starvation, the hypothesis of
limited water transport through the ionomer seems more likely. Even though the
differences in 𝑅𝐶𝐿𝐼𝑜𝑛 are small, these two independently observed phenomena point
to the same conclusion. The void pore volume of roughly 35 % for the 20 wt.%
ionomer content CCM might present the optimum as the ionomer is not put under
mechanical compression inside the pores but leads to an overall thicker film on
the particles compared to the CCMs with a lower ionomer content.

The overall breakdown of the overpotentials in a given CCM can visualize the
magnitude of each loss and show additional losses not considered in the over-
potential analysis. The protonic conductivity of the CL can be considered as a
significant overpotential contribution. However, there is a distinction between the
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measured 𝑅𝐶𝐿𝐼𝑜𝑛 due to in-plane hindrance of the protonic transport through the
ionomer and the overpotential contribution to the cell potential.[12,184] The effec-
tive ionic CL resistance (𝑅𝑒𝑓𝑓𝐼𝑜𝑛 ) can be calculated according to equation 6.2 with
the kinetic correction factor (𝜉) calculated from the ratio of the ionic sheet resis-
tance and the kinetic resistance (𝑏) represented by the Tafel slope. Mathematical
derivation of equation 6.2 has been shown by Neyerlin et al. and describes the
potential gradient in the CL, due to proton conduction as a function of the local
OER current.[184]

𝑅𝑒𝑓𝑓𝐼𝑜𝑛 =
𝑅𝐼𝑜𝑛
3 + 𝜉 (6.2)

With 𝜉 being represented by equation 6.3.

𝜉 =
𝑖 𝑅𝐼𝑜𝑛
𝑏 (6.3)

Values for 𝜂𝐼𝑜𝑛 are thus calculated using the 𝑅𝑒𝑓𝑓𝐼𝑜𝑛 in dependence of the applied
current density. The breakdown for all homogeneous CCMs is displayed in Fig-
ure 6.2.6. Some of the overpotential contributions have already been discussed

Figure 6.2.6: Overpotential breakdown of homogeneous CCMs with different
overpotential contributions indicated. Cathodic 𝜂𝐼𝑜𝑛 is an estimation of 2.5 mΩ cm2

according to Bernt et al.[12] and is constant in all CCMs.
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in the differences in the HFR and Tafel slopes influencing the 𝜂𝑎𝑐𝑡 for all different
ionomer loadings. The 𝜂𝑎𝑐𝑡 was calculated according to equation A.3, which is a
rearranged form of equation 3.8.[48] The kinetic OER parameters 𝑖0 and the Tafel
slope were determined in the low current density areas, where no other overpo-
tential contributions are present besides 𝜂𝑎𝑐𝑡 and the overpotential term calculated
for the whole current density range. The contribution from the cathode is generally
smaller than those of the anode as the HER is considered to be much faster and
contribute less than 1 mV at 3 A cm-2 or about 0.29 mΩ cm2.[12,42,180] This amount
of resistance is negligibly small considering the additional overpotentials originat-
ing from different effects. The remaining overpotential terms of the cathode come
down to ionic and mass transport contributions as the electrical conduction losses
are already present in the HFR measured on the whole cell. With the use of a ref-
erence electrode a dissemination of individual HFR proportions can be made but
is not possible with the setup at-hand and thus out of scope for this work.[185] The
contact resistance for Pt/C catalyst is usually very small as the C support particles
are good electrical conductors are a proven material in fuel cell applications. Ionic
conductivity inside the cathode CL can increase the potential slightly as Bernt et
al. found an 𝑅𝐶𝐿𝐼𝑜𝑛 of 2.5 mΩ cm2 in their work. This contribution is on-par with the
overpotential terms of the anode and are shown in green in Figure 6.2.6.[12]

The 𝑅𝐶𝐿𝐼𝑜𝑛 is usually accredited as a contribution to 𝜂𝑀𝑇 as the ionic transport can
vary with operation conditions and can result in a hindrance at large current den-
sities.[10,177] The unassigned overpotential is considered to be stemming from the
𝜂𝑀𝑇 without 𝜂𝐼𝑜𝑛, as this was obtained separately and can thus be deducted. Bernt
et al. also analyzed the contribution of the cathodic 𝜂𝑀𝑇 to the cell potential and
found approximately 20 mV at 3 A cm-2, which is matches the values observed
here for unassigned overpotential.[12] The exact contribution of the cathodic 𝜂𝑀𝑇
can not be determined here as the technique requires a pressurized operation,
where the volume of the H2 gets lower and differences between the polarizations
can be used to estimate the pressures influence on the unassigned overpotential
and thus 𝜂𝑀𝑇 . As the apparent anodic 𝜂𝑀𝑇 is negligible for almost all ionomer con-
tents, the hypothesis of Bernt et al. gets more favorable, where anodic 𝜂𝑀𝑇 only
gets dominant at higher layer thicknesses and loadings.[180] They observe tangi-
ble contributions at Ir loadings of 4-5 mgIr cm

-2, which is noticeably higher than
the loadings used here at 1 mgIr cm

-2. Interestingly, at lower ionomer contents of
50 wt.% an increase in 𝜂𝑀𝑇 can be observed. This might be caused by a larger
void pore volume which is filled with water and gas transport is more dampened
here as the gas pressure is not sufficient to crack the CL but rather experience
slow transport through water-filled pores. However, the behavior of two-phase
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flow inside CL pores is still poorly understood and definite hypotheses are difficult
to formulate without more data.[95,180] O2 transport probably mostly takes place in
pores at low ionomer contents but shifts to cracks in the CL as discussed before
as the pore volume decreases and this effect is already noticeable in the HFR,
which is why the anodic 𝜂𝑀𝑇 does not change significantly with ionomer content.

6.2.2 Influence of Ionomer Gradient Design

The proposed gradient design with an ionomer variation along the thickness of the
CCM can yield several advantages by combining positive aspects of the homoge-
neous loadings. Properties could thus be distributed throughout the layer where
they can offer the most performance increases and can generate additional in-
sights of the ionomer content in CCMs. In order to provide a substantial difference
between the ionomer contents, two different gradient CCMs were coated in alter-
nating directions. First a 30 wt.% layer was coated onto the membrane and then
a subsequent layer with 10 wt.% was applied on top. The higher ionomer content
near the membrane is supposed to improve ionic conductivity where the reaction
rate is highest and offer additional void pore volume near the PTL to facilitate
water and gas transport. The same setup in reversed order was also coated to
facilitate insights into the proposed effects when considering the reversed setup.

The actual ionomer content inside a CCM can not only be assumed from the ink
composition and the ionomer mass fraction. Even though this is already a quite
good estimate for a homogeneous and stable ink, the final ionomer content can
vary and thus need to be externally validated, for example by determining the
relative ionomer mass through thermal decomposition.[99] This can be achieved
through TGA, where the ionomer is fully oxidized to gaseous products under O2
atmosphere. Each CCM component is oxidized at different temperatures, hence
the relative weight of each material can be calculated. The decomposition pro-
file for CCMs with homogeneous and gradient ionomer contents are presented in
Figure 6.2.7. Decomposition of Nafion® ionomer takes place up to a temperature
of 400-450 °C, when the majority of the ionomer has left the sample. The relative
weight loss for each CCM correlated well with the desired ionomer content, where
the minimum relative weight is approximately its weight fraction. At the minimum
relative weight, not only the ionomer decomposition but also oxidation of Ir under
addition of O2 can be observed, which is superimposed on the Nafion® weight
loss. The bulk of the Ir oxidation is visible at higher temperatures, which implies
a low to negligible amount of O2 mass addition before complete ionomer decom-
position. Interestingly, it can observed, that the gradient 10|30 wt.% CCM shows
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Figure 6.2.7: TG analysis to determine the ionomer content of Ir black CCMs
through ionomer decomposition in O2 atmosphere.

an average ionomer content of roughly 20 wt.%, which is the expected average
for the whole layer and thus in good agreement with the desired overall content.

In order to validate not only the overall ionomer content of the gradient layers
but also its distribution, SEM and EDS images were recorded, to map elemental
contents across the layers thickness. The recordings for the gradient 10|30 wt.%
CCM are presented in Figure 6.2.8. The overall Ir content can be seen to be
well distributed across the whole CCM with a total thickness of 3.8 µm. Both the
line-profile and composition mapping show an even distribution with only slight
variations, that can be caused by either or a combination of noise in the measure-

Figure 6.2.8: Cross-sectional SEM and EDS images depicting the 10|30 wt.%
gradient CCM with Ir and F elemental mappings in arbitrary units along with the
SEM image.
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Figure 6.2.9: Cross-sectional SEM and EDS images depicting the 10|30 wt.%
gradient CCM with Ir and F elemental mappings in arbitrary units along with the
SEM image.

ment data or minor differences in cross-section height and thus more material at
one point. In contrast, the elemental mapping of F shows a clear increase of mate-
rial towards the PTL side of the CCM, which is in good agreement with the desired
composition. F acts as a proxy for the ionomer in this case, as it is comprised of
F to a large amount. This distribution of the F intensity confirms the composition
gradient that was attempted to be made realized. A quantitative analysis of the
specific contents of F and Ir is not possible here, as the adjacent membrane also
contributed to the detected F signal. The mass contents for each were determined
to be 31 wt.% F and 59 wt.% Ir, resulting in an overall CCM composition of 43 wt.%
ionomer and 57 wt.% Ir, which is not in-line with previous results and thus deemed
not reliable due to the aforementioned reason.

Polarization data are presented in Figure 6.2.10.a of both gradient CCMs in addi-
tion to the homogeneous ones to exemplify the impact of the gradient effect. The
unanticipated difference can be seen clearly in the performance as the 30|10 wt.%
CCM with the 30 wt.% sublayer at the membrane, shows a lower performance
than its 10|30 wt.% CCM counterpart. The cell potential is also higher than the
homogeneous 10 and 20 wt.% CCMs, whereas the 10|30 wt.% CCM demonstrate
the highest performance among all measured CCMs. This is unanticipated as the
proposed positive effect of the grading appear in reversed order. It is further re-
markable, that a gradient CCM shows even lower cell potential than the previously
presumed optimum ionomer loading at 20 wt.%, even though the average content
of the gradient CCMs is 20 wt.%, thus indicating additional effects present when
a gradient design is applied. Additional insight can be derived from the compen-
sated polarization data in Figure 6.2.10.b, where the 10|30 wt.% CCM eclipses all
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Figure 6.2.10: Polarization curves for homogeneous and gradient CCMs with
a) uncompensated and b) HFR compensated potential and gradient CCMs high-
lighted.

other samples in performance, especially at lower current densities. At higher cur-
rent densities, the potential reaches that of 10 and 30 wt.% CCMs, which hints at
a lower HFR, that does not lower the iR-free potential sufficiently at very high cur-
rent densities. This behavior is also exemplified by the 20 wt.% CCM, suggesting
similar layer properties between the two in terms of HFR. A higher performance
at lower current densities might suggest a lower 𝜂𝑎𝑐𝑡 but this difference can not be
observed in Tafel slopes at it show a slope of 45.5 mV dec-1 and matches well with
the others. However, its 𝑖0 is higher than for the others which might explain the
difference at low current densities (refer to Table A.6). The iR-free performance
of the 30|10 wt.% CCM is again lower as one would expect with the caveat of an
equal cell potential at 4.5 A cm-2 compared to the 10|30 wt.% CCM. This again is
caused by the higher HFR of the 30|10 wt.% CCM, becoming more pronounced
at higher current densities.

The difference in performance at certain current densities is again depicted in
Figure 6.2.11.a. Difference between the gradient 10|30 wt.% and the optimal
ionomer loading at 20 wt.% is even apparent at low current densities, even though
small. This shows the kinetic advantages of the gradient CCM, observed in the un-
compensated polarization. The difference between the two does not significantly
increase at higher current densities, suggesting similar additional overpotential
terms, such as 𝜂𝐼𝑜𝑛 and 𝜂𝑂ℎ𝑚. 30|10 wt.% gradient loading is on-par with the
30 wt.% homogeneous CCM, suggesting a larger impact of the ionomer loading
near the membrane, compared to just the average value. Lower performance of
the 30 wt.% sublayer is thus indicative for the overall performance. When com-
paring the HFR values for the different gradient and homogeneous CCMs, it be-
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Figure 6.2.11: Parameter comparison depending on the total ionomer content
of the homogeneous or gradient CCMs of a) uncompensated potential at differ-
ent current densities and b) HFR values with color gradient indicating the current
density at which it was calculated (darker color indicating low current density and
lighter color indicating high current density).

comes apparent, that the lower HFR of the 10|30 wt.% CCM is comparable to
the 20 wt.% one with it decreases more depending on the current density. This
suggests, that the effect of water starvation near the membrane, as discussed
before, does not occur to such an extent here as with a homogenous loading of
20 wt.%. The higher void pore volume near the membrane could thus lead to a
better water transport and diminishes the effect of an increasing HFR. In contrast
to this, the 30|10 wt.% CCM shows an current density dependency akin to the
homogeneous 30 wt.% one, suggesting a similar ionomer morphology near the
membrane. This might also explain the relatively high HFR overall as it is about
8 mΩ cm2 higher compared to the average ionomer content. A higher ionomer
content near the membrane might isolate catalyst particles, leading to lower elec-
trical contact. This phenomenon might however not occur in the 10|30 wt.% CCM
as the HFR is almost as low as the 20 wt.% one, which could be caused by better
distribution of the ionomer during the coating process. Some of the polymer might
be transported into the 10 wt.% sublayer as the void pore volume is still about
60 %, hence avoiding isolating parts of the catalyst layer with excess ionomer.
This process could generally be beneficial for spray-coated CCMs with a more
accessible sublayer near the membrane, getting intruded by material from higher
sublayers.

One of the proposed benefits of a high ionomer loading in a sublayer is the in-
creased ionic conductivity, represented in Figure 6.2.12.a. In contrast to the ob-
servations made before in regards to the 30|10 wt.% CCM experiencing negative
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Figure 6.2.12: Ionomer loading dependent visualization of a) the anodic 𝑅𝐶𝐿𝐼𝑜𝑛 and
b) the ECSA, calculated before the conditioning period.

effects of the higher ionomer loading near the membrane, the anodic 𝑅𝐶𝐿𝐼𝑜𝑛 does
not increase substantially to the value of the homogeneous 30 wt.% CCM. In fact,
it shows an even lower value than the 20 wt.% CCM and the other gradient one.
As discussed before, the effect of ionomer compression probably leads to the
high 𝑅𝐶𝐿𝐼𝑜𝑛 of the 30 wt.% layer but this does not occur here. The accessible void
volume of the 10 wt.% sublayer might provide enough volume for the ionomer to
expand into as it swells, avoiding excessive compression and water discharge.
Here, the high ionomer content provides additional ionic conductivity compared to
the 20 wt.% without the detrimental phenomena. The 10|30 wt.% CCM shows an
𝑅𝐶𝐿𝐼𝑜𝑛 of the average ionomer loading, indicating to additional benefits in this regard
from the grading of ionomer. It is remarkable, that 𝑅𝐶𝐿𝐼𝑜𝑛 of the 30|10 wt.% CCM is
increased by a relatively large amount compared to the other gradient one, but an
overall small benefit compared to all other overpotential contributions. This shows
a clear benefit of a higher ionomer content near the membrane in terms of 𝑅𝐶𝐿𝐼𝑜𝑛
but does not improve the overall performance observed here, since other effects
are larger.

ECSA can be used as an estimate of the accessible catalytic sites inside a CL
as it describes the sites exposed to the electrolyte and in electrical contact. For
metallic Ir catalysts, the Hupd can be used as a proxy to calculate the ECSA.

[91,186]

Here, H gets adsorbed on the metallic Ir surface sites and the charge resulting
from this process can be used to calculate the ECSA. This however, only occurs,
when the surface is not oxidized, thus the measured ECSA gets reduced once
the catalyst is exposed to electrolysis operation potentials. The calculated ECSA
for all CCMs, depending on its ionomer content is depicted in Figure 6.2.12.b. It
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is apparent, that the ECSA is proportional with the increasing ionomer content,
with the lowest amount of ionomer, representing the highest ECSA. This is ex-
pected behavior, as an increasing ionomer content can lead to more electrically
isolated particles, which then are not participating in the adsorption process. As
the catalyst is in contact with liquid water even, when no ionomer is present on
the particle, a Hupd should still take place as protons can be provided by the liq-
uid water, which are still present even in ultrapure form. The ECSA is thus no
indicator for a ionomer coverage of the catalyst. Normally, a higher ECSA is as-
sociated with higher kinetic performance of the CCM as more catalytically active
sites simply lead to higher reaction rates but this correlation can not be observed
here as it would suggest the 5 wt.% CCM shows the lowest potential at low cur-
rent densities. No clear trend can be observed between the ionomer loading and
kinetic parameters, hence no causation with the ECSA established. This might be
caused by surface adsorbed species in the unconditioned CCM, which inhibit the
Hupd but the ECSA is already reduced after the conditioning period, when surface
species might be removed, due to the oxidation of the catalyst. The decreasing
ECSA with ionomer content is however in line with the observed differences in
HFR at least to point, without considering the additional HFR impacting effects.
The overall breakdown of individual overpotential contributions are presented in
Figure 6.2.13. The unassigned potential, which could be considered as a 𝜂𝑀𝑇 con-

Figure 6.2.13: Overpotential breakdown of gradient CCMs with different overpo-
tential contributions indicated. The cathodic 𝑅𝐶𝐿𝐼𝑜𝑛 is an estimation of 2.5 mΩ cm2

according to Bernt et al.[12] and is constant in all CCMs.

tributions, both from H2 and O2 transport at both electrodes, seems to take effect
at different current densities for both gradient CCMs. It the cell potential starts to
deviate from the calculated potentials at roughly 1 A cm-2 for the 30|10 wt.% and
around 2 A cm-2 for the 30|10 wt.% CCM. The mass transport hindrance might be
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caused by the lower void pore volume near the membrane, where the maximum
reaction rate is situated. Additionally, the inhomogeneous distribution within the
CL could induce additional 𝜂𝑀𝑇 as both gradient CCMs show higher unassigned
potentials than the homogeneous 10 and 30 wt.% ones. In general, the unas-
signed potential is rather small in comparison to the other losses observed but
are slightly higher for the gradient CCMs. This might also be caused by incon-
sistent determination of the other overpotential terms, as the inhomogeneous CL
could influence the accuracy of the measurement protocols.

The spatial reaction rate distribution of a CL is dependent on the electrical conduc-
tivity of the catalyst, as Moore et al. described.[95] Considering, the highly conduc-
tive Ir black catalyst here, the reaction rate maximum occurs near the membrane.
On one hand, CL areas near the membrane can benefit from higher ionic con-
ductivity at a higher ionomer loading but on the other hand negative effects of the
high ionomer content are here even more detrimental. This is especially true for
the 30|10 wt.% CCM, where the ionomer filled pores induce more potential losses
and are negatively affecting the performance. These include losses in electrical
conductivity as the ionomer can block some catalyst particles and possible water
starvation in near-membrane areas of the CL. The highest performance among all
CCMs was observed for the gradient 10|30 wt.% CCM, even higher than the opti-
mum homogeneous ionomer loading at the average of the two sublayers. This is
a definite advantage for the gradient design, even when the observed advantages
are small. It could indicate benefits from a gradient-based coating process where
some of the detrimental effects of one sublayer’s ionomer loading are counter-
acted by the other sublayer. When an ionomer gradient is considered, the exact
loadings of each sublayer should be carefully optimized as the chosen 30 wt.%
here could be dampening the positive effects of the gradient design due to the
phenomena observed in a low void pore volume CCM.
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The concept of a CL gradient with a variable Ir loading along its thickness is the
first design to be evaluated here. With a variable content of active catalyst par-
ticles, distributed on an inert support material the influence of the reaction rate
can be optimized along the CL’s thickness with ideally identical dimensions and
properties of the CL’s rigid structure. For this three different catalysts have been
synthesized according to the results presented in section 6.1 with an Ir content of
15, 40, and 65 wt.% (mIr/mtotal) on the ATO support. Thus the catalyst resulting
from the MAF synthesis was chosen and is scaled up to produce sufficient ma-
terial for the coating of CCMs. For this, the mass of ATO is held constant in all
CCMs, in order to keep the structure the same across different characterizations.
After the optimization of the ionomer content with a single Ir loading catalyst, this
amount of ionomer is referenced to the amount of ATO in the CL and then held
constant across different Ir loading CCMs.

6.3.1 Optimization of Ionomer Content

The ionomer content of a CCM has a large impact on the performance of the CL,
mainly due to its influence on the protonic conductivity and thus 𝜂𝐼𝑜𝑛 but also it
role in the ratio of occupied to void pore volume, hence impact on mass transport
and water distribution.[10,12] As different catalysts form varying structures in a CL,
the content of ionomer has to be carefully optimized in order to not only produce
high performance but also to highlight differences in other properties of the CL.
This is of special importance when considering the impact of a gradient loading
of catalyst mass. Considering previous works, the optimal ionomer loading for
IrO2-based catalysts was found to be roughly 10 wt.% in regard to the total mass
of the CL for comparable catalysts.[12,96] Differences to previously discussed op-
timal ionomer loadings for Ir black-based catalysts might lie in the denser nature
of metallic Ir, where the ionomer might have a similar film thickness and catalyst
coverage at different relative weight amounts. Nonetheless, this optimal ionomer
loading for IrO2 catalysts has to be reproduced and re-optimized for individual cat-
alyst systems, especially when a support material is added as is the case here.
Considering previous works in this field, the different amounts of ionomer content
were chosen to be 5, 10, and 15 wt.%. Uncompensated polarization data of these
CLs is displayed in Figure 6.3.1. As previously observed, the 10 wt.% ionomer
content CCM shows the lowest potential across the whole current density range
and can be reproduced as the optimum loading here.[12,96] The lower ionomer con-
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Figure 6.3.1: Polarization of homogeneous 40wt.% IrO2/ATO CCMs with varying
ionomer loadings.

tent of 5 wt.% also shows quite high performance only deviating from the 10 wt.%
one slightly. This behavior was also observed by Bernt et al., where their loading
of even 3.9 wt.% shows almost identical performance to their 11.6 wt.% one, which
was the optimal loading. Only at higher ionomer loading the performance starts to
deteriorate, which is attributed to an increase in HFR at contents above 20 wt.%.
An increase likely stems from electrically isolated catalyst particles, due to a thick
ionomer film. This trend could not be observed here, as the highest ionomer load-
ing was 15 wt.% and no substantial difference between the HFR at 5 and 15 wt.%
ionomer can be observed, see Figure 6.3.2. The CCM with 15 wt.% shows an

Figure 6.3.2: Influence of sequentially recorded polarization curves on the HFR
for 40 wt.% IrO2/ATO CCMs with 5 and 15 wt.% ionomer loading (mion/mion+mcat).

upward arc around 1 A cm-2, which might be attributed to a jump in 𝜂𝑀𝑇 but these
measurements have to be carefully evaluated, due to non-optimal operation with
the insufficient water purification during their measurements. A relatively high con-
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tamination of the water supply in the testbench leads to a decrease in the HFR, as
the Nafion® ionomer in both the membrane and CL gets deactivated with metal
cations, especially alkali metals.[64] This increase can be observed in the HFR
in Figure 6.3.2, as the HFR rises even after a short measurement time between
multiple polarization experiments within 30 minutes. Thus the observed increase
in the 15 wt.% ionomer CCM could very well be caused by inactivated ionomer.

Nonetheless, the performance data for the different ionomer contents reproduced
the behavior observed in other studies, even with non-supported catalysts. As the
optimal performance can be observed at 10 wt.% ionomer content, this value is
then take as the optimum. For these measurements a 40 wt.% Ir on ATO catalyst
was used and the ionomer content referring to the whole CL at 10 wt.% corre-
sponds to 18.5 wt.% referring just to the ATO. This ionomer loading is then used
in all further experiments involving the IrO2/ATO catalyst.

6.3.2 Influence of a Varied Ir Loading in IrO2/ATO CCMs

Prior to the characterization of gradient design CCMs, individual contributions of
overpotentials by homogeneous CCMs with the same catalysts have to be care-
fully evaluated. In order to provide comparability and references to the gradient
CCMs, the homogeneous CCM are coated with the same catalyst in two different
overall catalyst loadings to one provide a comparison to a CL that is identical to
each sublayer of the gradient CL and two is comparable to the total loading of
the gradient one with both sublayers combined. This leads to a sample setup of
CCMs with 0.6 mgATO cm-2 and 1.2 mgATO cm-2 for each catalyst.

In a first approach, these CCMs are characterized in the testbench and the uncom-
pensated polarization data for these presented in Figure 6.3.3. It becomes appar-
ent, that the performance of these CCMs is sub-par compared to Ir black catalysts
with significantly higher potential across the whole current density range. Espe-
cially, the CCM with the 15 wt.% IrO2/ATO catalyst shows very poor performance
without reaching 0.5 A cm-2 below 2 V. Performance of both catalysts at 40 wt.%
Ir loading is comparable with the one with lower loading showing slightly higher
potentials. This might indicate that a higher Ir loading in these layers leads to an
enhanced performance. Generally, the performance is quite low and most likely
not representative of these catalysts. This big increase in cell potential is proba-
bly caused by a large HFR, which stems from electrical inter-particle resistance.
Impedance spectra of these layers are depicted in 6.3.3 and show impedance
arcs at very high resistance values. This behavior was observed by Bernt et al.
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Figure 6.3.3: Performance of homogeneous IrO2/ATO CCMs with a Ir black ref-
erence CCM in a) uncompensated polarization data and b) EIS spectra recorded
at 25 mA cm-2.

and theorized to be stemming from insufficient electrical contact between the PTL
and a low-conductivity catalyst.[180] Absence of a low-frequency arc in the Nyquist-
plot does not allow for an accurate description of the HFR but is speculated to be
around 400 mΩ cm2, which is a 5-fold increase compared to usually observed val-
ues. This substantial difference might be caused by insufficient electrical contact
between IrO2 particles, which is exacerbated at low Ir loadings. The ATO sup-
port seem to provide poor electrical conductivity, leading to the low performance
overall. Thus the electrical conductivity of the CL needs to be improved and to
this end a fixed amount of highly conductive Ir black was added to the CCMs. Ir
black addition to the CL dilutes the effect of the variable loading on the ATO but
is necessary to provide reliable CLs with enough electrical in-plane conductivity
to display differences in other overpotential terms besides the electrical conduc-
tivity contribution to 𝜂𝑂ℎ𝑚. Beneficial effects of the addition is clearly visible in
both the polarization data and impedance spectra, where the performance of the
IrO2/ATO+Ir black CCM is comparable to that with only Ir black at least in the low
current density region and only slighty lower in the higher regions. Additionally, a
high-frequency arc can be seen in the Nyquist-plot, that intercepts the 𝑍′ axis and
shows a moderately higher HFR compared to the Ir black reference but still much
lower than the pure IrO2/ATO CCMs. In addition to the electrochemical benefits
of the Ir black inclusion, the coating process is more reliable as the ink is more
stable and leads to less agglomeration and clogging of the spray-coater. This
also leads to a more homogeneous morphology of the CL, which allows for better
comparability between samples of differing IrO2 on ATO loadings.

All ensuing CCMs consist therefore of the IrO2/ATO catalyst and a fixed amount
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of Ir black, resulting in a constant mass-based ratio of 2:1 (ATO/Ir black). These
are referred to as high (1.2 mgATO cm-2) and low (0.6 mgATO cm-2) loading CCMs
in the following results and discussion. This setup of CL compositions leads to a
varying Ir loading in the overall CCM according to Table 6.3.1.

Table 6.3.1: Compositions and overall Ir loading of the IrO2/ATO CCMs.

CCM mATO /
mg cm-2

mIr black /
mg cm-2

mIr, total /
mg cm-2

IrO2/ATO 40 wt.% low 0.6 0.3 0.7

IrO2/ATO 40 wt.% high 1.2 0.6 1.4

IrO2/ATO 65 wt.% low 0.6 0.3 1.4

IrO2/ATO 65 wt.% high 1.2 0.6 2.8

Ir black reference - 1.0 1.0

Performance of the IrO2/ATO layers is quite comparable to the Ir black reference,
confirming the reliance on sufficient in-plane electrical conductivity for good perfor-
mance in a CL. Polarization data of the variantly loaded IrO2/ATO CCMs are pre-
sented in Figure 6.3.4.a. Especially the low current density is comparable across
all measured CCMs with not apparently large difference in the uncompensated
potential in this range. This indicates, a high kinetic activity of the IrO2/ATO cat-
alyst, comparable to that of Ir black, especially since it constitutes more than half
of the total Ir loading for the 40 and 65 wt.% loaded catalysts. The remaining

Figure 6.3.4: Performance of homogeneous IrO2/ATO CCMs with a Ir black ref-
erence CCM in a) uncompensated polarization data and b) compensated iR-free
polarization data.
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difference at higher current densities is thus due to lower in-plane electrical con-
ductivity, resulting in a higher HFR for the IrO2/ATO CCMs. It also demonstrates
a non-zero contribution of the ATO particles to the overall structure and electrical
conduction paths, as the observed in-plane resistance would math that of the Ir
black reference CCM if the Ir black dominates the CL’s structure. Performance of
the lower loaded 40 wt.% CCM is actually higher compared to the higher loaded
one, illustrating a non-linear correlation between the overall Ir content and the cells
performance. Longer electrical conduction paths and diffusion paths through the
thicker layer could increase the CCM’s HFR and 𝜂𝑀𝑇 , causing the higher cell po-
tential.[95,180] However, this trend is reversed for the 65 wt.% IrO2/ATO catalyst,
where the thicker CCM performs better than the thinner one. It could be assumed,
that the in-plane electrical conductivity, due to the higher amount of IrO2 particles
is comparable between the two and that more active sites contribute to the slightly
lower potential. This might indicate a much higher probability of electrical conduc-
tion through the Ir particles, which results in the higher overall conductivity and
performance benefits. Still, even at a very high loading of 2.8 mgIr cm

-2 for the
65 wt.% IrO2/ATO CCM, the performance above 1 A cm-2 is lower than that of Ir
black, demonstrating, that the total amount of Ir in a CCM is not proportional or de-
terministic of the cell potential and other factors, such as CL structure, thickness
and electrical conductivity, contribute to a larger degree than the loading.

Compensated cell potential, displayed in Figure 6.3.4.b, underlines the differences
between the Ir black reference and IrO2/ATO CCMs, as the IrO2 catalysts show
a lower potential in almost the entire current density range. Here, increased re-
action kinetics on the IrO2/ATO layer comes into play with both 40 wt.% CCMs
performing better than the reference and the higher loaded one showing the low-
est potential. This confirms that the difference between the low and high loaded
40 wt.% IrO2/ATO CCMs, mostly stems from an increased electrical resistance in
the thicker layer. As the higher loaded CCM offers a proportionally higher amount
of active sites, the performance being higher makes sense. This is also recipro-
cated in the difference between the 65 wt.% IrO2/ATO CCMs, where the thicker
layer performs much better than the thinner one and also all other tested CCMs.
The sum of 𝜂𝑎𝑐𝑡 and 𝜂𝑂ℎ𝑚 seems to be the dominating factor in these layers as
these two overpotential terms are the major differences between the two figures.
Also, none of the polarization curves show a change in potential increase at higher
current densities, indicating a lack of strongly contributing 𝜂𝑀𝑇 . In terms of overall
Ir loading, even the thinner 40 wt.% IrO2/ATO CCMs is more efficient compared
to the Ir black reference with 0.3 mgIr, total cm

-2 less loading. It suggests one or
a combination of faster reaction kinetics of the IrO2/ATO catalyst, even overcom-

99



6 Results and Discussion

ing a substantially lower Pt-group metal (PGM) mass compared to the reference,
or advantageous interaction between the ATO and Ir black. Beneficial interac-
tions between ATO and Ir have previously discussed and are probably caused by
SMSI.[68,187,188] The equalizing and eventually surmounting compensated poten-
tial of the 40 wt.% IrO2/ATO CCMs suggests additional overpotential terms, re-
sulting in a higher potential at higher current densities, like 𝜂𝑀𝑇 and 𝜂𝐼𝑜𝑛 in these
CLs. But these seem to be rather low compared to the other contributing factors,
as these terms only take effect at farily high current densities.

The apparent increased reaction kinetics of the IrO2/ATO catalyst can also be ob-
served in Figure 6.3.5 with Tafel slopes about 10 mV dec-1 lower than comparable
catalysts, like Ir black, as seen previously in Figure 6.2.4.[135,179] These low Tafel

Figure 6.3.5: Kinetic CCM properties calculated by Tafel analysis of differently
loaded IrO2/ATO catalysts at different overall ATO loadings.

slopes along with lower than expected 𝑖0, suggests an beneficial interaction be-
tween not only the IrO2 on the ATO but also the Ir black and ATO (refer to Table A.7
for Tafel slope and 𝑖0 values). Between the different CCMs, the Tafel slope seems
to be rather constant with only 𝑖0, differentiating the 𝜂𝑎𝑐𝑡. The 𝑖0 here seems to
be only correlated with the amount of active sites and decrease with increased
overall Ir loading. All differently loaded catalysts thus indicate the same reaction
kinetics according to the Tafel slope but overall a more favourable system com-
pared to pure Ir black particles, most likely caused by the ATO support and its
interactions with both the IrO2 and Ir black particles. The semiconductor nature
of ATO, was previously discussed to lead to an overall lower oxidation number for
the Ir, due to an electron transferring effect, which could increase the OER activ-
ity as discussed before.[88,187] Additionally, the presence of a surface effect of the
ATO was argued by Zhang et al. in terms of fuel cell catalysts for the oxygen re-
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duction reaction (ORR), where O2 molecules were adsorbing on the ATO surface
and migrating to the PGM in a so-called spill-over effect, resulting in higher reac-
tion rates overall.[188] A similar effect might take place here with O intermediates
spilling over to the ATO and causing the apparently higher kinetic properties.

The major contribution to the cell potential is the 𝜂𝑂ℎ𝑚, as the difference between
the compensated and uncompensated polarization between IrO2/ATO and Ir black
CCMs shows. The HFR is quite high compared to the Ir black reference CCM,
as depicted in Figure 6.3.6. As discussed in the section before, the HFR of the

Figure 6.3.6: Dependence of the HFR in comparison to the applied current den-
sity for differently loaded IrO2/ATO CCMs and Ir black reference CCM.

cell and membrane contribute roughly 72-85 mΩ cm2, which is in agreement with
the Ir black reference but 30-40 mΩ cm2 lower compared to the IrO2/ATO CCMs.
Thus, the increased HFR is clearly caused by inter-particle electrical resistance
in the ATO. It can also be observed, that the HFR is decreased at higher IrO2 on
ATO loading, causing more likely conduction paths through Ir particles compared
to paths through the support material. A higher HFR in the higher overall 40 wt.%
loading CCMs with a higher thickness, is also due to the lower electrical conduc-
tivity of the support material in the longer conduction paths. Interestingly, the HFR
stays constant between the thinner and thicker 65 wt.% IrO2/ATO CCM, indicating
some kind of threshold being reached, as the HFR is no longer thickness depen-
dent at this loading. This might indicate the formation of a network of IrO2 particles
in some parts of the layer, increasing electrical conductivity but since the HFR is
still much higher than the reference CCM, conduction is not fully independent of
the ATO as it the electrical resistance would match that of Ir black. Nonetheless,
besides the difference in HFR at low current density, an apparent change is visible
with the operation conditions, more intense than observed in sections before for
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different catalyst materials.

It was previously observed that the HFR could decrease at higher operation cur-
rent density as local temperatures increase, which increases the membrane’s
ionic conductivity and in turn decreases the apparent HFR.[176,180] This effect
might also be present here and would explain part of the HFR behavior. It is also
well evident in the Ir black reference CCM. As the heating of the measurement cell
is only provided through temperature control of the supplied water, the tempera-
ture distribution might not be isothermal in the cell, resulting in this rather large
decrease of HFR observed. The membrane could thus be at a lower temperature
compared to the 80 °C of the supplied water in non-operation state, through heat
losses of the current collectors but gets heated with the reaction directly at the
membrane. Nevertheless, the effect is even more exacerbated for the IrO2/ATO
CCMs, hinting at more phenomena at play. A key difference between the CCM
composition is the ATO support material, which could play a vital role here. It
was previously discussed by Giesbrecht et al., that an increased cell temperature
might not only benefit membrane conductivity but could also increase electrical
conductivity of the material through thermo-ionic emission.[135] As this effect is not
normally occurring in metals, the ATO n-type semiconductor nature could induce
this effect here. This is not only dependent on the temperature of the material but
also the applied potential between a semiconductor and metal interface. These
materials, could form a semiconductor-metal junction, resulting in bend band po-
sitions, that alter the electronic effects of both.[188,189] Such a junction effect was
already presumed to play a role in the reaction kinetic advantages of ATO through
SMSI. However, under an applied voltage or reverse bias condition, the conduc-
tion band of the semiconductor is bend below the level of the metal and the Schot-
tky barrier, hindering electron transfer across the junction, gets reduced.[189] The
lower Schottky barrier could alleviate electron transfer and lead to an observed
benefit in electronic conductivity between ATO and Ir particles. As this effect is
dependent on the magnitude of the applied potential, a local increased current
density-induced potential increase could intensify this and result in the decreased
HFR observed here. A higher electron density in the Ir, as the OER produces
electrons in the catalyst, would then allow for more electron transport in to the
ATO. Even if the conduction band bending of the semiconductor-metal junction
might not reduce the conduction band level of the ATO below that of the Ir, the
Schottky barrier is still lowered without reversal of the electron transfer direction,
as this would result in a reversal of the SMSI effect, discussed before. Further
hints at the influence of the junction effect are found in the smaller decrease HFR
of the higher loaded IrO2/ATO 65 wt.%. As the ATO is covered with more IrO2 par-

102



6.3 Catalyst Loading Gradient CCMs

ticles, which are in contact with each other and the Ir black particles, the electrical
conduction paths are more likely to flow thourgh the low resistance metal particles
without contribution of the ATO, thus decreasing the importance of ATO-Ir junction
interfaces. A detailed investigation of this effect is beyond the scope of this thesis
and no conclusive evidence can be presented; however, it still remains probable
and could spark further research efforts in this phenomenon.

As a measure of the ECSA for oxide-based Ir catalysts, the charge of the re-
dox transition above 0.4 V vs. RHE can be used and is depicted in the whole
CV in Figure 6.3.7.a. It is apparent, that this measure increases with overall Ir

Figure 6.3.7: Depictions of a) CVs for different IrO2 loadings on ATO in a thin-
ner and thicker CL and b) dependence of the charge attributed to oxidic Ir redox
processes (integration of the capacitance-corrected CV above 0.4 V vs. RHE) in
relation to the IrO2 content and total Ir content in the CL.

loading as one would expect and the area is almost the same between the high
loading 40 wt.% and low loading 65 wt.% CCM, which both show a Ir loading of
1.4 mgIr, total cm

-2, as shown in Table 6.3.1. Interestingly, the 40 wt.% catalysts
show a more pronounced Hupd redox peak below 0.4 V vs. RHE, compared to
the 65 wt.% one. As this CV was recorded after the initial conditioning period,
meaning some of the Ir black is already oxidized, this difference could indicate a
stronger oxidation-inhibiting effect in the lower loaded catalyst. As the Ir black to
overall Ir ratio is lower here than in the 65 wt.% IrO2 loaded catalyst, the support
could be at its capacity for electron withdrawing SMSI. The contribution of the Ir
black portion in relation to the total IrO charge can also be observed in Figure
6.3.7.b on the right axis. Here the difference between the contribution of each in-
dividual Ir species, namely IrO2 and metallic Ir, are examined to better understand
each ones contribution. As seen in the CVs, the difference in charge density in
relation to total Ir is almost the same between the two CCMs with the same total
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Ir loading. This difference is however much more pronounced, when only consid-
ering the IrO2 portion as a clear drop in IrO2-based mass-specific charge density
can be observed between the 40 and 65 wt.% CCMs with the same total Ir con-
tent. This indicates a better catalyst utilization in the lower loaded catalyst, as the
obtained charge per invested IrO2 is higher. At a higher IrO2 loading, the individ-
ual particles might not be fully distributed across the support material, resulting in
touching surfaces, which are not accessible as reaction sites. Even though the
total amount of active sites seems to be higher in the 65 wt.% IrO2 catalyst, as ob-
served before, its utilization is lower based on the determined charge density, due
to less electrolyte exposed surfaces. The general trend is visible in both mass-
specific charge densities, as a higher loading leads to lower utilization and thus
lower charge, with caveats for each individual CCM as the composition changes
between IrO2 and Ir black.

The separation of the processes within the electrode into individual contributions
can be achieved by deconvolution of EIS data by DRT analysis.[135] Each different
process takes place on different temporal scales and according to the perturbation
frequency at which this process can be detected in EIS, its associated resistance
value can be calculated. The change of DRT signals with varying current den-
sity in the kinetic potential range is depicted for one CCM in Figure 6.3.8. The

Figure 6.3.8: DRT analysis of a) the homogeneous 40 wt.% IrO2/ATO low total
loading CCM at different current densities with the arrow indicating major shifts in
operation change and b) all homogeneous CCMs at 150 mA cm-2.

most prominent signal occurs around 10-2 to 10-1 s and is associated with an-
odic charge transfer processes, according to an in-depth analysis by Giesbrecht
et al.[135] As the current density increases, this peak decreases in magnitude, in-
dicating a smaller resistance values associated with it and also shifts to smaller
𝜏 value. This behavior of charge transfer processes is well established, as the
reaction rate is driven by higher current densities and the individual reactions ac-
celerate.[135,136] Other signals, especially at lower 𝜏 values, stay approximately

104



6.3 Catalyst Loading Gradient CCMs

constant with the increasing current density, with the exception of new signals
appearing at 5 x 10-1 s, that seem to stem from a portioning of the large charge
transfer signal after increasing the current density to 50 mA cm-2. The signal at
high 𝜏 values is frequently associated with mass transport processes, in particular
water transport. However, the reliability of EIS data at low current densities is un-
certain at low frequencies (high 𝜏 values), as shown in the Nyquist-plots of these
CCMs in Figure A.1. The evolution of these signals with increasing current den-
sity to lower resistance values and higher 𝜏 values is however consistent with the
observations by Giesbrecht et al.[135] This might be a hint of electroosmotic drag,
transporting water according to the potential gradient of the cell and becoming
visible even at these low current densities.

When comparing different CCMs, at the same current density, contributions of
the CCM composition and morphology become apparent, as depicted in Figure
6.3.8.b. Both the magnitude and position of the anodic charge transfer signal is
dependent on the overall Ir loading of the CCM.With increasing total Ir loading, the
charge transfer signal shifts to larger 𝜏 values, as the ECSA or rather charge asso-
ciated with the oxidic Ir redox processes, increases, as discussed before. This is
caused by the higher capacitance of these catalysts and shifts the signal to larger
𝜏 values as the charging of the larger capacitance takes longer.[135] However, the
magnitude of the signal decreases, suggesting a lower resistance associated with
the 𝜂𝑎𝑐𝑡, which is consistent with observations discussed before in terms of Tafel
slope and 𝑖0 values. The signal shape of the 65 wt.% low loading IrO2/ATO CCM
is different from the others and might be explained by additional processes taking
place at close 𝜏 values, however this effect is not observable in any other DRT
spectrum and could thus be due to uncertainty in the analysis. Nevertheless, the
signal position and combined magnitude of both individual signals are consistent
with the correlations made before. Signals at high 𝜏 values do not follow a clear
trend in terms of CCM composition and might thus be caused by unreliable EIS
data at these frequencies. Two smaller signals around 6 x 10-3 and 2 x 10-3 s are
usually associated with anodic ionic transport processes in addition to cathode
operation.[135] Even though the differences are small, it can be observed that the
signal at the lower 𝜏 is higher in magnitude for the thicker CCMs, which is con-
sistent with the observed ionic resistivity of the CCMs, as the diffusion paths in
the thicker layer are longer, resulting in a 𝑅𝐶𝐿𝐼𝑜𝑛. The signal at the larger 𝜏 value of
the two is also correlated with anodic ionic transport but also charge transfer pro-
cesses.[135] As before, the higher relative ECSA leads to a shift to higher 𝜏 values,
which is in accordance to the behavior of this signal in the thicker CCMs compared
to the thinner ones. Differences in observed processes are of special interest in
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6 Results and Discussion

the thicker CCMs, as the gradient layers are composed in the same way and their
behavior with increasing current density might yield additional insights when com-
paring gradient CL. The change in DRT spectra is displayed at 0.5 and 1.0 A cm-2

in Figure 6.3.9. Magnitude and 𝜏 of the charge transfer signal decreases further

Figure 6.3.9: DRT analysis of a) the homogeneous 40 and 65 wt.% IrO2/ATO
high total loading CCMs at 0.5 A cm-2 and b) the homogeneous 40 and 65 wt.%
IrO2/ATO high total loading CCMs at 1.0 A cm-2 with the coloured arrows indicating
change in peak position and intensity for either one of the CCMs (blue or green)
or both simultaneously (black) from 0.5 to 1.0 A cm-2.

at 0.5 A cm-2 and continues at higher current densities. This trend is also observ-
able at very high current densities up to 4.0 A cm-2, depicted in Figure A.2. As the
charge transfer signal shifts to lower 𝜏, the anodic ionic transport signals merge to
only one visible, while the one at higher 𝜏 merges with the larger charge transfer
signal. With increasing current density the signal 2 increases in magnitude, which
suggests an increase in ionic transport resistance. While the signal stays constant
for the 40 wt.% catalyst, the higher loaded one increases, which can be caused
by the higher reaction rate due to increased total Ir loading. With a higher reaction
rate the transport of H+ could become more limiting as the ionomer film should be
identical between the two CCMs. It becomes even more apparent at even higher
current densities, where this trend continues. At high 𝜏, the signal of the 65 wt.%
IrO2/ATO catalyst stays constant, while the signal for the lower loaded layer shifts
to larger 𝜏 and gains in magnitude. It could indicate a limitation in mass transport,
that is constant at a certain value for the higher loaded catalyst, due to the higher
reaction rate but only becomes evident for the lower loaded one with increasing
current density. While these two signals are still distinct at 1 A cm-2, they are of
equal position and magnitude above 2 A cm-2. As this signal remains constant
even up to high current densities, no strongly limiting factor of mass transport is
attributed to these CCMs as this would increase to much larger resistance values
at 4 A cm-2. The impact of these individual effects is fairly well differentiated be-
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6.3 Catalyst Loading Gradient CCMs

tween different CCM compositions, signifying a profound impact of the IrO2/ATO
loading on these phenomena.

Overall, the performance of these supported-catalysts is very promising, consid-
ering sufficient in-plane conductivity with increased reaction kinetics and suppos-
edly beneficial interactions between the support material the deposited IrO2 as
well as the Ir black. Further improvements in the intrinsic electrical conductivity
of the ATO could easily overcome the performance detriments and results in a
generally higher-performing catalyst compared to Ir black and subsequently also
unsupported IrO2 catalysts. Of special importance are the very low Tafel slope
and 𝑖0, observed here as they are both lower compared to literature results for
other IrO2 or metallic Ir catalysts and can be reliably observed across multiple
different CCMs.[12,41,93,180]

6.3.3 Gradient Ir Loading CCMs

A gradient design based on the catalyst loading along the CL thickness can be
promising in combining different aspects of the varying individual loadings to yield
a superior CL overall, that performs better than just the average of both homo-
geneous layers would suggest. The homogenization of the reaction rate is a im-
pactful factor here, where it might improve mass transport effects and affect the
electric conductivity of to whole layer, as the reaction can take place in differnt
parts of the CL depending on the conductivity of the catalyst. Polarization data of
two gradient layers with 40 and 65 wt.% IrO2/ATO sublayers in both coating direc-
tions is displayed in Figure 6.3.10.a along with the comparison to homogeneous
CCMs with the same ATO and Ir black content as the gradient ones. Cell poten-
tials of both gradient layers is between both homogeneous ones with the caveat
of a lower total potential than the average of both homogeneous ones. The ex-
pected difference is mainly due to the total Ir loading, which is with 2.1 mgIr cm

-2

right in the middle between the 1.4 and 2.8 mgIr cm
-2, of the homogeneous ones.

Both gradient ones show a fairly comparable performance with the 40|65 wt.%
CCM performing slightly better at higher current densities. A higher than average
performance of these CLs suggests an additional effect caused by the gradient
design, independent on the total Ir loading. The difference between the gradient
CCMs becomesmore apparent in the iR-free polarization data, displayed in Figure
6.3.10.b, where the 40|65 wt.% CCM shows an even more improved performance
compared to the other gradient one. In fact, this CL matches the performance of
the higher loaded homogeneous CCM at high current densities. This suggests a
small benefit of a higher loaded sublayer at the PTL and a lower loaded one at
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6 Results and Discussion

Figure 6.3.10: Performance of gradient and homogeneous IrO2/ATO CCMs with
a Ir black reference CCM in a) uncompensated polarization data and b) compen-
sated iR-free polarization data.

Figure 6.3.11: Dependence of the HFR in comparison to the applied current den-
sity for gradient and homogeneous IrO2/ATO CCMs.

the membrane, resulting in a more efficient CCM compared to the homogeneous
one. Both gradient layers show almost no difference in HFR, as shown in Figure
6.3.11, where both show an HFR comparable to the homogeneous low overall
loading 40 wt.% CCM at low current densities and slightly higher at high ones.
The HFR experienced by the whole CCM is thus not dependent on the setup or
the position of individual sublayers with different electronic conductivities. It is
only dependent on the total value of the least conductive sublayer. One could
argue that the conductivity of the sublayer near PTL being the determining one as
all electrical current flows through this but it is clearly not the case as evidenced
here. The current density dependence of the HFR does differ from the homoge-
neous thin 40 wt.% CCM but it shows the average value between the slope of the
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6.3 Catalyst Loading Gradient CCMs

40 and 65 wt.% CCMs indicating an equal contribution of each sublayer to the
total electrical conductivity along with its dependence on the cells potential and
temperature. As the HFR of both gradients is approximately equal, the perfor-
mance benefit of the lower loaded sublayer near the membrane becomes even
more apparent as seen in the compensated polarization data. This shows a clear
benefit of the gradient design in contrast to the average total Ir loading as both the
compensated and uncompensated cell potential is lower than the average of the
homogeneous ones while the HFR is higher, which compounds the performance
advantages. It is also evident in the kinetic parameters as both gradient CCMs
show the lowest Tafel values and 𝑖0 among all tested CCMs (see Table A.7). Even
though the Tafel slope differences are only about 1.0 to 1.5 mV dec-1, its effect
is nevertheless visible in the polarization data, indicating an optimal setup in the
gradient design.

Considering, the kinetic parameters are dependent on the catalytic sites, an ECSA
and 𝑞∗ analysis was carried out with the results presented in Figure 6.3.12. CVs

Figure 6.3.12: Depictions of a) CVs for gradient and homogeneous IrO2/ATO
CCMs and b) dependence of the charge attributed to IrO redox processes in re-
lation to the IrO2 content and total Ir content in the CL.

suggests an averaged charge area of oxidic Ir between the two homogeneous
CCM and barely any difference between the two gradient layers. As the charge
area is mainly dependent on the total Ir loading this comes as no surpise. How-
ever, considering themass-specific charge area, both gradient layers deviate from
a linear correlation with the 65|40 wt.% setup showing higher charges for total Ir
and IrO2-based densities. This in contrast to the higher performance of the other
gradient layer and does not seem to be impactful in the kinetic performance as
both layers show equal kinetic parameters.
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6 Results and Discussion

Specific differences in the contribution of processes to the overall performance of a
CCM is assessed through the DRT analysis and comparison of individual signals,
as shown in Figure 6.3.13. The behavior of the gradient layers is approximately

Figure 6.3.13: DRT analysis of a) gradient and homogeneous IrO2/ATO CCMs at
0.5 A cm-2 and b) gradient and homogeneous IrO2/ATO CCMs at 1.0 A cm-2.

equal in the signal below 10-2 s and differ slightly at signal 3, which corresponds to
anodic charge transfer processes.[135] Both signals are shifted to higher 𝜏 values,
comparable to that of the homogeneous 65 wt.% CCM, which correlates with the
observations in polarization where the gradient layers are closer to 65 wt.% com-
pared to 40 wt.% performance. However, the 40|65 wt.% gradient CCM shows a
higher magnitude of the signal compared to the homogeneous one, which does
not fit with the observed kinetic parameters. As the homogeneous CCM shows
a shoulder at higher 𝜏 values, it could be assumed, that this signal is shifted to-
wards signal 4, diminishing the magnitude of signal 3, which is better separated
from signal 4 in the 40|65 wt.% CCM. This convolution of signals can also be the
reason for the relatively low magnitude of signal 3 for the 65|40 wt.% CL. Upon
increased current density the signal 3 for both gradient CCMs become equal in
magnitude, further indicating the difference at 0.5 A cm-2 stemming from signal
overlapping. It also becomes apparent, that signal 5, usually attributed to mass
transport and especially water transport effects, show the same 𝜏 value for the
65|40 wt.% CCM as the homogeneous 40 wt.% one.[135] One could assume, this
effects stems from the positioning of the sublayers within the overall CL, as the
position of signal 5 correlates with the 65 wt.% layer being present at the PTL.
This indicates a different distribution of mass transport phenomena, probably due
to the distribution of reaction rate within the CL, relative to the PTL. A higher Ir
content near the PTL could induce this larger 𝜏 as more water reacts in the up-
per layer of the CL, limiting water transport to near-membrane portions of the CL.
With increasing current density this shift in 𝜏 diminishes, which could be caused
by increasing electroosmotic drag, transporting more water through the cell to
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6.3 Catalyst Loading Gradient CCMs

the cathode and thus increasing the water transport rate. Interestingly, the sig-
nal 2, usually attributed to ionic transport, is comparable at low current densities
but shifts to higher magnitudes for the gradient 40|65 wt.% and homogeneous
65 wt.% CLs, while the other two remain constant even up to 4 A cm-2.[135] As the
higher Ir loading is associated with a higher reaction rate, the ionic transport from
the PTL-side 65 wt.% sublayer can induce a higher ionic transport resistance as
the transport paths are longer than for the reverse order gradient CCM, where the
higher reaction rate is located at the Ir particles directly at the membrane. The
difference in path-lengths of conduction processes could thus explain the slight
difference in performance between the two gradient CCMs. As 𝑅𝐶𝐿𝐼𝑜𝑛 and the ob-
served DRT signal 2 is lower for the CCM with the higher loaded sublayer near
the membrane, the overall performance is higher for the other gradient layer (see
Table A.7).

One of the main performance factors is the local 𝜂𝑂ℎ𝑚, as Moore et al. discussed,
with depends on the in-plane conductivity of the catalyst material.[95] With a higher
loaded and better electrically conductive layer near the PTL, the 40|65 wt.% gra-
dient CCM reduces local 𝜂𝑂ℎ𝑚 near the PTL, where the highest reaction rate is
induces due to the conductivity terms. Thus the overall performance is slightly
higher even though the total HFR observed for the whole CL is similar between
both layers.
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7 Conclusions and Summary

In this thesis, the concept of a gradient CL design for low-temperature PEMWE
anode CLs was explored. The coated gradient layers were investigated along-
side their homogeneous counterparts to evaluate the specific properties of the CL
and the gradient’s impact on them. Gradient CLs, based on differential loading
along the layer’s thickness, were found to require a supported catalyst. Without
the supported catalyst, the gradient would merely vary the layer’s thickness with-
out producing the desired effects of keeping most CL properties constant, while
varying the Ir loading. Thus, the synthesis of a supported Ir catalyst has been
studied to yield a suitable catalyst for a gradient design with variable Ir loading on
the substrate.

Four different methods were chosen and appraised for their ability to produce re-
liable Ir catalysts with a specific Ir content and proportionality of electrochemical
performance to the loading. The selected methods produced catalysts with dif-
ferent Ir species, namely metallic Ir or suboxide IrOx and rutile-type IrO2, which
demonstrated varied electrochemical performance and stability. To improve com-
parability, the metallic Ir or IrOx-based catalysts underwent a heat treatment that
converted the bulk of the active species to rutile-IrO2. Upon evaluating the individ-
ual catalysts, it was found that the RS uncalcined catalyst displayed the highest
electrochemical performance with a very reproducible and specific Ir loading. This
catalyst primarily consisted of metallic Ir, resulting in high activity but reduced sta-
bility, as observed in stability tests where it displayed a lower S-number than its
calcined counterpart. When calcined, the catalyst lost a significant amount of ac-
tivity, but demonstrated a higher S-number due to its improved stability against
Ir dissolution, through facilitation of the adsorbate evolution mechanism. The CD
and HTD synthesis methods demonstrated lower reproducibility and more impor-
tantly, reduced loading specificity, as these catalysts showed loadings of 15 and
25 wt.% Ir, respectively, compared to the desired 40 wt.% loading. This, coupled
with multi-step syntheses involving large volumes of solvents, resulted in less de-
sirable methods, especially since the electrochemical activity was lower than that
of the other catalysts. The MAF catalyst, consisting primarily of rutile-IrO2 right af-
ter synthesis, emerged as the second interesting catalyst. It was discovered that
this catalyst contained a comparatively high amount of IrIII, which is theorized to
enhance its performance above the other heat-treated catalysts. Its stability was
relatively high but did not match those catalysts containing heat-treated IrO2, re-
sulting in a slightly lower S-number, due to its still higher activity towards the OER.
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The feasibility of using these synthesis techniques in both a laboratory setting and
on an industrial scale was assessed, with the MAF catalyst emerging as the most
promising due to its simple salt-melt-based method already in use in large-scale
processes. This catalyst also demonstrated good reproducibility and specificity in
its Ir loading and was consequently selected for use in further studies of Ir loading
gradient CCMs.

The incorporation of a gradient design can be accomplished not only through the
variation of Ir loading, but also by adjusting the distribution of ionomer along the
CL’s thickness. This approach was implemented by coating CCMs with a con-
stant loading of an Ir black catalyst and a varied ionomer loading of 5, 10, 20, and
30 wt.% for homogeneous reference layers. In addition, two gradient layers were
created, one with a 10 wt.% ionomer sublayer at the membrane and a 30 wt.%
sublayer near the PTL and another in the reverse order, resulting in 30|10 wt.%
contents. It was found that the electrochemical performance was optimal at a ho-
mogeneous 20 wt.% ionomer content among the other evaluated homogeneous
ionomer loading’s, contrary to other studies that identified a 10 wt.% optimum
loading. For this lower loading layer, a higher HFR was determined, resulting in
lower performance compared to 20 wt.%. At 30 wt.% ionomer, an even higher
HFR was observed with minimal current density dependence, whereas the other
CCMs exhibited a stronger HFR decrease with increasing current density. This
was attributed to water starvation in the lower parts of the CL, in part due to the
near-zero void pore volume at this high ionomer loading. Some of this effect also
led to a higher 𝑅𝐶𝐿𝐼𝑜𝑛 compared to lower ionomer loadings, which would typically
decrease with increasing ionomer content. This was likely due to ionomer com-
pression within the pores following water-induced swelling and subsequent water
discharge, reducing the protonic conductivity of the CL. Given that the optimum
ionomer loading in homogeneous CCMs was found to be 20 wt.%, the gradient
layers can be compared and referenced by their average loading of 20 wt.%, em-
phasizing any differences resulting from the gradient design. Normally, a higher
ionomer content near the membrane would increase ionic conductivity and conse-
quently enhance performance as the local 𝜂𝐼𝑜𝑛 is reduced where the reaction rate
is highest. However, this effect was not observed in the 30|10 wt.% CCM. Instead,
a reversed effect occurred, where this CL led to lower performance compared to
the homogeneous 10 and 20 wt.% loadings. Contrarily, the 10|30 wt.% loading
CCM displayed the best performance among all measurements. This was at-
tributed to a relatively low HFR, comparable with the 20 wt.% CL and significantly
lower than the other gradient CCM. Furthermore, the exchange current density
was slightly lower with an average Tafel slope, resulting in better performance at
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lower current densities. The detrimental effects of a 30 wt.% ionomer loading were
not observed in either gradient CCM, likely due to sufficient accessible void pore
volume in the adjacent sublayer. In summary, the gradient design of ionomer had
a mixed impact on the performance of the CCM, but it can be beneficial if applied
carefully on previously optimized ionomer contents for each specific catalyst. Par-
ticularly at relatively high ionomer contents, a gradient design can alleviate some
of the negative effects of the higher loading.

The third part of this thesis examined the gradient design based on different Ir
loadings along the thickness of the CL. The first step towards optimizing the CL
composition involved fine-tuning the ionomer content, which was determined to be
approximately 10 wt.% Nafion® based on a CCM containing the 40 wt.% IrO2/ATO
catalyst. However, applying pure IrO2/ATO CLs led to high HFR values and low
performance, which was attributed to the low in-plane electrical conductivity of
the support material. To mitigate this issue, a fixed amount of Ir black was added,
significantly enhancing the performance of the CCMs. Using these optimized lay-
ers, various effects were observed. Compensated polarization data for the 65
wt.% IrO2/ATO catalysts showed substantially lower potentials compared to the
Ir black reference. Interestingly, even at lower total Ir loading, the CCMs based
on IrO2/ATO performed better than the reference. This superior performance was
partially attributed to rapid kinetics, leading to a substantially lower Tafel slope
and exchange current density values than expected. The ATO is likely the cause
of these performance benefits, as the probable effect of a semiconductor-metal
junction was observed. This not only influences the catalyst’s reaction kinetics but
also improves the electrical conductivity with increasing operation current density,
surpassing the expected behavior due to increased local temperatures observed
in Ir black. Despite its low intrinsic electrical conductivity, this catalyst and its sup-
port material individually represent a promising novel composite. It not only shows
high performance in an aqueous model system in the RDE characterizations but
also on a full electrolyzer cell level. With suitable modifications to improve the
ATO’s electrical conductivity, such as different dopants, or through the addition of
a component with very high electrical conductivity to the CL (such as Ir black in this
project), CCMs with exceptional properties could be produced. The performance-
enhancing effects observed in the homogeneous CCMs were also found in the
gradient ones, with most parameters exhibiting an average between the two ho-
mogeneous layers that constitute the gradient layers. The HFRwas determined to
be dependent only on the least electrically conductive sublayer, as both gradient
CCMs showed equal values, independent of the sublayer position. Despite the
identical total HFR, it was assumed that a slight performance difference between
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both gradient layers was caused by variations in local electrical conductivity. The
CCMwith the higher electrically conductive sublayer near the PTL showed a lower
cell potential. Given that the position of the reaction rate maximum is dependent
on the catalyst’s electrical conductivity, the position of the higher-loaded sublayer
near the PTL was deemed optimal. This resulted in a performance enhancement
of the gradient layers relative to the homogeneous ones that surpassed what the
average total Ir loading would suggest. Additionally, a minor contributing factor
of the sublayer position to 𝑅𝐶𝐿𝐼𝑜𝑛 was identified, where the higher-loaded sublayer
near the membrane was found to decrease 𝑅𝐶𝐿𝐼𝑜𝑛, suggesting a correlation between
ionic transport paths through the CL and 𝑅𝐶𝐿𝐼𝑜𝑛. The improved performance of the
loading gradient CCMs, with one displaying even lower cell potentials, makes this
design an intriguing choice for increased efficiency in anodic CLs, thus achiev-
ing higher Ir utilization. A clear performance-enhancing effect stronger than that
induced solely by total Ir loading was observed, which depends on the location
of individual sublayers, resulting in more efficient CLs than their individual con-
stituents.

Overall, the gradient design was found to enhance the electrolyzer cell perfor-
mance in two independent ways: both the ionomer gradient and the Ir loading
gradient showed increased efficiency relative to their homogeneous counterparts.
Individual contributions of the gradient design strongly depend on careful consid-
eration of CL composition but show potential for ways to lower the Ir content in
anodic electrolyzer CLs.
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8 Outlook

In the evaluation of catalyst and support materials, as well as their assembled
CLs, several novel effects were observed and challenges encountered in mate-
rial characterization due to some inherent limitations of those materials. Further
efforts are necessary to optimize the materials and identify new strategies for mit-
igating the disadvantages. A primary concern is the low electrical conductivity of
the ATO support. Hence, synthesis methods that can enhance its conductivity,
such as different dopants or dopant concentrations or modified crystal structures,
could be extremely beneficial. This material demonstrated significant potential,
particularly in enhancing the kinetic activity of Ir in both RDE and MEA setups.
Introducing novel support materials, offering higher conductivity, could also be
advantageous when combined with the demonstrated synthesis methods. How-
ever, it is important to note that some effects that promote reactions might be
due to the semiconductor nature of ATO and may not be present in other ma-
terial classes.[73,76,77,79] These effects could also provide further insights through
in-depth calculations and characterization into the nature of the SMSI. This knowl-
edge could prove substantially beneficial for future support materials. The band
structure of the support-metal interface is of particular interest, as it might not only
enhance catalytic activity, but also affect the electrical conductivity of the CL under
reverse bias conditions. In addition to the exploration of novel support materials,
the structure of Ir species could be further refined to yield more stable and active
catalysts. Recently, it was described how the interaction between rutile-IrO2 and
IrOx impacts the catalyst properties, as a design based on a thin surface layer
of fully oxidized rutile-IrO2 and lower IrOx layers could improve its stability while
maintaining the reaction participation of lower layers, resulting in a higher volumet-
ric ECSA.[170] As the overall PGM loading in PEM electrolysis needs to be reduced
for widespread application, the concept of supported catalysts, akin to Pt on C cat-
alysts in fuel cells, may be inevitable. The reduction of Ir can only be continued
up to a certain point, when the CL becomes too thin and inhomogeneous below
5 µm.[93,180] In the grand scheme of things, the development of relatively active
non-PGM catalysts would significantly propel the technology. The total supply of
PGMs remains a concern for the widespread application of PEM electrolysis as a
cornerstone of energy transition technology and more research into Ir alternatives
could prove unavoidable.

As extensively demonstrated in this thesis, the concept of an ionomer and PGM
loading gradient along the thickness of the CL emerges as a promising concept
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that could be expanded to include multiple gradients concurrently. The simultane-
ous application of ionomer and Ir loading gradients can further optimize individual
components of the CCM and enhance material investment efficiency. However,
careful consideration must be given to the nature of the catalyst and the homo-
geneous CL properties targeted for use in gradient designs. Beyond grading the
ionomer and catalyst material, the implementation of a hierarchical catalyst struc-
ture or pore network could be a promising application of this concept. This could
be achieved by varying coating parameters, such as the temperature and sus-
pension composition, to allow the CL to form varying degrees of pore volume.
Another approach would be to use structured materials that have a defined pore
network, like mesoporous TiO2 or ATO, with different structural properties in se-
quential layers. This could substantially enhance mass transport phenomena, es-
pecially under certain operation conditions, such as water starvation in lower CL
portions at high operating currents.[94,190,191] With the introduction of novel ma-
terials that address some shortcomings of the current gradients presented here,
their performance impact could be even more significant. For example, a mi-
croporous layer for PTLs could establish lower contact resistance at the CL-PTL
interface, leading to a reduced requirement for catalyst in-plane conductivity at
that interface.[95] Individual contributions of the gradient design that affect per-
formance should also be evaluated in tandem with modelling systems. These
systems can further assess its impact and guide future efforts to produce more
efficient gradients by addressing specific local overpotential terms within the CL.
This, coupled with more sophisticated analysis hardware, could further enhance
this promising approach. For instance, performance analysis based on elevated
operation pressures and segmented cell hardware could help localize certain ef-
fects.[21,41] Advanced imaging technology, such as nano-computed tomography
might also elucidate the catalyst micro structure to yield valuable insights about
the pore network and thus ionic as well as electronic conduction paths inside an
intact CL.
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A.3 Supplementary Figures

Figure A.1: Nyquist-plots of electrochemical impedance spectra of homogeneous
IrO2/ATO CCMs recorded at a) 100 mA cm-2, b) 150 mA cm-2, c) 1.0 A cm-2, and
d) 2.0 A cm-2

Figure A.2: DRT analysis of homogeneous 40 and 65 wt.% IrO2/ATO high total
loading CCMs at a) 2.0 A cm-2 and b) 4.0 A cm-2.
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Figure A.3: Overpotential breakdown of the homogeneous IrO2/ATO CCMs.

Figure A.4: DRT analysis of gradient 40|65 wt.% and 65|40 wt.% CCMs aswell as
homogeneous 40 and 65 wt.% IrO2/ATO high total loading CCMs at a) 2.0 A cm-2

and b) 4.0 A cm-2.

134



A.4 Supplementary Tables

Table A.1: Educts for different loading variants of the Reduction synthesis
method. Other solvents and additives were not changed between Ir loadings.

Ir loading / wt.% ATO / mg IrCl3xH2O / mg NaBH4 / mg

15 wt.% 170.0 56.0 108.0

40 wt.% 170.0 212.0 290.0

65 wt.% 170.0 590.0 471.0

Table A.2: Educts for different loading variants of the Adams Fusion synthesis
method. Other solvents and additives were not changed between Ir loadings.

Ir loading / wt.% ATO / mg IrCl3xH2O / mg NaNO3 / g

15 wt.% 185.0 61.0 3.0

40 wt.% 110.0 137.0 3.0

65 wt.% 65.0 183.0 3.0

Table A.3: Educts for different loading variants of the Colloidal deposition method.
Other solvents and additives were not changed between Ir loadings.

Ir loading / wt.% ATO / mg H2IrCl6 / mg

15 wt.% 160.0 60.0

40 wt.% 43.0 60.0

65 wt.% 15.0 60.0

Table A.4: Educts for different loading variants of the Hydrothermal synthesis
method. Other solvents and additives were not changed between Ir loadings.

Ir loading / wt.% ATO / mg Ir Colloid / mL tert.-butanol / mL

15 wt.% 160.4 190.0 90.0

40 wt.% 42.9 190.0 90.0

65 wt.% 15.3 190.0 90.0
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Table A.5: Crystallite sizes for cubic Ir (111) and tetragonal IrO2 (110) faces, cal-
culated by Scherrer analysis of all different catalysts both uncalcined and calcined.
* marked cells show reflexes too low in intensity for rigorous analysis
- marked cells display the absence of a reflex

Catalyst
uncalcined calcined

Ir0 (111) IrO2 (110) Ir0 (111) IrO2 (110)

RS 15 wt.% 2.0 nm - * 3.1 nm

RS 40 wt.% 1.7 nm - 5.3 nm 2.8 nm

RS 65 wt.% 1.7 nm - 6.3 nm 2.8 nm

HTD 15 wt.% * - * *

HTD 40 wt.% 3.0 nm - * 3.2 nm

HTD 65 wt.% * * * *

CD 15 wt.% - - - *

CD 40 wt.% - - - 3.2 nm

CD 65 wt.% - - - *

MAF 15 wt.% - 2.9 nm - -

MAF 40 wt.% - 2.0 nm - -

MAF 65 wt.% - 1.7 nm - -

Table A.6: 𝑖0 and Tafel slopes for the ionomer gradient CCMs.

CCM Tafel slope / mV dec-1 𝑖0 / A cm-2

hom. 5 wt.% Nafion 44.8 5.2 x 10-8

hom. 10 wt.% Nafion 47.3 1.2 x 10-7

hom. 20 wt.% Nafion 48.0 1.4 x 10-7

hom. 30 wt.% Nafion 44.4 3.8 x 10-8

gra. 30|10 wt.% Nafion 41.9 1.5 x 10-8

gra. 10|30 wt.% Nafion 44.5 8.2 x 10-8
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Table A.7: 𝑅𝐶𝐿𝐼𝑜𝑛,𝑖0 and Tafel slopes for the Ir loading gradient CCMs.

CCM Tafel slope /
mV dec-1 𝑖0 / A cm-2 𝑅𝐶𝐿𝐼𝑜𝑛 / mΩ cm2

hom. 40 wt.%
IrO2/ATO low 36.6 2.1 x 10-9 10.9

hom. 40 wt.%
IrO2/ATO high 35.6 2.1 x 10-9 16.7

hom. 65 wt.%
IrO2/ATO low 37.5 4.7 x 10-9 13.1

hom. 65 wt.%
IrO2/ATO high 35.6 4.1 x 10-9 14.3

gra. 65|40 wt.%
IrO2/ATO

34.6 1.7 x 10-9 13.2

gra. 40|65 wt.%
IrO2/ATO

34.3 1.7 x 10-9 12.3
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A.5 Supplementary Equations

𝑉𝑐𝑎𝑡 =
𝐿𝑐𝑎𝑡

𝜌𝑐𝑎𝑡 𝑑𝐶𝐿
(A.1)

Where 𝑉𝑐𝑎𝑡 is the volume occupied by the catalyst, 𝐿𝑐𝑎𝑡 is the catalyst loading, 𝜌𝑐𝑎𝑡
is the density of the catalyst, and 𝑑𝐶𝐿 is the thickness of the CL.[12]

𝑉𝐼𝑜𝑛 =
𝐿𝑖𝑜𝑛

𝜌𝑖𝑜𝑛 𝑑𝐶𝐿
(A.2)

Where 𝑉𝑖𝑜𝑛 is the volume occupied by the ionomer in the dry state, 𝐿𝑖𝑜𝑛 is the
ionomer loading, and 𝜌𝑖𝑜𝑛 is the density of the ionomer in a dry state with a value
of 2.1 g cm-2 and a factor of 1.8 was added to reflect the swelling behavior of the
ionomer at 80 °C, immersed in water.[12]

𝜂𝑎𝑐𝑡 =
𝑅𝑇
𝛼𝐹 arsinh

𝑖
𝑖0
= 𝑏
2.3 arsinh

𝑖
𝑖0

(A.3)

Where 𝑏 is the Tafel slope. 𝜂𝑎𝑐𝑡 is specific for each electrode with its corresponding
𝛼𝑎𝑛𝑜 or 𝛼𝑐𝑎𝑡.
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A.7 Abbreviations and Symbols

List of Symbols

𝑎 activity

𝐴𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 electrode area

𝛼 charge transfer coefficient

𝛼𝑎𝑛𝑜 anodic charge transfer coefficient

𝛼𝑐𝑎𝑡 cathodic charge transfer coefficient

𝑏 kinetic resistance

𝐶𝐷𝐿 double layer capacitance

𝑑𝐶𝐿 thickness of the CL

Δ𝐺 change in overall free Gibbs enthalpy

Δ𝐺° free Gibbs enthalpy

Δ𝐻 change in overall enthalpy

𝑑ℎ𝑘𝑙 separation of crystal planes

Δ𝐻° change in enthalpy

Δ𝑝 path-length difference

Δ𝑆 change in overall entropy

Δ𝑆° change in entropy

𝐸 cell potential

𝐸0 reversible standard potential

𝐸0𝑎𝑛𝑜 reversible standard potential of the anode

𝐸0𝑐𝑎𝑡 reversible standard potential of the cathode

𝐸𝐵 binding energy

𝐸𝑘𝑖𝑛 kinetic energy

𝐸𝑇𝑁 thermo-neutral potential

𝑓 frequency

𝐹 Faraday constant

𝛾(𝜏) DRT process-associated resistance

𝜂 overpotential

ℎ Planck’s constant
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𝜂𝑎𝑐𝑡 activation overpotential

𝜂𝐼𝑜𝑛 ionic overpotential

𝜂𝑀𝑇 mass transport overpotential

𝜂𝑂ℎ𝑚 ohmic overpotential

𝑖 current

𝑖0 exchange current

𝑗 imaginary unit number

𝜆 wavelength

𝐿𝑐𝑎𝑡 catalyst loading

𝐿𝑖𝑜𝑛 ionomer loading

𝐿𝐼𝑟 Ir loading

𝜆𝑇𝑖𝑘ℎ𝑜𝑛𝑜𝑣 Tikhonov regularization parameter

𝑚 FWHM-coefficient

�̇� substance flow

𝜈 wave frequency

𝑛𝐼𝑟 amount of dissolved Ir

𝑛𝑂2 amount of produced O2

Θ glancing angle

𝑞∗ mass-specific charge

𝑄 Hupd
charge of the Hupd

𝑞𝐼𝑟 charge density of H on Ir

Θ𝑠 spectrometer work function

𝑟 scan rate

𝜌 density

𝑅 universal gas constant

𝑅𝐶𝐿𝐼𝑜𝑛 catalyst layer ionic sheet resistance

𝑅𝑒𝑓𝑓𝐼𝑜𝑛 effective ionic CL resistance

𝑅𝑂ℎ𝑚 Ohmic resistance

𝜏 time constant

𝑡 time

𝑇 temperature
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𝑈𝑐𝑜𝑟𝑟 corrected potential

𝑉𝑐𝑎𝑡 volume occupied by the catalyst

𝑉𝑖𝑜𝑛 volume occupied by the ionomer

𝜉 kinetic correction factor

𝑧 electron transfer number

𝑍 impedance

𝑍′ real part of the impedance

𝑍″ imaginary part of the impedance
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List of Abbreviations

ADEM adsorbate evolution mechanism

AEMWE anion-exchange water electrolysis

AST accelerated stress test

ATO Sb-doped SnO2

AWE alkaline water electrolysis

BBP bipolar plate

BSE back-scattering electron

CAPEX capital expenditure

CCM catalyst coated membrane

CD colloidal deposition

CL catalyst layer

CTAB cetyltrimethylammonium bromide

CV cyclic voltammetry

DRT distribution of relaxation times

ECSA electrochemical surface area

EDS energy dispersive X-ray spectroscopy

EIS electrochemical impedance spectroscopy

FE Faradaic efficiency

FWHM full-width half-maximum

GCO Gd-doped CeO2

GDE gas-diffusion electrode

GDL gas-diffusion layer

Hupd hydrogen underpotential deposition

HER hydrogen evolution reaction

HFR high-frequency resistance

HHV higher heating value

HR high-resolution

HTD hydrothermal deoposition

ICP inductively coupled plasma

LHV lower heating value
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LPM lattice participated mechanism

LSV linear sweep voltammetry

MAF modified Adam’s fusion

MEA membrane electrode assembly

MS mass spectrometry

OER oxygen evolution reaction

OPEX operational expenditure

ORR oxygen reduction reaction

PEM proton-exchange membrane

PEMWE proton-exchange membrane water electrolysis

PFSA perfluoro sulfonic acid

PGM Pt-group metal

PTE porous transport electrode

PTFE polytetrafluoroethylene

PTL porous transport layer

RDE rotating disk electrode

RHE reversible hydrogen electrode

RS reduction synthesis

SEM scanning electron microscopy

SGL Gaussian-Lorentzian sum

SMSI strong metal-support interaction

SOWE solid-oxide water electrolysis

TEM transmission electron microscopy

TGA thermogravimetric analysis

TOF turn-over frequency

TPB triple-phase boundary

VE voltage efficiency

WE working electrode

XPS X-ray photoelectron spectroscopy

XRD X-ray diffraction

YSZ Y-stabilized ZrO2
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