Fakultat far Physik
Physics of Energy Conversion and Storage

Methodological Aspects of In-Depth
Electrochemical Characterization of Metal and
Metal Oxide Electrocatalysts

Sebastian Anselm Watzele

Vollstandiger Abdruck der von der Fakultat fur Physik der Technischen Universitat
Minchen zur Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften
genehmigten Dissertation.

Vorsitzender: Prof. Dr. Alejandro Ibarra

Prifer der Dissertation:
1. Prof. Dr. Aliaksandr S. Bandarenka

2. Prof. Dr. Ifan E. L. Stephens

Die Dissertation wurde am 20.01.2020 bei der Technischen Universitit Minchen

eingereicht und durch die Fakultét fir Physik am 21.02.2020 angenommen.






Abstract

Efficient energy storage attains increased importance for today’s society due to a
gradual change of energy provision towards “renewables”. A promising way to store excess
electrical energy is to store it in the form of hydrogen obtained electrochemically by water
electrolysis. The efficiency of associated electrolyzers and fuel cells is strongly related to
the performance of the applied electrocatalysts. Therefore, the development of highly active
electrocatalysts and their optimization is of great importance to make aforementioned
devices cost effective. In turn, the rational design of electrocatalysts requires a distinct
fundamental knowledge of the catalyzed electrochemical reaction and its reaction
mechanism(s). However, even for the reactions, which are considered to be simple, such as
the hydrogen evolution reaction (HER), there is a serious lack of knowledge of the
dominating reaction mechanisms. In this work, a method has been developed to estimate
the relative contribution of VVolmer-Heyrovsky and VVolmer-Tafel mechanisms. It is based
on electrochemical probing of the frequency dependent impedance of Pt microelectrodes.
Analysis using a model developed in this work indeed allowed to differentiate both
mechanisms. This contributes to a better understanding but at the same time somewhat

questions the validity of the classical approaches to analyze reaction mechanisms.

After the theoretical identification of promising electrocatalysts, their performance is
usually benchmarked before their application in real devices. However, the significance of
results from pre-testing of the catalysts under laboratory conditions can be questionable as
the conditions in real applications are often strongly different. For this purpose, a novel
approach was elaborated to benchmark electrocatalysts using industrial relevant conditions
such as operation at high current densities and at elevated temperatures and in concentrated
electrolytes. Especially the benchmarking at high current densities was facilitated by the

use of microelectrodes, which allow quasi iR-free measurements and suppresses the



formation of a gaseous phase at the electrode. This is supposed to greatly reduce the

probability for wrong predictions of activities under such conditions.

Another fact is that the comparison of electrochemical activities is not meaningful without
consideration of the electrochemically active surface area (ECSA) of a catalyst. However,
this is especially a problem for transition metal oxides and perovskites that are commonly
used as OER catalysts, and in most cases no ideal method exists to determine their ECSA.
This problem was addressed by the development of a new method for the determination of
ECSA of OER electrocatalysts using electrochemical impedance spectroscopy
measurements. The application of this method was demonstrated using several examples.
It is shown that the main advantages of this approach are its accuracy, the short measuring
time and the possibility to perform it in-situ. It can be assumed that it will have significant

impact on future studies of oxide electrocatalysts.



Zusammenfassung

Effiziente Energiespeicherung gewinnt fir die heutige Gesellschaft zunehmend an
Bedeutung, da die Energieerzeugung allmahlich auf erneuerbare Energien umgestellt wird.
Ein vielversprechender Weg, Uberschissige elektrische Energie zu speichern, ist die
Speicherung in Form von Wasserstoff, der elektrochemisch durch Wasserelektrolyse
gewonnen wird. Dabei hangt der Wirkungsgrad von Brennstoffzellen und Elektrolyseuren
stark von dem eingesetzten Elektrokatalysators ab. Daher ist die Entwicklung hochaktiver
Elektrokatalysatoren und deren Optimierung von grofRer Bedeutung, um die oben
genannten Gerate Kkosteneffizient zu machen. Das rationelle Design von
Elektrokatalysatoren wiederum erfordert ein ausgepréagtes fundamentales Wissen uber die
jeweilig katalysierte elektrochemische Reaktion und deren Reaktionsmechanismen. Jedoch
besteht sogar bei als einfach angesehenen Reaktionen, wie beispielsweise der
Wasserstoffevolutionsreaktion (HER), ein gravierender Mangel an Wissen Uber deren
dominierenden Reaktionsmechanismus. Daher wurde eine Methode entwickelt, um den
Beitrag von Volmer-Heyrovsky und Volmer-Tafel Mechanismus zu identifizieren. Sie
basiert auf der elektrochemischen Untersuchung der frequenzabh&ngigen Impedanz von
Mikroelektroden. Die Analyse mit einem neuartigen Modell ermdglichte es tatsachlich,
beide Mechanismen zu unterscheiden. Dies tragt zu einem besseren Verstandnis bei und
hinterfragt auch die Validitdt der klassischen Ansdtze zur Analyse von

Reaktionsmechanismen.

Nach der theoretischen Identifizierung vielversprechender Elektrokatalysatoren wird deren
Leistung in der Regel vor ihrer Anwendung in realen Geraten berpriift. Die Bedeutung
der Ergebnisse aus der Vorprifung von Katalysatoren unter Laborbedingungen kann
jedoch fragwirdig sein, da die Bedingungen in der realen Anwendung oft stark
unterschiedlich sind. Zu diesem Zweck wurde ein neuartiger Ansatz zum Testen von

Elektrokatalysatoren unter industriell relevanten Bedingungen entwickelt, wie z.B. dem



Betrieb bei hohen Stromdichten und bei erhéhten Temperaturen sowie in konzentrierten
Elektrolyten. Die Messung bei hohen Stromdichten wurde durch den Einsatz von
Mikroelektroden erleichtert, welche quasi iR-freie Messungen ermdglichen und die
Bildung einer Gasphase an der Elektrode unterdricken. Dies reduziert die

Wahrscheinlichkeit fur Aktivitatsfehlprognosen maRgeblich.

Eine weitere Tatsache ist, dass der Vergleich elektrochemischer Aktivitaten ohne
Berlicksichtigung der elektrochemisch aktiven Oberflache (ECSA) eines Katalysators nicht
sinnvoll ist. Dies ist jedoch besonders problematisch fiir Ubergangsmetalloxide und
Perowskiten, die haufig als OER-Katalysator verwendet werden, da in den meisten Féllen
keine ideale Methode zur Bestimmung deren ECSA existiert. Dieses Problem wurde durch
die Entwicklung einer universellen Methode zur Bestimmung von OER-
Elektrokatalysatoren geldst. Die Anwendung dieser neuartigen Methode wurde an
mehreren realistischen Beispielen demonstriert. Die Hauptvorteile sind ihre Genauigkeit,
die kurze Messdauer und die Mdglichkeit, sie in-situ durchzufuhren. Es ist davon
auszugehen, dass diese Methode einen signifikanten Einfluss auf zukiinftige Studien zu

OER-Elektrokatalysatoren haben wird.
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1 Introduction

1.1 Renewable energy

With the steady increase in the usage of carbon-based energy in the last century,
today’s society is facing unprecedented problems, like the human made climate change and
dwindling resources®?34, The global annual consumption of electric energy increased by
4% compared to the previous year and reaches a new record of ~23 PWh®°. Currently,
energy produced from coal and gas are ~39% and ~22% of total energy, respectively®.
Nuclear power can be seen as the special case, as it does not significantly contribute to the
emission of CO», though the Uranium/Plutonium is limited, and the disposal of the nuclear
waste is an unsolved issue’®°. The share of “renewables” with ~25%?° is a small, but the
fastest increasing energy source!?. A change of energy production towards the
renewables might be the way for sustainable energy production to fight against man made

climate change and to preserve our planet for future generations?1314.15,

The recent attempts to increase the share of renewables, however, revealed several
weaknesses: their higher prices and their intermittent production®®”8 In contrast to plants
run by fossil fuels, the energy output of photovoltaic and wind plants can’t be adjusted to
the need, and their daily production rate heavily depends on environmental influences!®2°,
This leads to various situations, such as the need for energy production by conventional
power plants, or regenerative power plants, which need to be shut down to prevent power

grid overloads?!?2,
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1.2 Energy storage

Improvement of the power grids and gas power plants, able to start-up rapidly to
compensate energy supply shortages, can relieve this situation to a certain degree®,
however, efficient energy storage is an unavoidable need to compensate supply fluctuations
and energy production/demand mismatches, especially when the percentage of renewables
should be further increased?#2>25, This short-term fluctuations are typically equalized via
supercapacitors?’ or via superconducting magnetic energy storage equalizers?, as they can
operate with high efficiencies (> 95%) and have good power density. However, they are
inappropriate to compensate larger intermittencies due to their limited energy densities?®=°,
Mountainous regions often provide the geographical conditions to use damns and create
water reservoirs at different levels and utilize the hydroelectricity as operational reserve for
the power grids. In case of surplus energy, this electric energy can be converted to
gravitational potential energy by pumping water from the lower to the higher basin®. This
can be the most cost-effective technique and reaches efficiencies up to 60-80%°32. Though,
this often requires flooding of inhabited mountain valleys meaning forced relocation of the

residents®.

In special cases a thermal energy storage, e.g. via the molten salt technology is viable when,
for instance, solar collectors are used as the energy source**®. Chemical and
electrochemical storage of electric energy represents a promising solution for intermittent
supply of solar and wind energy sources®®*. Lithium-ion batteries for instance, which are
already used in electric cars, have a good efficiency (80-90%%) and a high power and
energy density*®. Low abundance and uneven distribution*® of the needed materials lead to
various problems. For example, lithium is mainly mined in Chile, Australia, Argentina, and
China resulting in an economical dependency, which can be abused as political
leverage***2, Moreover, cobalt, which is used on a large scale for electrode materials*® is
mainly mined in the Democratic Republic of Kongo, also by the use of child-labor and bad
working conditions. This is an often-forgotten truth, when speaking about “clean” electric
cars.** Alternatives are other types of batteries, using more (earth) abundant alkali metal
cations or (vanadium) redox flow batteries*46. However, the required resourced and capital
costs of 176 $/kWh (2018)*7 limit the widespread application of such batteries*®,
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1.3 Hydrogen

Energy storage via the production of hydrogen can be a reasonable approach to the
aforementioned problems. Hydrogen produced via electrolysis of water can be stored in
e.g. high-pressure tanks, and it can be converted back to electricity by fuel cells (as shown
in Figure 1)*° The advantage is, that in order to scale up the energy capacity of the
system, solely the amount of gas tanks at a relatively low current cost of 14.19 $/kWh>!
needs to be increased. The costs for electrolyzers can be as low as 450 $/kW in the case of
alkaline electrolyzers®2. Furthermore, hydrogen is by itself a valuable resource and starting
material for many industrial applications like the synthesis of ammonia, methanol and metal
refining®®. Interestingly, for more than 50 years, Iceland used some of its excess electric
energy from its hydroelectric plants to produce hydrogen (2000 tons per year) via
electrolysis for ammonia production showing the principle feasibility of the whole

approach.>*%°

The Hydrogen
Economy

Energy Vector

/ mmm\

Renewable
Energy Sources

Heat, Electricity and
Energy Consumption

Figure 1. Schematic overview of a hydrogen-based energy economy. Adapted from ref. [56]

(open access, permission of unrestricted use).

Currently, hydrogen is mainly produced via steam reforming, gasification of oil, coal, and
petroleum coke, and just ~4% of total hydrogen is produced via water electrolysis, which
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means that there is an enormous potential for cutting the amount of CO2 emission, as each
ton of hydrogen produced from e.g. natural gas results in 9-12 tons of CO,°"%¢. Although
the efficiency of the state-of the art electrolyzers has been improved significantly up to
~70% within the last decades, there is still a potential for further optimizations®°. The
increasing lifetime and decreasing cell voltage at a constant production rate would lead to
an increased cell efficiency and is highly desirable for making electrolyzers economically

more viable®1-%2,

Increasing the cell efficiency of a polymer electrolyte membrane (PEM) electrolyzer
requires certain technical optimizations of e.g. the bipolar plates, gas diffusion layers and
membrane materials®®®*. On the other hand, the choice and optimization of the catalysts

has also a major impact on the device’s performance®6°,

1.4 Methodological challenges

In-situ testing of all catalyst materials in a PEM device would be very expensive,
meaning that a good electrocatalyst prescreening methodology is required. Computational
techniques, like the calculations of binding energies using for example density function
theory, can suggest various materials®’%%70 These calculations typically make several
simplifications, e.g. neglecting effects of the electrolyte, which, however, have shown
significant influence on experimental results’>’2"374 To make reliable forecasts, a
complete understanding of the reaction mechanism on different catalyst surfaces is
mandatory. However, even for the hydrogen evolution reaction (HER) on platinum
surfaces, which is considered as one of the simplest reactions in the field of electrocatalysis,
is not fully understood.”"®7"78 |t is known to have two parallel reaction mechanism; but
even their contribution to the overall reaction rate is unknown. Multi-step reactions like the
oxygen evolution reaction (OER) on non-model surfaces of metal oxides and perovskites
are even more complex’®. Therefore, the predictions made by computational techniques

still need to be validated experimentally by electrochemical measurements®8!.,
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Lack in the comparability of measurement protocols from different research groups
examining the same type of catalyst materials is a common problem for identifying the
most active catalysts®?®3, Furthermore, these protocols are often neglecting various
important factors. The electrochemically active surface area (ECSA) for instance, is
typically not determined accurately,®858¢ and in some cases is even misunderstood as the
geometric surface area,®” which distorts the results for the electrochemical activity8889%,
This is especially true for metal oxide catalysts, which are used as anode catalysts in
alkaline electrolyzers. The determination of their ECSA is currently very complex and just
a few methods exist, like e.g. mercury underpotential deposition on iridium oxide®!. Other

methods such as the evaluation of double layer capacitance are not accurate®:%,

Another issue is related to experimental conditions: typical laboratory conditions differ
significantly from the conditions in real devices. While catalysts are typically benchmarked
under laboratory conditions, such as at room temperature, low concentration of electrolytes
and low current densities (~mA cm™), the working conditions relevant for practical
applications in industry are different. For instance, alkaline electrolyzers operate at elevated
temperatures ~80 °C, at considerably higher current densities of ~ A cm? and utilize
concentrated electrolytes®®%. Therefore, trends of activity determined in laboratories do

not necessarily prove true in real applications.

1.5 Aim of this work

This work aims to address several aspects of the aforementioned problems.

A method for the determination of electroactive surface area for oxide and perovskite
materials has been developed. It enables a non-destructive in-situ examination of the

electrocatalyst ECSA with good accuracy, which can be performed within a few minutes.

A method to benchmark electrocatalysts for electrolyzers at more realistic laboratory
conditions has been established. As a promising approach, the idea shown by A. Gannassin
et al.*® to use microelectrodes for benchmarking catalysts at high current densities was
further elaborated. This requires identification of a suitable microelectrode, which shows

high durability in harsh alkaline environments®. This is required as they serve as substrate
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for the catalyst films and benchmarking process should be expanded to achieve conditions,
which can be found in alkaline electrolyzers. The method was applied on state-of-the-art
OER and HER catalysts to investigate the necessity to analyze at such conditions and to
determine benchmark activities. The same approach was then used to benchmark a new

type of highly active OER catalyst derived from a metal organic frameworks (MOFs).

Finally, the HER reaction mechanism on Pt(pc) surfaces in acidic environment was studied
utilizing microelectrodes. More precisely, the contribution of Volmer-Heyrovsky and
Volmer-Tafel mechanism towards the total catalytic activity has been investigated under
the influence of applied potential and electrolyte pH values. The question was if one of the

mechanisms becomes dominating and rate determining at certain conditions.
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2 Theory

This chapter gives an overview of electrocatalysis in a historic context. Then some
additional fundamentals, which will be elaborated in later chapters are briefly discussed,
before the focus is put on the electrolysis of water. Derivations of fundamental equations

are not shown but can be found in standard electrochemistry books.

2.1 Electrocatalysis

By definition, a catalyst is a substance, that accelerates a reaction but remains
unchanged after the reaction. This was reported already in 1836 by J. J. Berzelius who was
one of the first scientists addressing the topic of catalysis.®” F.W. Ostwald further specified
that catalysts change the rate but not the thermodynamic equilibrium of a chemical
reaction.®® Three properties are of paramount importance for catalysts: activity, selectivity
and stability. The activity is often measured as the turnover frequency, which describes the
number of catalytic cycles per time and per active site. The catalyst selectivity, the property
of directing a reaction towards a specific product, is also crucial, as the amount of produced
undesired side products can be reduced. The catalyst stability is obviously also essential;

as fast deactivation or other degradation of the catalyst can make its use impractical.

The field of catalysis can be divided into the so-called homogeneous catalysis, where the
catalyst and reactants exist in the same aggregate state, and the heterogeneous catalysis,
where they have different states.*® Electrocatalysis, is a sub-field of heterogeneous catalysis
and involves an electron transfer between the catalyst and the reactants. Via the so-called
electrode potential, the reaction itself and the reaction path can be influenced.?

Importantly, electrocatalysis requires adsorption of reactants at the catalyst surface.
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Sabatier described in 1902 that the catalytic surface should bind atoms and molecules
neither too strong, nor to weak.%* A certain binding strength is required that the reactants
get adsorbed and activated. If, however, the binding is too strong, the surface gets blocked

for a long time as the desorption of products is hindered.

This Sabatier Principle is one basic trait of heterogeneous catalysis, but it gives only a
qualitative idea and does neither suggest ideal binding energy, nor does it allow speculation
about maximum activity. 1% Further, the question arose, where on the surface the reaction
actually takes place. In 1922, Langmuir claimed that adsorption energies can vary for
different surface sites, which are not homogeneously distributed at the atomic level. The
idea of active sites was further shaped by Taylor, who observed in 1925 that surface sites
can have different catalytic activity.'®® These specific surface sites are available for
adsorption and largely contribute to the catalytic activity. Active sites depend on the
chemical reaction and can be a single atom or consist of several atoms or a structural
motive. One can distinguish between two groups of reactions: (i) structure-sensitive and
(i) structure-insensitive. The former requires specific sites, where the reaction takes place,
which suggests a relatively strong interaction between the reactants and the surface. The
latter show typically rather weak interactions of reactants with the surface and appear to be

independent of such structural motives.

An important step for fundamental understanding of catalytic activity was made by A. A.
Balandin, when he introduced so-called volcano plots in 1969'%. They correlate the activity
of a catalyst to a so-called “descriptor”, which is typically the heat of adsorption of reaction
intermediates or a related property'%. The applicability of volcano plots for the purpose of
electrocatalysis was proven three years later by S. Trasatti'®. As can be seen in Figure 2.1
the activities of several different electrocatalysts are compared and the volcano shape trend
is eponymous for this representation. This concept allows to evaluate whether a catalyst’s
binding strength is too strong or too weak. For instance, it can be seen that Pt is almost at
the tip of the volcano for the HER, but its binding energy is slightly too strong. This can
have some predictive power, e.g. for the development of novel catalysts. In case of a single
adsorbed intermediate, the binding energy for this intermediate can be relatively easily
optimized. However, typical reactions involve several adsorbed species and an optimal

catalyst should have ideal binding energies for each intermediate. Though, these binding
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energies often scale with each other, making their independent optimization very

difficult.’%” These so-called scaling relations can be represented as'°:

AE;, = yAE, + & (2.1)

Where AE; and AE, are the adsorption energies of both species, while y and & are constants

depending on the nature of the adsorbate and the surface facet.

Nowadays, the Sabatier principle and the volcano plots are indispensable for developing
optimized electrocatalysts. Thanks to increasing computational power, more complex
calculations based on density function theory allow to derive binding energies for various
catalysts and surface sites.’®® To date, even several attempts were successful to break the

scaling relations,110:111,112,113,114
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Figure 2.1. Exemplary volcano plot for the hydrogen evolution reaction. S. Trasatti related the
measured exchange current densities of different electrocatalysts to their hydrogen adsorption
strength. As can be seen, the activity shows a linear dependence on the binding energy. Adapted

from reference [106] with permission. Copyright © 1972 Published by Elsevier B.V.
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2.2 Reaction Kinetics

Faradaic processes are considered as electrochemical reactions, where charge is
transferred across an electrified interface. In the simplest case, just one electron is

transferred in one step*!®.

k, (2.2)

The forward and backward reaction rate between the oxidized O and reduced species R are

described via the rate constants k, and k,,, respectively. Arrhenius showed that these rate
constants are dependent on the temperature T, the gas constant R, the activation energy

AG#*, and the preexponential factor A’, which is normally a constant*®,
k = A’ exp |~AG*/RT| (2.3)

Considering the influence of a potential on the standard free energy of activation, and
assuming parabolic shaped profiles of free energy, the so-called Butler-Volmer reaction

can be derived!®:

0
j=Fkqy|cp(O, t)e“ZF(E—EO)/RT — (0, t)e(l—“)ZF(E—E )/RT] (2.4)

Here, k, is the standard rate constant, c,  are the concentrations of oxidized and reduced
species at the electrode, a is a symmetry factor, z is the amount of electrons transferred

through the interface, and E° is the equilibrium potential.

With the definition of the overpotential n = E — E® and by introducing the exchange

current density j,

Jo = Fkocp" k", (23)
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the Butler-Volmer equation condenses to'*°:

] ) azFn (1—a)zFn (2.6)
]:]0 (eRT —e RT )

This dependence is sketched in Figure 2.2 (A). This equation further simplifies for large

overpotentials to the so-called Tafel equation®*®:

LT @)

azF 0

Noteworthy, although this describes the reaction Kinetics, the overall reaction rate is
typically limited by mass transport and resistances, especially at larger overpotentials. In a
Tafel plot, the overpotential is plotted versus the logarithm of the current (density) as
displayed in Figure 2.2 (B).

(A) (B)

[
azFn/RT - e(1-c:()zFr|IRT
-lo

] =oe

m— Total current
Anodic current
— Cathodic current

n=RT/(azF) * In(j/jy)

E

Figure 2.2. Reaction kinetics. (A) The kinetic current (—) as predicted by the Butler-Volmer equation

is the sum of the anodic (—) and cathodic (—) current. At high overpotentials, the current can be

approximated by just the anodic/cathodic current resulting in the Tafel equation. (B) Approximation

of the kinetic current (—) from the Tafel equation (—).
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2.3 Nernst equation

The Nernst equation describes the (reduction) potential of an electrode as a function
of the activities of the reacting species, which are being oxidized/reduced during

electrochemical reactions®®.
RT | (2.8)
0
Ered = Ered - ﬁ In niaivl

Here, E)., is the standard reduction potential, R - the gas constant, T - the temperature in
Kelvin, z is the number of transferred electrons, F is the Faraday constant, a; is the activity
and v' - the stoichiometric coefficient of species i. Noteworthy, v is negative for reactants
and positive for products. The activities are dependent on the concentrations c; and partial

pressures p;

_., P (2.9)
a; Vip_;
C.
al = ylc_(l) (210)

Here p, = 1 bar, ¢, = 1 M, and y is typically 1 for relative diluted electrolytes. Thus, the

activity can often simply be replaced by the concentrations.

The Nernst equation originates from thermodynamics and can be derived considering the
change of Gibbs energy due to the transfer of electrons and the change of entropy. Though,
this potential (E,.4) also corresponds to the potential, where the net reaction rate of the

redox reaction according to Butler-Volmer equation is j = 0.
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2.4 Water electrolysis

The electrolysis of water is already known since the first documented discovery by
the English scientists William Nicholson and Anthony Carlisle in 1800, In the same year
the German scientist Johann Wilhelm Ritter developed the first water electrolyzer that was
able to collect and measure the so produced oxygen and hydrogen?!’, as shown in the Figure
2.3. With the first direct current electrical generator by Antonio Pacinotti in 1860 and the
Gramme Machine, the electrolysis of water became nearer to a practical realization!811°,
In 1939, the first large scale electrolyzer with 10,000 m® (H) / h was finally built.*?°

Figure 2.3. Schematic of the electrolyzer developed by Johann Wilhelm Ritter. The gases,
oxygen and hydrogen produced at anode (left) and cathode (right), respectively, are collected in
two separate vessels. Adapted from ref [117] (open access, CCO)
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The overall water splitting reaction is as follows!*®:

2H,0(D) 2 2H,(9) + 02(9) (211)

Hereby, the oxygen evolution reaction (OER) and the hydrogen evolution reaction (HER)
take place simultaneously at the anode and the cathode, respectively. The half-cell reactions

depend on the electrolyte!!®,

In acidic media:

Anode 2H,0 2 0, + 4H" + 4¢ (2.12)

Cathode 2HT+2e 2 H, (2.13)

In alkaline media:

Anode 40H 2 2H,0 + 0, + 4e (2.14)

Cathode 2H,0 + 2e” 2 20H + H, (2.15)

Generally, the OER has slower kinetics compared to HER resulting in higher overpotentials
on the anode side. The equilibrium cell voltage for water electrolysis is ~1.23 V at 25 °C,
however, in practice, significantly higher voltages are typically required, especially due to
the OER kinetics.

Today, there are various types of water electrolyzers. The focus of the discussion will be
first on the commonly used polymer electrolyte membrane (PEM) electrolyzers describing

their basic principle and properties. Afterwards, other types of electrolyzers are compared.
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2.5 The PEM electrolyzer

PEM electrolyzers are typically operated at a temperature of 50-80°C, pressures
below 30 bar and a cell voltage between 1.75 V and 2.2 V. They reach current densities
from 0.6 A cm? up to 2 A cm and a voltage efficiency of 57% to 70%.?! Notably, efforts
are being made to increase the pressure of the produced hydrogen up to 200 bar, so that no
further external compressor is required*??,
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Figure 2.4. Sketch of a PEM electrolyzer. The core part of an acidic PEM electrolyzer is its
name-giving polymer membrane, which is proton conducting. The membrane is in contact with
the CCL and ACL, which catalyze the HER and OER, respectively. This is sandwiched between
GDLs and flow field plates to ensure electrical contact, water supply from the anode side, as well

as collection and removal of reaction products.

A schematic view of a PEM membrane electrode assembly (MEA) is shown in Figure 2.4.
The core element of a PEM electrolyzer is a proton conducting membrane (e.g. Nafion)
acting as the electrolyte and inhibiting crossover of the gaseous reaction product towards
the opposite electrode. This membrane is coated on both sides by a catalyst layer. The
cathode catalyst layer (CCL) typically consists of platinum nanoparticles supported by
larger carbon nanoparticles. For the anode catalyst layer (ACL), iridium oxide particles are

used either unsupported or supported on titanium oxide. Carbon is not suitable due to its
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relatively quick corrosion, which would significantly increase the degradation rate of the
ACL. To effectively remove the gases produced at the catalyst layers and ensure electrical
contact, the so-called gas diffusion layer (GDL) is utilized. The GDLs on the cathode
typically consist of a carbon sheet or mesh, which is treated with a hydrophobic coating
(e.g. Polytetrafluoroethylene PTFE) to hinder the blockage of the pores of the GDL with
water. For the same reason as for the ACL, the anode GDL often consists of a sintered
titanium body or titanium mesh instead of a carbon sheet to hinder the corrosion. In contrast
to the cathode GDL, the anode GDL has also the function to enable water transport towards
the ACL, where it is consumed. The transfer of water prohibits a high degree of
hydrophobic coating. The flow field plates consist of titanium, often additionally coated

with Au or Pt. They collect the gasses and enable electrical contact to the
GDL.123'124'125’126'127'128

The current-voltage characteristic curves (I-V curves) of different state-of-the-art PEM
electrolyzers are compared in Figure 2.5. Note, that some of these results were only
achieved under laboratory conditions, and that these products are not commercially

available yet.
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Figure 2.5. Comparison of I-V curves of state-of-the-art PEM electrolyzers. The approximated
electrical efficiencies are additionally displayed, although the energy for compression was
neglected. Adapted with permission from ref. [129].Copyright © 2017 Elsevier Ltd. All rights

reserved.
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2.6 Alkaline water electrolysis

Alkaline water electrolyzers utilize an alkaline electrolyte, usually concentrated
aqueous KOH solutions. The operation range is well comparable with the one in acidic
PEM electrolyzers. The cell temperature is between 60 and 80°C and the stack pressure is
also typically below 30 bar. However, the cell voltages are slightly higher (from 1.8 V to
2.4 V) leading to a lower efficiency of 52% to 60% at current densities of just 0.2 A cm™
to 0.4 A cm. Nevertheless, these devices do not necessarily need platinum group metals
(PGMs) and can utilize more abundant catalysts, such as nickel-based materials.
Furthermore, the lifetime of these electrolyzers is usually higher, as the electrolyte can

simply be exchanged. 130131132

Figure 2.6 compares state-of-the art alkaline electrolyzers. As can be seen, the biggest

difference compared to PEM electrolyzers is the significantly lower current density.
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Figure 2.6. Comparison of |-V curves of some state-of-the-art alkaline electrolyzers. The
approximated electrical efficiencies are additionally displayed; however, the energy for
compression was neglected. Adapted with permission from ref. [129]. Copyright © 2017 Elsevier
Ltd. All rights reserved.

Remarkably, the state-of-the-art research succeeded on the development of highly
conductive anion exchange membranes AEM, allowing to combine the advantages of both,
the acidic PEM electrolyzer and the flexibility of the choice of catalyst. This enables a

compact cell design.*3:133
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2.7 High temperature electrolysis

The splitting of water is thermodynamically more favorable at high temperatures
and would happen spontaneously at 2500 °C. However, such temperatures are not very
practical. High temperature electrolysis (HTE) typically utilizes a solid O? conducting
electrolyte, e.g. yttrium stabilized zirconia and operates at temperatures between 100 °C
and 900 °C. The main advantage is that the reaction is partially driven by heat, and less
electrical energy is required. As can be seen in Figure 2.7 it allows the electric efficiencies
well above 100%. This is, however, only reasonable if the heat energy is very cheap, like
exhausts from gas power plants. Though, an electrolyzer powered by renewables, which is
itself dependent on exhaust heat produced by a gas power plant next by, might not be the
most reasonable solution, as the gas could be directly steam reformed into hydrogen with
higher efficiency. Of course, in other scenarios, such as in combination with concentrated
solar thermal systems, a meaningful application can be conceivable. Moreover, at the price
of efficiency, HTEs can be also operated in exothermic conditions, where no external

heating is required.t34135.136
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Figure 2.7. Comparison of I-V curves of state-of-the-art high temperature electrolyzers. The
approximated electrical efficiencies are additionally displayed. Adapted with permission from
ref. [129]. Copyright © 2017 Elsevier Ltd. All rights reserved.
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3 Experimental part

3.1 Experimental setup

Prior to experiments, all glassware was cleaned using peroxymonosulfuric acid,
which was freshly prepared by mixing H2SOs, and H20-, in a ratio of 2:1. After rinsing
with ultrapure water, the glassware was boiled with ultrapure water to remove any
contaminants, filled up with water and sealed using Parafilm until usage. The
electrochemical experiments were performed using a 3-electrode configuration. All
electrochemical potentials in this work are referred to reversible hydrogen electrode RHE
scale, but in practice silver/silver chloride SSC (Schott, Germany), mercury/mercury
sulfate MMS (Schott, Germany) and a HydroFlex (Gaskatel, Germany) were utilized as
reference electrodes. A platinum wire/mesh (Goodfellow, Germany) served as counter
electrode while various disk electrodes and microelectrodes were applied as working
electrode. For all experiments, the same type of glass cell was utilized, which allowed for
temperature control using a thermostat. The potentials were controlled using a VSP-300
potentiostat (Biologic, France) and an Autolab PGSTAT302N potentiostat (Metrohm,
France). In the following section, the different cell configurations and their (dis)advantages

will be explained in more detail.
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3.1.1 Rotating (ring) disk electrode

A rotating disk electrode (RDE) typically consists of a flat disk-shaped electrode,
which is electrically connected from the back side while the front side is immersed into the
electrolyte of the electrochemical cell. The sides of these electrodes are often coated with
an inert non-conducting material, such as Teflon or PEEK, to define the surface exposed to
the electrolyte. During electrochemical measurements, this electrode is rotated with a
constant rotation speed to establish a forced convection flow of electrolyte. As depicted by
Figure 3.1, the electrolyte close to the electrode is accelerated in rotation direction of the

electrode and, due to centrifugal force, away from the center of the electrode.

RN

Figure 3.1. Sketch of an R(R)DE electrode. The disk and ring are contacted separately, and their

potentials/currents can be controlled and measured independently. The green arrows show the

rotation direction and the blue arrows indicate the flow direction of the electrolyte.

According to Bernoulli's principle, this decreases the local pressure close to the electrode
resulting in a suction effect and a steady stream of electrolyte towards the disk as long as
the electrode is rotated with a constant speed.
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The maximum current density, denoted as limiting current density j,;,, [A cm?] of a
reaction, assuming that all species approaching the disk react and each exchanges n

electrons, can be calculated by the Levich-equation®?®:

Jym = 0.201n F D*Py=1/601/2¢, (3.1)

Here, F is the Faraday constant, D - the diffusion coefficient [cm? s?], v - the kinetic
viscosity [cm? s, w is the frequency in revolutions per minute [rpm], and ¢, [mol cm™®]
is the concentration of the species. Due to the enhanced and well-controllable mass
transport properties compared to a motionless electrode, this technique is typically
preferred for the benchmarking of electrocatalysts for the reactions like the ORR, OER,
and HOR. As one can see from the Levich equation, another advantage of the RDE is that
Jiim 1S independent of the diameter of the electrode, which implies that also the mass flux
is homogeneous towards the electrode, which is not necessarily the case if no rotation is
applied. This method, of course, has also its limitations. If the electrode is not perfectly
balanced, the holder and the electrode start to vibrate heavily at higher rotational speeds,
which can introduce noise to the measurement. Moreover, manufacturers of the electrode
tips usually advise not to exceed 4000 rpm as this could cause damages. Therefore, the
maximum achievable limiting current is ultimately confined by the rotation speed. Another
drawback for the gas evolving reactions is that at higher current densities ~ 10 mA cm™ the
electrode usually tends to get partially blocked by bubbles from evolving gasses making

accurate electrochemical measurements impossible.

Noteworthy, there is a modification of the RDE, which includes a separate ring around the
disk which typically consist of Pt. The potential and the current of this ring can be adjusted
and measured independently. This so-called rotating ring disk electrode (RRDE)
configuration can be utilized to investigate the reaction products from the disk. These
products flow towards the ring, where they can get oxidized or reduced depending on the

applied potential, which results in a measurable current for the ring.

For this work, the RDE technique was used for calibrating the method to determine the
ECSA of oxide materials. In this case, the applied currents were relatively small, and the

highest priority was to create homogeneous catalyst films with a well measurable surface
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area. Moreover, an RRDE was utilized to determine the onset of the OER of a novel
catalyst.

Figure 3.2 displays the cell configuration used for R(R)DE: The disk-shaped working
electrode is placed in the center of the electrochemical cell and mounted onto a rotator
(Pine, USA), which rotates the electrode. For this study, in most cases, a polycrystalline Pt
disk (Mateck, Germany) was utilized as a substrate to grow catalyst films on; but also
glassy carbon (homemade at LEPMI, France) and iridium (111) single crystal disks
(Mateck, Germany) have been utilized as substrate. Counter and reference electrodes are
as stated in Chapter 3.1.

(A) (B)

(RDE)

Argon ‘_—[&\/ CE

Reference
electrode

1 Electrolyte

Figure 3.2. Photography (A) and schematic (B) of the R(R)DE cell configuration. A double-
walled glass cell was used. The mantle allows temperature control. The reference electrode (RE)
is connected to the main cell via a Luggin-capillary, while the counter electrode (CE) is directly
immersed into the electrolyte. (B) Adapted with permission from ref [90].
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3.1.2 Microelectrodes

Microelectrodes have tips at a micrometer scale. The focus in the following section
will be set on disk shaped electrodes. These electrodes typically consist of a wire with a
small diameter that is embedded into an inert and insulating material such as glass. The tip

is usually polished until the wire is exposed and exhibits a flat surface.

There are several advantages of microelectrodes. Due to their relatively small dimensions,
the electrolyte shows an almost spherical diffusion profile already close to the electrode
associated with greatly enhanced mass transport. The time dependent j;,, can be

approximated by a spherical diffusion profile, as follows**®.

i FD ! + ! 42
Jii, =N Co| —— 7 T —
lim 0 (TTDt)l/z r

Here t is the time since applying the current, while only diffusion is the driving force and
r is the radius of the microelectrode. Obviously, if no perturbation is applied, the limiting
current correlates inversely to r. If, however, an additional forced convection is applied,
Jum could be further increased. This could be achieved by e.g. rotating the electrode or

intermixing the electrolyte by purging continuously.

Another important aspect is the ohmic drop caused by the electrolyte. Assuming the
simplified case that the cell is very large in comparison to the dimension of the (disk
shaped) working electrode and a remote CE and RE, the ohmic (uncompensated) resistance

Ry can be approximated by*®’:

1 (3.3)

Ry =7

where k is the conductivity of the electrolyte. The voltage drop for a certain current density

Jj can then be derived:

) j'm (3.4)
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The voltage drop correlates linearly with the applied current density and the radius of the
electrode, which reveals another advantage of the microelectrode: the ohmic drop
compensation, which is not always very accurate, can become unnecessary because AEy; is
often negligible e.g. a microelectrode with 7., = 12.5 um has a 200 fold smaller ohmic

drop compared to the commonly used disk electrode with ;5 = 2.5 mm.

Additionally, for gas evolving reactions, the formation of gas bubbles at the electrode is
often a disturbing factor. When these bubbles are attached to the electrode, they can block
certain parts of the catalyst and decrease its ECSA. Even if they can be removed e.g. by
rotation of the electrode, this temporal blockage introduces noise and complicates accurate
measurements. Further, gas bubbles in the electrolyte increase the resistance of the

electrolyte according to Bruggeman equation®®:
R, = R,(1—¢)/? (3.5)

where R,, is the resistance with bubbles, R, is the resistance without bubbles and & the
fraction of gas. It is therefore desirable to avoid the formation of gas bubbles. This is the
reason why catalysts for e.g. the OER are often compared at current densities of 10 mA cm-
2 or less. The reaction products are initially dissolved in the electrolyte. If, however, the
production rate is faster than the mass transport of the dissolved gas, then the concentration
increases in the vicinity of the electrode. At a certain degree of oversaturation, the dissolved
products randomly form very small gas bubbles. Depending on their size, these nuclei are
often unstable and might collapse due to their high surface energy (per volume), which
makes them energetically unfavorable. Exceeding a certain size, so-called critical radius
calculated by Ward et al**® in 1970, the probability that these nuclei grow and form larger
bubbles increases. Under ideal conditions a local oversaturation up to a factor of ~100 can
be reached until bubbles are formed. However, due to surface defects on the electrode such
as pits and scratches'*°, which act as nucleation centers, such high oversaturation is hardly
achieved.141 142,143 A motivation to utilize a microelectrode was to suppress the formation
of such gas bubbles. These oxygen/hydrogen bubbles are limited by the radius of the
electrode, as the degree of oversaturation drops significantly around the active disk. This
allows to achieve a higher level of oversaturation before energetically stable bubbles can

form. The relatively quick mass transport decreases the concentration of reaction products
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(dissolved oxygen/hydrogen) and impedes the formation of gas bubbles, which allows to

perform electrochemical measurements at higher current densities.

However, there are also certain limitations. These microelectrodes tend to be very fragile,
especially when tips for scanning electrochemical microscopy are used. Moreover, due to
the size of the microelectrode and its bulky glass holder, it was not possible to put it into
certain devices for characterization such as XPS and AFM. Therefore, they were not

suitable for all parts of this work.

(A) (B)
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(ME)
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CE

Electrolyte
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Teflon® cap Glass
l 3.1mm l 25”-

Figure 3.3. Experimental setup for the measurements using microelectrodes. (A) Picture of the
electrochemical cell. (B) Sketch of the electrochemical cell. The electrochemical cell is the same double
walled cell, as used for measurements in the R(R)DE configuration, however, the RDE is replaced with
a microelectrode. (C) Sketch of the microelectrode. It consists of a Pt wire, which is insulated and
mechanically stabilized by glass. The microelectrode possesses an additional Teflon® cap which
prevents agglutination with the glass of the electrochemical cell. This electrode was mounted into the
cell, which was sealed using a sealing ring. Adapted with permission from ref. [144].
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The setup for electrochemical measurements using a microelectrode and a scheme of the
microelectrode is shown in Figure 3.3. The microelectrode was inserted into the double-
walled cell (described in the general section) and the tip was immersed into the electrolyte.
Note that different types of microelectrodes have been tested and Figure 3.3 (C) shows the
most suitable microelectrode (Ch. Instruments, USA). In comparison to microelectrodes
produced for scanning electrochemical microscopes, it is relatively sturdy, as the Pt wire is
embedded in a thick (3.1 mm) glass rod and its tip could even be re-polished. During the
experiments the electrolyte was heavily purged to ensure a constant gas saturation of the
bulk electrolyte and to introduce additional convection which increases the mass transfer

according to Equation 3.2.

3.1.3 Electrode preparation

Electrode cleaning

A prerequisite for preparing homogeneous catalyst films is, that the substrate itself is clean
and not covered by residual films from subsequent experiments or other contaminations.
Therefore, the electrodes/substrates were always electrochemically and/or mechanically

cleaned.

Mechanical cleaning:

The electrodes were initially washed with ultrapure water (18.2 MQcm) to remove residues
from electrolyte and unstable and soluble contaminants. Electrodes coated with catalyst
inks were afterwards cleaned by washing them with ethanol and then wiped with a

disposable tissue (Kimberley-Clark, Germany).

Glassy carbon electrodes (Pine, USA) were always polished subsequently three times,
using aluminum oxide slurry (Buehler, Germany) with particle diameters of 3 um, 1 pm,
and 0.05 pum. As the slurry was water based, rinsing with water and wiping again with the

tissue was sufficient to remove it from the electrode.
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Electrochemical cleaning:

After mechanical cleaning, the electrodes were electrochemically cleaned. The electrode
was mounted into an electrochemical cell filled with acidic electrolyte’. Cyclic voltammetry
(scan rate: 100 mV st or 50 mV s) was then applied to polarize the electrode alternatingly
cathodically and anodically. The potential window and number of cycles were adjusted to
the sturdiness of the residual catalyst films. For instance, NiFeOx films were more difficult

to remove and several hundred cleaning cycles were required.

Oxy-hydroxide films

In principle, there are many methods to create thin films such as electrochemical vapor
deposition, epitaxial growth or pulsed laser beam deposition on the substrate. For this work
electrochemical deposition were selected and protocols known to create non-porous thin

films were chosen and further optimized for our requirements.

Depending on the requirements of the electrode for subsequent measurements, a Pt(pc) disk
(Mateck, Germany, d =5 mm), a Pt(pc) microelectrode (Ch. Instruments, USA, d =25 um)
and quasi-Au(111) (Arrandee, Germany) were selected as substrates for the oxy-hydroxide

films.

Thin films of NiOx and CoOx were formed via anodic deposition and potential cycling, as
described in detail by Tench and Warren.}*> A cathodic deposition technique, which was
adapted from McCrory et al.%? was applied to form NiCoOy, NiFeOx, and CoFeOx films
(Table 3.1). However, due to availability and safety concerns, NH4ClO4 was replaced by
(NH4)2S04.1

" Depending on availability, 1 M H,SO4, 0.1 M H2SOs, and 0.1 M HCIO4 were utilized
ii The successful deposition was verified by X-Ray Photon Spectroscopy.
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Table 3.1 Solution composition and conditions for the metal oxy-hydroxide films deposition.

Note that the specified rotation speeds were only applied to the macroscopic disk electrodes, but

not to the microelectrodes. Adapted with permission from ref. [90].

0.13 M NiSO, - 6 H,0
0.13 M NaOAc
0.10 MNa2504

0.10 M CoS0, -7 H,0
0.10 M NaOAc
0.10 M Na,SO0,

9.0 mM NiSO, - 6 H,0
9.0 mM FeS0, - 7 H,0
7.3 mM (NH,),SO,
0.4 mM CoSO, -7 H,0
0.36 mM FeSO, -7 H,0
1.35mM (NH,),S0,
10 mM NiSO, - 6 H,0
10 mM CoS0O, - 7 H,0
20mM Na,SO0,
20 mM H3BO,
Ir (111) crystal
0.1 M HClO,

Pt (pc) crystal
0.1 M HClO,

Pt (pc) microelectrode
0.10 M H,S0,
2.5 mM NiSO,

Pt (pc) microelectrode
0.10 M H,S0,
2.5 mM NiSO,

o

0

6.94

7.43

2.32

5.4

4.72

1.04

1.04

0.70

0.70

Anodic deposition, potential cycle between 0.97
and 1.83 V vs RHE at 50 mVs?, 400 rpm

Anodic deposition, potential cycle between
1.30 and 1.70 V vs RHE at 50 mVs, 400 rpm

Cathodic  deposition, constant current of
50 mA cm for 40 s, 1200 rpm

Cathodic  deposition, constant current of
125 mA cm for 30 s, 1200 rpm

Cathodic deposition, constant current of
50 mA cm for 180 s, 400 rpm

Potential cycling between 0.7 and 1.575 V vs
RHE at 50 mV s, 400 rpm

Constant potential 1.1 V vs RHE, 400 rpm

Constant potential 0.051 V vs RHE (220 s)

Constant potential 0.051 V vs RHE (220 s)
Followed by constant potential -0.031 vs RHE
(255)



For the PtOyx and the IrOx films, the surface of a Pt(pc) and an Ir(111) crystal were oxidized.
For PtOy this was achieved by holding the potential at 1.2 V vs RHE for 1 minute. The
surface of the Ir(111) crystal was oxidized as described by Ganassin et al.®. This was
realized by the potential cycling (scan rate: 50 mV s™) in 0.1 M HCIO4 electrolyte within
a potential window from 0.7 V to 1.575 V vs RHE until the CVs were stabilized.

For the sake of clarity, the (deposition) solution compositions and the deposition conditions

are summarized in Table 3.1.

Nickel islands on Pt

Pt decorated with small Ni(OH). islands is a promising catalyst for the HER*® and one aim
of this thesis was to investigate its performance at electrolyzer conditions. To prepare such
an electrode, a Pt microelectrode was immersed into an electrolyte containing 0.1 M H2SO4
(96% Suprapure, Merck, Germany) and 2.5 mM NiSO4 (Sigma-Aldrich, Germany). Nickel
hydroxide was then underpotentially deposited*’148 by applying a potential of 0.051 V vs
RHE. After 220 s the electrode was extracted (still under potential control) to achieve

a partial Ni-coverage.

For a higher Ni-coverage, a similar procedure is used, however, after the underpotential
deposition (UPD) the potential was decreased to -0.031 V vs RHE for 25 s before the

electrode was pulled out. This second electrode should have a higher coverage of Ni.

Details about this protocol can be found in Table 3.1.
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Nanoparticles

Porous catalyst layers were required to validate the applicability of our new method to
determine the ECSA of oxide materials (presented in Chapter 4.1). For this purpose,
commercial catalysts were utilized to prepare an ink, which was then drop casted on an
RDE tip and dried. For preparing the porous PtOx/C catalyst layer an ink was mixed using
10 mg Pt/C (20 wt. %, Tanaka Kikinzoku, Japan), 54 pl Nafion solution (5 wt. %, DuPont,
USA), 1.446 ml isopropanol (96%, Sigma Aldrich, Germany) followed by applying
ultrasonication (10 min, 35 kHz, 40 W) with 3.6 ml H2O to disperse the catalyst
homogeneously. The ink was then drop casted on a preheated (80 °C) glassy carbon RDE
tip (d = 5 mm), which was rotated (100 rpm) to ensure a uniform coverage. A heat gun
(PHG 600-3, Bosch, Germany) was utilized to dry the ink quickly. The surface of the Pt
nanoparticles was subsequently oxidized in the electrochemical cell. The IrOx/C layer was
produced similarly, using 10 mg Ir/C (20 wt.%, Premetek, USA) of the catalyst instead of
Pt/C. The catalyst was oxidized by potential cycling (similar to the oxidation of the Ir(111)
crystal). Table 3.2 summarizes the ink composition and the drop casting procedure.

Table 3.2. Ink composition and conditions for the metal oxy-hydroxide films deposition.

Adapted with permission from ref. [90].

10 mg Pt/C (20 wt. %), 54 pl 10 pl of the ink drop-casted on a pre-heated (80°C)
Nafion solution (5wt. %), glassy carbon electrode (100 rpm)

1.446 ml isopropanol, 3.6 ml H.0O

10 mg Ir/C (20 wt. %), 54 pul 10 pl of the ink drop-casted on a pre-heated (80°C)
Nafion solution (5 wt. %), glassy carbon electrode (100 rpm)
1.446 ml isopropanol, 3.6 ml H,O
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Preparation of surface-mounted metal organic frameworks (SURMOFs)

A Pt microelectrode, which served as a substrate, was pretreated by immersion into a 20
MM 16-mercaptohexadecanoic acid (MHDA) in ethanol/acetic acid (5%) for 24 h. After a
washing step with ethanol/acetic acid (10%), the substrate was exposed to 2% triethylamine
(EtsN)/ethanol solution for 5 min. On the resulting self-assembled organic monolayers
(SAMs), the catalyst films were grown. Therefore, the electrode was first immersed into a
metal containing solution (0.5 mM NiClz and 0.5 mM CoCl in ethanol/water (v/v = 17:1))
for 10 min. Then, the unstable metal ions were removed through a washing step with
ethanol (2 min). Afterwards, exposure to the linker solution (H.BDC (0.2 mM) in 0.3 mL
EtsN) for 10 minutes, followed by a washing step to remove unstable linkers, forms a layer
of organic linkers. This allows to deposit an additional layer of metal ions, as displayed in
Figure 3.4. Each step is self-limiting, which enables a very defined layer-by-layer growth.
To automatize the deposition procedure, a homebuilt automated pump system was applied.
During the film growth, the temperature was set to 60 °C. More experimental details can

be found in the publication, attached to this work.
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Figure 3.4. Approach used to synthesize the [M(BDC)] SURMOF directly on the electrode
substrate. (M = Ni%*, Co?"; BDC, 1,4-benzenedicarboxylate; MHDA, 16-mercaptohexadecanoic
acid.) Initially, a SAMs was formed on the Au substrate, using MHDA. Subsequently, the
electrode was alternately immersed in metal-salt and a linker solution, accompanied by washing
steps. Each step is self-limiting, which allows a very defined layer-by-layer growth. Adapted

with permission from ref. [149].
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3.1.4 Equipment

For the sake of clarity all the equipment used in this work is listed in Table 3.3

Table 3.3. List of equipment.

Device

AFM

AFM tips
Heat gun

Potentiostats

Pump systems

Quartz crystal
microbalance

analyzer

RDE Rotator

Reference electrodes

Thermostat

Water purification

systems

Specifications

Multimode EC-STM/AFM instrument
with a Nanoscope 111D controller

RTESP-300
PHG 600-3
VSP-300

Autolab PGSTAT302N

Q-Sense E4 Auto

MSR Rotator

HydroFlex (RHE)

Hg/ Hg>SO04 (0.6 M K2S0s)
Ag/AgCl (3 M KCI)
MA-26 Heating Circulator

Evoqua Ultra Clear 10 TWF 30 UV

X-ray source: XR 50, Al K-alpha anode
(1486.61 eV)

hemispherical energy analyzer PHOIBOS
150 (150 mm mean radius)

Company

Veeco Instruments,
Germany

Bruker, Germany
Bosch, Germany

Bio-Logic, France
Metrohm, France
Homebuilt, TUM

Biolin Scientific,
Germany

Pine Research
Instruments, USA

Gaskatel, Germany
Schott, Germany
Schott, Germany
Julabo, Germany

Evoqua, Germany

Specs, Germany

Specs, Germany



3.1.5 Materials

Important materials, which were used for this work are summarized in Table 3.4

Table 3.4. List of Materials.

Material

Specifications

Argon Ar—5.0.

Glassy Carbon Diameter: 5mm

Electrode

_ Diameter: 5mm (homemade)
Hydrogen H>-5.0

Ir(111) 99.99%, Diameter: 5mm, oriented
better than 0.1°

0.—-4.7

Platinum crystal Pt(pc) - 99.99%, Diameter: 5mm.

roughness: 30nm

Pt(111) Diameter: 10mm, oriented better
than 0.1°

Platinum Pt(pc), Diameter: 25 pm

microelectrode

Platinum wire (CE) Pt-wire — 99.99%, Diameter: 0.25 mm.

Platinum mesh (CE) Pt mesh — 99.99%

Pt/C TEC10 V20E, 20 wt.%

QCM substrate Surface: Au(pc)

Company

Air Liquide, Germany

Air Liquide, France

Pine Research
Instruments, USA

LEPMI, France
Air Liquide, Germany
Premetek, USA

Mateck, Germany

Linde, Germany

Mateck, Germany

Icryst, Jiilich Germany

Ch Instruments, USA

GoodFellow, Germany

GoodFellow, Germany

Tanaka Kikinzoku
Kogyo, Japan

Biolin Scientific

45



3.1.6 Chemicals

All chemicals utilized in this work were used as received and are listed in the table below

(Table 3.5).

Table 3.5. List of chemicals

Chemical Specifications

16-Mercaptohexa- HS(CH2)15CO2H (99%)
decanoic acid

Cobalt chloride CoCl-6H20 (98%)

Cobalt sulfate Co0S04-7H20 (>99%),

C2H:OH (99.8%
Hydrogen peroxide H20, (30%, Suprapur)

Nafion solution Nafion 117, 5 wt.% in lower aliphatic
alcohols,

Nickel chloride NiCl,-6H20 (99.3%)

Nickel sulfate NiSO4-6H,0 (>99%),

Perchloric acid HCIO, (Suprapur)
Potassium hydroxide KOH (85%)
T conesn)

NaOAc (>99%) anhydrous
Sodium sulfate Na,SO: (>99%), anhydrous

Sulfuric acid H2S04 (96%, Suprapur)

Terephthalic acid CsH4-1,4-(COOH), (98%)

Triethylamine CeHisN (99%)

6

o

Company

Sigma-Aldrich,
Germany

Sigma-Aldrich,
Germany

Sigma-Aldrich,
Germany

ABCR, Germany

Sigma-Aldrich,
Germany

VWR
Merck, Germany

Sigma-Aldrich,
Germany

Sigma-Aldrich,
Germany

Alfa Aesar, Germany

Sigma-Aldrich,
Germany

Merck, Germany
VWR, Germany
Grussing, Germany

Sigma-Aldrich,
Germany

Sigma-Aldrich,
Germany

Merck, Germany

Sigma-Aldrich,
Germany

Acros (USA)



3.1.7 Software

The software utilized for data evaluation and controlling devices in this work are

summarized in Table 3.6.

Table 3.6. List of Software

Name Type Company

AEWABAEENGEEE EIS Data Analysis 1.31%0151 Homemade, Prof. Dr.
A. S. Bandarenka

S\ NeEIER: e [UN1[]sll Nanoscope 5.31rl1 Brucker, Germany
ROl PIERUELNSSI OriginPro 2018B OriginLab, USA

Software for EC-LAB Version 10.40 and 11.30 BioLogic, France
potentiostat (\VSP-
300)

Software for Nova 2.0 Metrohm, Netherlands

potentiostat (Autolab)

SpecsLab Prodigy 4.8.3-r48573 SPECS, Germany
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3.2 Experimental techniques

This section presents the main surface science techniques used in this work. X-Ray
Photoelectron spectroscopy (XPS) and Atomic Force Microscopy (AFM) were utilized to
investigate the elemental composition and morphology of the electrode surface,
respectively. Electrochemical methods include galvanostatic methods, Cyclic Voltammetry

(CV) and Electrochemical Impedance Spectroscopy (EIS).

3.2.1 Electrochemical techniques

3.2.1.1 Cyclic Voltammetry

Cyclic Voltammetry is a frequently used electrochemical technique to investigate
electron transfer initiated processes. Although the technique itself is easily applicable, it
can disclose valuable information about the electrochemical system. Beginning from a
starting potential E1, the electrode potential is linearly ramped over time upwards (anodic
scan) or downwards (cathodic scan) until the potential E> is reached. Subsequently, the scan
direction is reversed until the potential is equivalent to the initial potential E1. This is
typically repeated multiple times, while the current is measured as shown in Figure 3.5
(A). In addition to the potential limits (E1 and E>), the scan rate [mV s*] is an important
parameter, which needs to be considered. The current is typically plotted versus the applied
potential; the graph is called a cyclic voltammogram.*® Figure 3.5 (B) shows a typical
example: the cyclic voltammogram measured for a polycrystalline platinum electrode,
which has been adapted from the literature!®?. Different regions can be identified according
to the processes occurring at the catalyst surface. Between the potentials between ~0.05 V
and ~1.50 V is the so-called “water window” for platinum, which means neither hydrogen
nor oxygen is evolved at the working electrode."™ Close to the cathodic limit is the hydrogen
adsorption/desorption region. Scanning from the potentials of 0.3 V vs RHE in the cathodic
direction results in an adsorption of protons on the platinum surface accompanied by a

transfer of electrons. At the anodic scan, the layer of protons is then oxidized. At these

il The production rate is barely measurable.
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potentials, it is energetically favorable for adsorbates to form a single monolayer. This is
called underpotential deposition UPD and allows to estimate the electrochemically active
surface area ECSA of platinum electrodes by integration of the charge of this peak. At
slightly more anodic potentials there is no redox reaction ongoing, and the current results
from the capacitive behavior of the electrode. The difference between anodic and cathodic
current equals twice the change of electrochemical potential over time (scan rate)
multiplied by the double layer capacitance C;. At even higher anodic potentials the
platinum surface begins to oxidize, and an oxide layer is formed, which can subsequently
be reduced at the cathodic scan. In comparison to the adsorption of protons, this
oxidation/reduction of the platinum surface is less reversible, which means that the peaks
are energetically shifted away from each other. The shape of a cyclic voltammogram can
be very characteristic for certain catalysts surfaces. For instance, a Pt(111) surface can be
easily distinguished from polycrystalline or stepped platinum surfaces by CV.

In this study, CV is used for different purposes, as will be reported in the following. The
electrodes are cleaned from contaminations or residual catalyst films by cycling the
electrodes in a relatively large potential window that exceeds the “water window” in acidic
electrolytes. This alternating polarization leads to a quicker erosion of the surface layers
than by applying an anodic potential only. To confirm the successful removal of e.g. an
OER catalyst film from the substrate through cleaning, the cyclic voltammogram was
compared to the one of a clean electrode. Furthermore, in case of the fresh OER catalysts,
the activity towards the OER was compared. Further, for the deposition of certain catalyst
films (NiOx and CoOx) on a substrate, the thin films were deposited anodically by cycling
the electrodes in the deposition solution. Moreover, CVs were utilized to precondition films
of the carbon supported platinum Pt/C and the carbon supported iridium Ir/C nanoparticles
before further measurements. Last, cyclic voltammetry was utilized to investigate

electrocatalytic activities of the different catalysts.

49



(A) (B)

!

h

h 3

/1 O, evolution
2

cV i/A

double-layer

charging

H, evolution

Potential

I 210 uC/cm? charge storage
(theoretical)

\

T
water window

Time

Figure 3.5. Cyclic voltammetry. (A) Time dependence of the applied potential during cyclic
voltammetry. (B) A typical cyclic voltammogram recorded for a (poly)crystalline Pt electrode.
This figure is adapted from ref. [152] (license: CC BY 3.0)

3.2.1.2 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) has been employed as another
important electroanalytical technique in this thesis. EIS can provide information about
reaction Kkinetics, electrode capacitance, as well as electrolyte and contact resistances. The
interpretation of the obtained data, however, is often complex and requires initial
assumptions. To probe the frequency dependent complex resistance (the so-called
impedance Z), EIS is typically performed under quasi-stationary conditions at a fixed
potentialV. This means in practice that for potentiostatic EIS, a fixed potential E is applied
and modulated with a small sinusoidal signal 4E and frequency f, while the current | is
measured. Typically, this is repeated for a broad range of frequencies. For industrial
applications, such as e.g. fuel cells or electrolyzers, it is more practical to control the current
while recording the potential (galvanostatic EIS). The response of an electrochemical
system on a perturbation is in general non-linear. However, if the sine-shaped perturbation
is sufficiently small, the response is quasi-linear, which means, that it also follows a sine-

shape with the same frequency, but is phase shifted by A¢. Hence, independent if EIS is

v It must be noted that there are also nonstationary applications of EIS
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performed in potentiostatic or galvanostatic mode, it is important that the amplitude of the
applied potential/current is sufficiently small (which depends on the degree of local
linearity of the electrochemical system at the chosen potential/current), but also large
enough not to interfere with the background noise. According to common practice,
amplitudes between 2 mV and 30 mV are typically chosen in the potentiostatic mode. The
quality of the recorded EIS data can be examined using the Kramer-Kronigs (KK)
transform test, which relates the frequency dependent real part ReZ(f) with the imaginary
part ImZ(f) of the impedance. To clarify a widespread misconception: fulfilling the
requirements of the KK relation is a necessity, but not sufficient to guarantee good
impedance data. The impedance data are most commonly represented by relating (-)ImZ vs
ReZ in so-called Nyquist plot (see Figure 3.6(A)). This relatively comprehensible way of
presenting the data is most popular, however, it lacks information about the frequency
dependence. The Bode representation solves this problem by showing the absolute value

|Z| and A vs the frequency f, as shown in Figure 3.6 (B). 11153
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Figure 3.6. Exemplary EIS data (open symbols), (A) in Nyquist and (B) in Bode representation.
Fitting these data (see solid lines) is required to extract important information about the system.

Adapted with permission from ref. [89].

51



As described before, data analysis is typically complex and requires information about the
electrochemical system and at least a rough background knowledge about possible
reactions and their mechanism(s) occurring at the electrode (or system) under investigation.
These assumptions can be used to formulate equations to describe the Faradaic and non-
Faradaic current resulting from small perturbations. In turn, this can be used to derive an
equation for the total impedance of the system. Often this equation is (if possible)
represented in form of an equivalent electric circuit (EEC), which facilitates understanding.
However, it has to be emphasized that the EECs in this work are not arbitrary but based on
electrochemical phenomena and their influence on the impedance. Accordingly, the model
can be applied to fit the recorded impedance data. In cases where the model cannot fit the
impedance data sufficiently, or some parameters are not well defined (e.g. the case if a side
reaction was accounted but does not contribute), the model needs to be readjusted. Once a
good fitting is achieved, the model should be further validated and checked for plausibility.
For instance, experimental conditions are varied, and the influence on the fitting parameters

have to be carefully evaluated and compared with theoretical predictions. 115153

An exemplary EEC which was also used in Chapter 4.1 is shown in Figure 3.7.

u | Ca |

ct

Ra

Figure 3.7. Proposed EEC for the fitting EIS data in OER regime. Ry, Za, R, Ca and Ra
correspond to the uncompensated resistance, double layer impedance, charge transfer resistance,

adsorption capacitance and adsorption resistance, respectively.
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3.2.2 X-Ray photoelectron spectroscopy

Several decades after the discovery of the photoelectric effect in 1887 and its
explanation by Albert Einstein in 1905, the research group of Kai Siegbahn was the first to
show the potential of photoelectron spectroscopy (XPS) by utilizing the photoelectric effect

and record a high energy resolution XPS spectrum of an NaCl crystal in 1954154155

XPS is a highly surface sensitive technique allowing quantitative analysis of material
surface composition. This non-destructive technique is able to detect elements with atomic
number (Z) of 3 and larger. These devices usually operate under high vacuum (10°° mbar)
and use an X-ray beam, which is focused onto the sample surface. The photons eject
electrons from the sample surface, which eventually hit the detector where their kinetic
energy Ey;, 1s determined. The principle is based on the photoelectric effect, as shown in
Figure 3.8 (A). The electromagnetic wave of a photon can interact with an electron by
transferring its energy entirely on it, effectively vanishing the photon. This is only possible,
when the energy of the photon E,,:,n = hw exceeds the binding energy of the electron.
The exceeding energy of the photon results in kinetic energy of the electron Ej;,,". However,
a certain amount of the initial kinetic energy Ej;,  is lost before the electrons reach the
detector so that the energy of the detected electrons is Ey;n=Exin — ®w, Where ¢,, is the

so-called work function.1%®

Hence, the binding energy E,;,,4 Of a detected electron can be determined by:

Eping = hw — (Egin + @), (3.6)

Each orbital of each element has a very characteristic binding energy, which is influenced
e.g. by the chemical state of the element resulting in so-called chemical shift of the
corresponding XPS spectrum. This allows the discrimination of different elements as well
as the discrimination of different oxidation states and even a quantitative analysis of the

surface species by comparing the peak integrals.
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Figure 3.8. X-ray photoelectron spectroscopy. (A) The technigue is based on the photoelectric
effect: a photon interacts with a bound electron and transfers its energy completely to it. (B)
Photography of the XPS setup: at the top is the hemispherical analyzer which records the electron

energy.

For this work, an XPS by SPECS, which operates at UHV and equipped with a SPECS
PHOIBOS 150 hemispherical energy analyzer was utilized. As shown on Figure 3.8 (B),
this device has three chambers, the load lock, which is serving as an airlock, a preparation
chamber (which also serves as additional protection to maintain the vacuum level) and the
main chamber to which the X-ray source and the detector are connected. The X-rays are
generated by accelerating electrons, which are released from a hot electron by a high
voltage of 12 kV towards an Aluminum target. This target then emits the x-rays, which are
subsequently filtered by a monochromator, resulting in a monochromatic x-ray beam of
1486.61 eV.
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3.2.3 Atomic force microscopy

The first atomic force microscope (AFM) was developed by G. Binning, C. F. Quate
and C. Gerber in 1985.1% This technique is a type of scanning probe microscopy and is
based on short-ranged forces at the atomic scale as described below. This method often

reaches atomic resolution and does not require conductive sample surfaces.

(A) (B)
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< »>X Sample

Figure 3.9. (A) Schematic of the working principle of an atomic force microscope. The tip
mounted on a cantilever probes the samples surface, which interacts via attracting and repelling
forces. The resulting deflection of the cantilever is monitored using a laser beam, which is
reflected by the cantilever to a field of photodiodes. (B) Scanning electron microscope (SEM)
image of the cantilever and (C) transmission electron microscope (TEM) image of the tip. In
order to have an optimal resolution, the tip needs to be pointy, even at the atomic scale. (B) and
(C) are adapted from refs. [158,159] with permission. Copyright AIP Publishing.

The principle of this technique is the following: As shown in Figure 3.9 (A), a cantilever
with a very sharp tip (B,C) is utilized to scan across the sample while the force between
this tip and the sample is measured. The cantilever acts as a small spring and even small
deflections of its position can be visualized by a laser, which is reflected at the cantilever
towards a photodetector. This allows to measure the extremely small forces (1018 N)*57 of
the sample atoms, which attract or repel the tip.
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The forces acting on the tip can be estimated using the Lennard-Jones potential. A
qualitative and simplified explanation for the shape of the potential is the following. If the
atom at the tip comes to very close distance to the atoms at the sample surface, the electronic
orbitals of these atoms start to overlap, which forces these electrons (according to Pauli’s
Principle) to occupy states of higher energy, which results in a relatively strong repulsive
force as shown by Figure 3.10. However, at larger distances attracting forces like Van-der-

Woaal forces dominate.

repulsive force

no tip deflection

attractive force

=5

TIP-SAMPLE SEPARATION

Figure 3.10. Schematic explanation of the Lennard-Jones potential. Depending on the selected
distance between tip and sample, the tip is affected by an attractive or (and) repulsive force.
Adapted from ref. [160] (open access, license: CC BY 3.0)

Three main operation modes for the AFM exist:

The non-contact mode, where the tip is kept at a distance where the attractive force
dominates, the contact mode in repulsive regime and the tapping mode, where the tip
oscillates between both regimes. In brief, the resolution improves with shorter distance to
the sample but also the probability to scratch the sample’s surface. For this work, the
tapping mode was chosen, where the tip oscillates slightly above the resonance frequency.
A constant (average) height level is ensured by a feedback-loop measuring the oscillation
amplitude (20-100 nm) and readjusting and measuring the height.60.161
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4 Results and Discussion

4.1 Determination of electroactive surface area

of oxide materials

This part of the dissertation deals with the up-to-date difficulties related to the
experimental determination of a real electroactive surface area (ECSA) of oxide materials.
A novel method addressing this issue has been developed and has been reported in two
scientific articles®®® . Those can be found in the Appendix. In this Chapter, the concept of
the method is presented, firstly. Further, its validity is proven even for the non-trivial case
of catalyst nanoparticles on a solid support. The results presented in this chapter were
published in: “S. Watzele, A.S. Bandarenka. Quick determination of electroactive surface
area of some oxide electrode materials. Electroanalysis 28 (2016) 2394-2399” and “S.
Watzele, P. Hauenstein, Y. Liang, S. Xue, J. Fichtner, B. Garlyyev, D. Scieszka, F. Claudel,
F. Maillard, A.S. Bandarenka. Determination of electroactive surface area of Ni-, Co-, Fe-,
and Ir-based oxide electrocatalysts. ACS Catalysis 9 (2019) 9222-9230” (see Chapter 6.3)

4.1.1 Motivation

Concerning functional materials, transition metals and their oxides/perovskites are
of high importance. Oxides show a remarkable variety of applications being used for
medical purposes, in superconductors, supercapacitors, batteries or classical heterogeneous
catalysts and electrocatalysts. However, compared to metals, there is a serious lack of their
understanding. This lack of information is partially originated from the difficulties of the
electroactive surface area (ECSA) determination. The ECSA is a crucial parameter not only
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for fundamental studies but also for the optimizations in industrial applications. For
example, current research in the field of electrocatalysis focusses on the synthesis of
supported nanostructures to increase the active surface area. Furthermore, monitoring the

ECSA over time can provide insight into aging behavior of these materials.

4.1.2 Definition of the problem

The determination of the ECSA using classical techniques can be more or less
complicated depending on the structure and manufacturing process of the electrode. Figure
4.1 (A) and (B) sketch two different cases. The situation is relatively simple when the
electrode consists of the catalyst material, or it is entirely covered by a non-porous catalyst
layer (see Figure 4.1 (A)). However, often the presence (and amount) of pores in the

catalyst film and their contribution to the ECSA is unclear.

(A) (B)

Substrate / 7 Substrate /
Electrode Electrode

Figure 4.1. Scheme of different electrode coatings. The catalyst particles are represented with
the red dodecahedra. In the simplest scenario (A), the particles cover the entire electrode and no
substrate is exposed. In reality, the situation is often different as some part of the substrate is
exposed. For instance, the catalyst might be supported by an inactive material (to prevent the

agglomeration of the catalyst particles), which can also be exposed as shown in (B).

The general case is, however, much more challenging as schematized by Figure 4.1 (B).
Typically, the (active) catalyst does not cover the whole surface of an electrode.

Furthermore, it often consists of nanoparticles, which decorate an inactive the support
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material. This support is utilized to prevent agglomeration of the particles, which would
decrease the ECSA. In such a case, the methods, which simply measure the samples surface

area cannot be applied for the accurate ECSA determination.

4.1.3 State-of-the-art approaches

Before presenting the details of the newly developed method, it makes sense to take
a look at state-of-the-art approaches used for the estimation of the electroactive area. The
principles of the most common techniques are presented in the following and their

advantages and disadvantages are summarized.

4.1.3.1 Brunauer-Emmett-Teller method

The principle of Brunauer-Emmett-Teller (BET) method utilizes a phenomenon of gas
molecules adsorption on the surface of a solid material. Hereby, the surface area, especially
of powders or porous materials can be determined. Unfortunately, the thereby measured
surface area is only equivalent to the ECSA in very special cases. For instance, even for the
case shown by Figure 4.1 (A), nanopores which are accessibly by the gas atoms but not by
electrolyte are erroneously accounted for the surface area. The situation sketched by Figure
4.1 (B) would be even worse, as the surface area would be a sum of the surface areas of the

electrode, the support and the catalyst. % 162

4.1.3.2 Microscopic technigques

AFM (see Chapter 3.2.3) and scanning electron microscopy (SEM) can in principle map
the morphology of a flat electrode with an atomic resolution. However, the resolution is
decreased for very rough samples, and porous structures cannot be accurately measured.
Obviously, it is not useful for the case shown by Figure 4.1 (B). Transmission electrode

microscopy (TEM) can image single particles and allows to assess their size and shape.
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Metal based particles can be usually distinguished from nonmetallic support (e.g. carbon).
Thus, it allows a rough estimation of the surface area of the catalyst, assuming the regarded

particles are representative for the whole catalyst. 16364

4.1.3.3 Double layer capacitance

This technique of the surface area determination of electrode materials is based on the
Gouy-Chapman-Stern theory. During a measurement the capacitive behavior of an
electrode is evaluated in a potential region, where only the electrical double layer
contributes to this capacitance. This type of capacitance can be determined by CV or EIS.
Due to the lack of alternatives, this method is commonly used to estimate the ECSA of
oxide materials, although even for unsupported catalysts, it can show high inaccuracies (up
to 700%)%. Evidently, this method is not meaningful for the situation of supported catalyst
because similar to the BET method, as it does not distinguish between active (catalyst) and

inactive material (support / electrode).*%>1%°

4.1.3.4 Techniques based on adsorption

A variety of techniques is based on the principle of species, which adsorb specifically on
metal surfaces. In contrast to the before mentioned techniques, only the surface area of the
active material is measured without the contribution of the surface area of the inactive
support (Figure 4.1 (B), which appears as an obvious advantage. Unfortunately, these
methods are only applicable for certain metals and, with few exceptions, cannot be used

for the analysis of oxide materials.®

Adsorption of hydrogen

Some transition metals adsorb hydrogen (atoms) at their surface already at potentials, which
are more anodic compared to the onset of the HER. The associated charge can be measured
e.g. by the CV. Therefore, the corresponding adsorption/desorption peaks are corrected for

60



the current originating from the charging of the double layer capacitance and then
integrated. Thus, the charge per surface area for a “saturated coverage” depends on the
crystal facet.671%8 Note that a full coverage is not reached due to entropic reasons, but this
method can still be applied using empirical values for the surface specific charge.

For the case of polycrystalline Pt, a value of 210 uC cm has been found.%%17° This method
is well suitable for platinum catalysts but can be in principle extended to Ir and Rh.171172
However, in the latter cases, only a fractional surface coverage might be reached causing
inaccuracies. Another source of inaccuracies for Pt surfaces is the subtraction of the current
originating from charging of the electrical double layer, as the adsorbed species can also
influence the capacitive parameters of the phase boundary.®!

Adsorption of oxygen

This technique can be utilized, similar to the previously shown technique. However, this
applies for materials, which show the adsorption of a monoatomic layer of oxygen at
potentials lower than the onset of the OER. This method is typically only used, when
hydrogen adsorption is not applicable. For instance, surface specific adsorption charge
values for Au are found in the literature.1”>17* Note that this method is not applicable for

materials where several layers get oxidized.

Underpotential deposition of metals

This method is similar to the one utilizing adsorption of hydrogen, but here a potential is
applied, which only allows the adsorption of metal cations (from the electrolyte) to form
one monolayer. Cu, Ag, or Pb are typically used as adatoms*’>'®, This allows the
determination of surface area of Pt but also of e.g. Cu, Ag, and Ru layers %177 and is
especially suitable in the case of supported catalysts. Remarkably, Hg underpotential
deposition is one of the few state-of-the-art techniques, which allow to determine the ECSA
of IrOx catalysts.}”® However, a drawback of this method is that the measurement usually
requires exchanging the electrolyte and can also contaminate the electrochemical cell with

some residues.
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Adsorption of carbon monoxide

Another possibility for an in-situ measurement of the ECSA is the adsorption of CO (carbon
monoxide) on the electrode surface. This can be applied to e.g. for Pt or Ir surfaces.1’817®
The electrode is immersed in a CO-containing electrolyte and a potential is applied, which
allows the adsorption of (almost) one monolayer. The CO is then removed from the
electrolyte (while keeping the potential). Subsequently, the potential is typically cycled
towards more anodic potentials. Depending on the catalyst and surface facet the CO
oxidizes at a certain potential to CO.. The charge of this Faradaic current can be attributed

to the ECSA. Similar approaches are reported for the adsorption of I, on e.g. Au surfaces.*e°

4.1.4 Principles of the developed method

The principles of the new method is based, similar to the above-mentioned
conventional methods, on specific adsorption. It takes advantage of the oxygen evolution
reaction, which involves several specifically adsorbed reaction intermediates that can be
reversibly adsorbed. This manifests itself in an adsorption capacitance Ca, which can be
measured via electrochemical impedance spectroscopy®®. This capacitance correlates to
the ECSA.

For the sake of clarity, in the further discussion the generally accepted simplified OER

reaction pathway is used*8':

40H 2 *OH + 30H +¢ 4.1)
*OH + 30H 2 *O + H,0 + 20H + ¢ (4.2)
*0 + H,0 + 20H 2 *OO0H + H,0 + OH" + ¢ (4.3)
*OOH + H0 + OH" 2 O, + 2H,0 + ¢ (4.4)
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This reaction is associated with three specifically adsorbed OER reaction intermediates:

*OH, *0, and *OOH. Note that the asterisk (*) denotes a surface adsorption site.

(A) (B)

Figure 4.2. Specific adsorption of OER reaction intermediates as the origin of the adsorption
capacitance C,. (A) Schematic representation of a catalyst nanoparticle on an inactive support.
The OER involves the reversible adsorption of reaction intermediates to the electroactive
surfaces. This takes place only on the active oxide particle but not on the support. Therefore,
solely the ECSA contributes to C,. (B) EEC for the analysis of the EIS spectra, recorded at the
onset of the OER. The derivation of this physical model is shown in Chapter 4.1.5 Ry, Zg, Ret,
Ra, and C, are the uncompensated resistance, the double layer impedance, the charge transfer
resistance, the adsorption resistance, and adsorption capacitance, respectively. The latter two
account for the specific and reversible adsorption of OER intermediates. Adapted with
permission from ref. [90].

As sketched in Figure 4.2 (OER on particle) adsorption of some intermediates can be
reversible, and the adsorbate coverage at the active material depends on the electrode
potential. In contrast, the material, which is inactive at the applied voltage shows either no
or just irreversible adsorption of the intermediates. Though, the adsorption capacitance (as

will be shown in the next section) can be defined as:

20 (4.5)

Cazqﬁ
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where g is the charge of an adsorbate monolayer and 96 the alternation of fractional

coverage due to an applied probing signal dE. Consequently, inactive materials with

(locally) potential independent surface coverage % ~0 do not contribute to C,, while active

materials do, if their surface coverage is potential dependent % # 0. Therefore, potentials
close to the onset of OER are applied, where the material, which is under investigation is
active and its surface coverage with adsorbates increases with the potential % > 0. Thus,

the surfaces of active materials do contribute to the adsorption capacitance, while inactive
surfaces do not. This C, can be measured via EIS using the EEC introduced in
Chapter 4.1.5 and should correlate with the ECSA. In other words, this method defines the
ECSA as the area, which is accessible to the reversible adsorption of specifically adsorbed
species of the OER (at the applied potential) and is similar to the area that can contribute
to the OER. Further, this means, that parts of the catalyst, which are either not electrically
connected to the electrode or blocked by e.g. oxygen bubbles do not account for the ECSA
as shown in Figure 4.3. Therefore, this method can be also applied to investigate the
blockage of the active surface area due to gas bubbles that typically accumulate when
applying OER conditions over long time. Subsequent removal of those bubbles and re-
measurement of EIS allow to determine the ECSA of the catalyst itself to detect possible
aging processes such as particle detachment.
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(A) (B)

Substrate / 7 Substrate / B
Electrode Electrode

Figure 4.3. (A) Blockage of ECSA due to oxygen bubbles. After OER activity or stability
benchmarking experiments gas bubbles are often found to cover fractions of the electrode
surface. Their origin has been discussed in Chapter 3.1.2. The red particles represent catalyst
nanoparticles, some of which are not accessible to the electrolyte due to a gaseous phase
(represented by the semitransparent hemispheres) and do not contribute to the ECSA. However,
after removal of the oxygen bubbles (B) they contribute again to the ECSA. An advantage of the
presented method is that such effects can be investigated in-situ. No exchange of electrolyte, that
could lead to the dissipation of the gaseous phase is required. This allows to examine both the

ECSA directly after experiments and the ECSA after removal of the blocking gas phase.
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4.1.5 Explanation of the EEC

This subchapter aims to introduce the EEC, which is used to analyze the EIS spectra
and briefly assess its validity for the OER. The following discussion is based on ref. [182]

and [183] and adopted from our recent publication.*

The AC response of an electrochemical system usually splits up into a non-Faradaic and a
Faradaic part. An ideally polarizable electrode could charge up like a capacitor and would
be described by the capacitance C4 with the resistance of the electrolyte Ry in series. In

reality, however, the response of the electrochemical double layer needs to be represented

by a constant phase element Z; = where the exponent n accounts for the

Cao)™ ’
frequency dispersion of the double layer, while j is the imaginary unit, and w stands for the

angular frequency.

The response of Faradaic reactions manifests itself in a Faradaic impedance Z; that is in
parallel to Z;;. For simplicity, it is assumed, that a reaction only involves one adsorbed

reaction intermediate and a stepwise transfer of 2 electrons (e~):

_hk _ke 4.6
Asol + 2e — Bads te sol » ( )
k—1 k_»

where k_y; and k._y, are the rate constants. Assuming a Langmuir adsorption isotherm,

one can describe the reaction rates of both steps as:

v = k?FmCA(O)(l — 0g) exp[—a; f(E — Ef)] (4.7)
- k91roo93 exp[(1 —ay)f(E - Ef)]

Uy = kg['oogB exp[—a,f(E — Eg)] (4.8)
- kEZFooCC(O)(l — 0g) exp[(1 — ay)f(E — Eg ]

Here k?,, I, and C, ¢(0) are the rate constants, the total surface concentration of active
sites, and the concentration of species A and C at the surface, respectively. Further, 65 is
the fractional coverage of the active centers and «a; , are the transfer coefficients. Moreover,

f = F/RT and E — E?, are the differences of applied potential E to the standard potentials
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for both reactions E{,. F, R and T are the Faraday constant, the gas constant and the
temperature, respectively. One can define an equilibrium potential, E,,, where both net

reaction rates become zero'®:

kS .. 1-6; .
exp|f(Eeq — ED)] = k_ﬂlch %B (4.9)
K 8 (4.10)
exp|f(Eeq — ED)] = kTZCcl_—BQ*
~2 B

The equilibrium potential of the individual steps is of course dependent on the bulk
concentration C, . of species A and C as well as at the surface concentration of species B
in equilibrium 6;. Introducing the overpotential, the difference E — E? can be transformed
t0 E—E) =E —E,q + Eoqy — E) =1 + Eoq — EP. With the additional assumption, that
the surface concentration is very similar to the bulk concentration, which is true for
relatively low currents and high electrolyte concentrations, one can rewrite Equations (4.7)

and (4.8) several times. For more detailed calculations, please refer to A. Lasia 182

The total current of both reaction steps is:
i = _F(Ul + 172) = _Fro (411)
Moreover, the change of surface coverage by species B, can be expressed as:

dl; df; o, d0p (4.12)
@ e T F e T =0

Where the charge of a monolayer corresponds to o; = FI,,. Further, the term for the total
current and for the surface coverage can be linearized and merged which allows to derive
an equation for the complex admittance. The inverse of the admittance is the Faradaic

impedance which can be transformed to:
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1 (4.13)

Here, R, C,, and R, are the so-called charge transfer resistance, adsorption capacitance
and adsorption resistance, respectively. C, is the derivative of the surface charge associated
with the adsorption of species B by applied potential and is of course dependent on the

adsorption isotherm.

The combination of Z with Z;; and the uncompensated resistance of the electrolyte Ry,

allows to express the total impedance as:

1 4.14
Ziotat = Ry + ) 1 (4.14)
Ca(w)™ + 1
Rt e+ L
. L L
Jwlg R,

For easier understandability, this can be also represented as the EEC shown in Figure 4.4.

Rct

R4

Figure 4.4. Equivalent electric circuit to analyze the impedance spectra recorded in OER regime.
Ru, Za, Rt Ca, @and Ra are the uncompensated resistance of electrolyte, the impedance of the
double layer, the charge transfer resistance, the adsorption capacitance, and adsorption resistance,

respectively.

Note that for the derivation of the Faradaic impedance several simplifications were made.
For instance, a Langmuir adsorption isotherm was assumed, which does not take any

adsorbate-adsorbate interactions into account. In general, one could do similar calculations
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using e.g. Frumkin adsorption isotherm, which could change the potential dependence of
C,. A more critical point is that the derivations were carried out on the basis of a Faradaic
reaction involving one adsorbed species with subsequent desorption step, although the OER
involves (at least) three adsorbed reaction intermediates (see Chapter 4.1.4). Accounting
for two additional intermediates results in a far more complex system and a larger EEC
with more branches. A justification to utilize this “simple” EEC could be, that at small
overpotentials only one step is quasi-reversible. Therefore, the surface concentration of
essentially just one specifically adsorbed species, which might be the *OH intermediate,
varies with the applied potential. Furthermore, the recorded EIS spectra always feature two
semicircles, which can be fully fit with this simplified EEC, as will be shown in the

following chapters.

4.1.6 Calibration

The procedure for determining the electroactive surface area using conventional
methods is relatively straightforward. For instance, in the case of adsorbed hydrogen, the
integrated charge [UC] is divided by the specific charge (per surface area) [UC cm?], which
can be taken from the literature. However, unlike for state-of-the-art techniques, no such
literature values are known for the specific adsorption capacitance C,” [HUF cm™].
Therefore, the first step was to create such a database of the specific adsorption
capacitances for each individual important catalyst and investigate their potential

dependences.

This required measurements of C, for the catalysts with the well-known ECSAs. Division
of the adsorption capacitance C, by the ECSA yields the specific adsorption capacitance
Cy:

c, = C, /ECSA (4.15)

Thus, thin catalyst films were deposited on flat substrates, which could be used as RDE and
their thickness was optimized. To ensure, that the deposition was successful, XPS was
utilized to investigate the films composition. For a more precise evaluation of the ECSA,
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AFM was utilized to determine the electrodes roughness factor. The ECSA was then

estimated from the geometric surface area of the electrode Ageometric aS:
ECSA ~ Ageometric © Roughness factor (4.16)

Afterwards, for each catalyst, EIS was measured in a potential window around the onset of
the OER. To minimize statistical errors, this was repeated with freshly deposited films
multiple times (up to 52 independent measurements). Adsorption capacitances were
determined by fitting the impedance data utilizing the equivalent electric circuit deduced
in the previous section and shown in Figure 4.4. In the following section each step of the

calibration procedure is shown in more detail.

4.1.6.1 Thin film growth

There are various possibilities for creating catalyst films. For this work, we decided
to utilize electrochemical deposition and adapted deposition protocols, which had been
reported to result in non-porous thin films. The deposition conditions can be found in
Chapter 3.1.3. Further, the thickness of the catalyst films was optimized such, that they
became as thin as possible but, to keep the properties of bulk catalyst, without any influence
of the support material. The idea was to subsequently decrease the surface roughness.
Therefore, the electrocatalytic activity of catalyst films with different thickness were

compared. The results for a NiOx catalyst are presented below.

For the deposition of the NiOx film, the electrode was immersed in the deposition solution
and the potential was scanned between ~0.9 V and 1.9 V (as shown by the inset of Figure
4.5), which leads to a gradual growth of film thickness. Further, the film was optimized by
correlating the films catalyst activity to the film thickness. The integrated charge was
utilized as a parameter for the film thickness, as an exact measurement of thickness seemed
to be impractical and not target oriented. Several films of different thickness were produced
by stopping the deposition after different numbers of cycles (always at the anodic limit)
and their catalytic activity (measured in 0.1 M KOH) was compared, as can be seen in
Figure 4.5. The activity increased significantly within the first 5 mC cm and becomes
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almost constant for films with an integrated charge of ~10 mC cm and more. Though, we
decided to utilize NiOy films with an integrated charge of ~20 mC c¢m to ensure high
reproducibility. The other metal oxide films were optimized in a similar way and the
resulting parameter of the most ideal deposition can be found in Table 3.1 in
Chapter 3.1.3.

16
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Figure 4.5. Optimization of the thickness of NiOy films. As the inset shows, these films were
deposited via potential cycling between ~ 0.9 V and ~ 1.9 V vs RHE. The depositions were
stopped at the anodic limit and the total integrated charge was taken as a parameter for the film
thickness. The anodic current densities (measured in 0.1 M KOH at 1.83 V vs RHE) are plotted
vs the integrated charge, the blue dotted line shows an approximation curve. The activity

increases significantly within the first 5 mC cm and seems to reach a plateau at ~ 10 mC cm™.

Adapted with permission from ref. [89].
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X-ray photoelectron spectroscopy was applied to the freshly prepared catalyst thin films to

ensure, that the deposition procedures and the utilization of our chemicals resulted in the

desired film composition.
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Figure 4.6. XPS spectra of (A) NiOy, (B) CoOy, (C) NiFeOy, (D) CoNiOy, (E) CoFeOy, and (F)
IrOx. The spectra are shown in black, the fitting of the individual peaks and background are
shown in grey, and the overall fitting is shown as a red line. Figures (A-C) are adapted with

permission from ref. [144] and (D)-(F) are adapted with permission from ref. [90].

The corresponding XPS spectra of NiOx, CoOy, NiFeOyx, NiCoOy, CoFeOy, and IrOyx are
presented in Figure 4.6. The NiOy spectra show the main peak at 855.5 eV, which can be
assigned to a superposition of the Ni 2pz/, peaks of Ni(OH) (855.2 eV) and of the NiOOH
(855.8 eV) phase.'® Division of the relative contribution of Ni?* and Ni** turned out to be
ambiguous and unnecessary, as the oxidation state changes, when applying different
electrochemical potentials. In general, a shift towards the NiOOH phase is assumed at
potentials >1.5 V vs RHE. Likewise, the film denoted as CoOx consists also of more than
a single phase. The spectra show (Figure 4.6 (B)) a distinct double 2p3. peak (780.4 and
782.8 eV) with an additional satellite peak (787.8 eV). Fitting this peaks by comparison
with data from literature, the composition can be calculated to consist of ~17% Co(OH).,
~59% of CoOOH), and ~24% of a CosO4 phase.® Looking at the XPS spectra (C) at
binding energies between 880 eV and 850 eV (left spectra), there is a remarkable similarity
with the spectra of NiOx shown before, with the exception of one additional distinct peak
at 852.7 eV. This additional peak can be attributed to a metallic nickel phase.®® The Fe 2p
spectra (right spectra) shows a pronounced peak at 711.7 eV. Due to the peak width, it is

presumably an overlay of the 2ps;2 peaks of FeOOH, Fe203, and Fe304.18718 Similar to the
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case presented before, there are indications (peak at 707.0 eV) for a metallic (Fe) phase of
the catalyst film.*®° Note, that these metallic phases are a result of the galvanic deposition
method and can be assumed to oxidize during the first potential cycles reaching the OER
regime. Integration of the Ni and Fe related peaks allowed to estimate (considering the
atomic sensitivity factors) the Ni / Fe ratio as ~70% / ~30%. This is very close to the
optimum reported in literature of ~75% / ~25%*°%1%1, The spectra of the film denoted as
NiCoOx (Figure 4.6 (D)) is well comparable to the previously investigated films of NiOx
(Figure 4.6 (A)) and CoOx (Figure 4.6 (B)). A slight energy shift of ~0.2 eV might indicate
an alloy phase. The atomic ratio Ni / Co was estimated as ~50% / ~50%. The spectra taken
from CoFeOx can be compared to the previously shown ones: the 2p Co peaks are very
similar to those shown in the case of NiCoOx and the 2p Fe spectra is comparable with the
one taken for NiFeOx. However, the 2p Co spectra features a small peak at ~777 eV
indicating a metallic Co phase. Furthermore, Fe is present in a slightly higher oxidation
state, which is e.g. visible at the increased intensities of the peaks corresponding to the Fe*3
phase. In the case of IrOx, the binding energies were recorded in a range between 57 eV
and 67 eV which corresponds to the 4fs and 4f7> peak region. Analysis of these peaks
suggests that a very thin (< 5 nm) oxide layer covers the iridium host crystal, as the signal
of the metallic Ir peak is still predominant.'®>1% Such a thin coverage is even beneficial, as

metallic iridium has a better conductivity compared to its oxide phase.®®

To summarize, it has been shown that all these thin films have the almost perfectly desired

composition.
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4.1.6.2 Assessment of their ECSA

An essential requirement for the calibration of the new method is to start with
electrodes with well-known ECSA. In principle, if the catalyst films would be perfectly flat
(as it is the case e.g. for a single crystals), their ECSA could be approximated with the
geometric surface area of the electrode. However, typically such oxide films are not 100%
smooth, which results in a slightly larger ECSA compared to the geometric surface area.
Therefore, roughness effects have to be taken into account. For this purpose, atomic force
microscopy was applied, which allowed to assess the average roughness factor of the
different catalyst thin films. The corresponding AFM images (see Figure 4.7) show the
surface morphology of NiOy, CoOx, NiFeOx, NiCoOx, CoFeOy, and IrOx. While the surface
of the of NiOx, CoOyx, and IrOx with the roughness factors of 1.15, 1.05 and 1.01,
respectively, is quite smooth, the NiCoOx NiFeOy, and CoFeOx with 1.45, 1.27, and 2.25,
respectively, showed significantly larger roughness factors. Inserting these roughness
factors and the geometric surface area of the disk electrode (~0.19635 cm?) into Equation
4.16 allowed to estimate the ECSA of the NiOx-, CoOx-, NiFeOx-, CoFeOx-, CoFeOx-, and
IrOx-films as ~0.226 cm?, ~0.202 cm?, ~0.249 cm?, ~0.285 cm?, ~0.442 cm?, and ~0.198
cm?, respectively. In the case of Pt, the ECSA of the crystal was investigated via the
adsorption of hydrogen (as explained in Chapter 4.1.3.4) prior to oxidizing its surface to
PtOx.
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Figure 4.7. Surfaces profiles of (A) NiOy, (B) CoOy, (C) NiCoOy, (D) NiFeOy, (E) CoFeOy, and
(F) IrOxthin films recorded with AFM. Note that, the y-axis are stretched compared to the x-axis
for better visibility of the structure. (A), (B) and (D) are adapted with permission from ref.[144]
and [90].
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4.1.6.3 Determination of C,’

The final step for the calibration procedure is to measure the specific adsorption
capacitance and investigate its dependency on the applied potential. Therefore, for each
catalyst material, a similar procedure was applied. Prior to the EIS measurement, the
electrodes potential was cycled (50 mV s?) to activate the catalyst films. Afterwards, the
potential was scanned slowly (1 mV s?) to the potential of the first EIS measurement. The
intention of decreasing the scan rate was to ensure quasi-stationary conditions for the
following measurements. Note that the electrolyte was constantly purged with Ar to
maintain a low oxygen partial pressure in the bulk electrolyte in order to reduce the
probability of O2 bubble formation at the electrode. Additionally, the electrode was rotated
(400 rpm). This activation procedure is depicted by Figure 4.8 using the example of NiOx.
Three potential cycles between ~0.93 V and 1.73 V vs RHE were applied. After the third
scan, which ended at 1.43 V, the potential is scanned linearly (1 mV s?) to 1.53 V, where
the EIS measurements started. This procedure was similar for CoOx, NiCoOx, and PtOx;
however, the cathodic limit was decreased to 1.63 V vs RHE in the case of CoFeOx, NiFeOx,
and IrOy, due to their higher activity that could have led to the formation of O2 bubbles at

higher current densities. The subsequent EIS spectra were recorded in 10 mV steps.

For each catalyst, a total number of 5 to 52 independent measurements were conducted.
For reasons of clarity, Figure 4.9 shows one representative EIS spectra for each catalyst at
a potential close to the onset of the OER. Individual data points in the high frequency
regime, which did not comply with KK-relation, were eliminated for further evaluation. All
measurements around the onset of the OER have their “double semicircular” shape in
common. The first imperfect semicircle at high frequencies is mainly determined by the
double layer impedance and charge transfer resistance. It is typically smaller compared to
the second semicircle, that is governed by the adsorption capacitance and the adsorption
resistance. In case of NiCoOx, IrOx, and PtOy, the first semicircle is barely visible due to
the overlap of both semicircles. Therefore, it was important to ensure, that the fit followed
the first one. The corresponding fitting curves are marked as red lines in each Nyquist plot,

while the open squares represent the data points.

V' Note that a few measurements were extended to potentials below 1.53 eV.
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Figure 4.8. Preconditioning of the oxy-hydroxide films before the EIS measurement. The
potential is cycled (scan rate 50 mV s) in case of NiOx thin films 3 times in order to fully activate
them (—). After the 3™ cycle, the scan rate was reduced to 1 mV s (—). Thereby, the film has
time to oxidize and subsequent EIS measurements starting at 1.53 V can be performed in steady-

state conditions. Adapted with permission from ref. [89].

The fitting using the EEC in Figure 4.4 showed only low-mean-square deviations and the
inaccuracy in the determination of the C,’ value was typically lower than ~4 %. To
investigate the dependency of the specific adsorption capacitance on the potential, C,’
values were estimated (from C,) using Equation 4.15 and plotted vs the applied potential,
as can be seen in Figure 4.10. One can identify a general trend: at potentials far below the
onset of the OER, C,’ is very low (or even zero) and starts to increase at a certain potential
until it reaches a plateau. At this plateau, the C," value stagnates in a window, which can
be between ca 30 mV (e.g. for NiFeOx films) and ca 150 mV (NiOx and CoOx films). This

behavior can be explained considering the definition of the adsorption capacitance
(c, = q%), as sketched in Figure 4.11: at lower potentials the surface coverage with

adsorbate is quasi potential independent, while at a certain potential, close to the onset of
OER, the coverage starts to increase gradually with the potential. We assume, that this
increase in the first derivative of coverage can be attributed to an increase in the amount of

electrocatalytic centers that successively activates and thereby facilitate adsorption on these
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sites. At the “plateau” of C,’, the majority of active centers have been activated and the
surface coverage is linearly dependent on the applied potential. At even higher potentials,

two phenomena can be expected: the ECSA becomes progressively fully covered, which
means that % and, therefore, also C,’ decreases. This behavior can be seen e.g. in the case

of NiCoOx, and IrOx. Apart from that, one should not forget that oxygen is evolved at the
electrode at these anodic potentials, which can lead to an occasionally fractional blockage
of the electrode surface area by the gaseous phase. These fluctuating conditions impair the
data quality of EIS spectra. This, in turn, impedes accurate fitting, leading to significant
inaccuracies in the determined C,’ values at high anodic potentials. Thus, the optimum
potential for evaluating the adsorption capacitance is found exactly at the point where the
specific adsorption capacitance of the respective catalyst is “on the plateau” and locally
potential independent. This optimum with the corresponding specific adsorption
capacitance is highlighted in Figure 4.10 and summarized in Table 4.1. Note, that the error
bars are not a result of fitting accuracy. It originated from accounting multiple independent
measurements for each of the catalysts. CoFeOx can be considered as a special case, as no
real plateau after an onset was detected. Presumably, such a plateau exists at potentials
above 1.65 V. However, due to the strong noise caused by gas evolution, the data quality
does not allow accurate determination of €, in this case. Hence, it makes sense to evaluate

its spectra at 1.54 V, where the relative error of C,’ is the smallest.

These calibration values for C," form the basis for applying the newly developed method
to real systems. In the following, the reliability of this method is shown in different relevant

applications.
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Figure 4.9. Nyquist plots of the different oxide materials recorded at the potentials indicated in
Table 4.1. The fits (—) are based on the EEC shown in Figure 4.4. Note, that spectra (A)-(F) are
recorded in Ar saturated 0.1 M KOH while spectra of (G) and (F) are recorded in Ar saturated
0.1 M HCIO4. Adapted with permission from ref. [90].
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Figure 4.10. Specific adsorption capacitances as a function of the electrode potential recorded in
0.1 M KOH for (A) NiOy, (B) CoOy, (C) NiCoOy, (D) NiFeOy, (E) CoFeOy, (F) IrOx electrodes
and in 0.1 M HCIO4 for (G) IrOx and (H) PtOy electrodes. The specific capacitances (C; =
C,/ECSA) were estimated by normalizing to the ECSA of the corresponding thin films. The
ECSAs were determined, as described before. Error bars result from at least five independent

experiments. Adapted with permission from ref. [90].
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Figure 4.11. Schematic of an adsorption isotherm (—) and the related adsorption capacitance as
a function of the potential (—). For simplicity, a Langmuir adsorption isotherm was used;
however, it should be noted that adsorbate-adsorbate interactions modify the actual adsorption
behavior'®*. Moreover, it can be assumed, that a “complete” coverage might never be reached, as

adsorbates are continuously “consumed” as the reaction proceeds. At low potentials the coverage

is quasi potential independent, and C, is therefore ~0. The “plateau” in C," arises, when Z—i

reaches a maximum.

Table 4.1. Specific adsorption capacitances of the oxide materials measured in 0.1 M KOH
(NiOy, CoOy, NiFeOy, NiCoOy, IrOx) and HCIO, (IrOx and PtOy).

Catalyst Potential (V vs RHE) C, (UFcm?)
NiOx - KOH 1.60 300 + 99
CoOx - KOH 1.60 620 £ 150

NiFeOx - KOH 1.59 430 + 160
CoFeOx - KOH 1.54 387
NiCoOx - KOH 1.68 172 + 35
IrOx - KOH 1.68 72+2
IrOx - HCIOq4 1.59 135+ 25
PtOx - HCIO4 1.60 9.8 £0.66
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4.1.7 Application

So far the principle of the new method and the calibration step has been discussed.
However, the applicability and limitations of the method for real systems still needs to be
investigated. Therefore, several different setups have been investigated starting with very
fundamental experiments. First, the influence of the increase of the thickness of the NiOx
thin film on C, is examined. Afterwards, the surface area of an unsupported (homemade)
IrOx catalyst is estimated via C, and compared with the surface area determined via BET.
Finally, the new method has been applied to a carbon supported catalyst: ECSA is assessed

via C, and compared to the surface area determined via conventional approaches.

Different thickness of NiOx thin films

Variation of the catalyst film thickness was chosen as the first and very fundamental test
for plausibility. The idea is that two almost identical catalyst films are deposited. However,
one film has an increased thickness. A method sensitive to ECSA should show almost
identical values for the surface area, if bulk properties do not significantly influence the

method.

Therefore, one NiOx film with an integrated charge of Q; ~ 20 mC cm and a second one
with Q, ~ 21 mC cm were deposited and investigated via EIS. The corresponding Nyquist
plots, measured at 1.60 V vs RHE, are shown in Figure 4.12 The first curve, intersecting
with the x-axis, at ~54 Q, corresponds to the thinner film. It has a comparable shape, but,
differs in magnitude from the second curve with the thicker catalyst film. A shift in
uncompensated resistance can be partially attributed to the larger film resistance due to the
increased film thickness and the relatively low conductivity of the NiOx. Fitting, using the
EEC shown in Figure 4.4 allowed to determine C, as 63.1 + 1.2 pyF and 63.7 £ 1.2 pF for
the thinner and thicker film, respectively. Hence, within the scope of measurement
accuracy, these measured C, values are identical, which was expected, as the ECSA should
not significantly change. However, looking at the “double layer capacitance”, substantial
difference was observed: the thicker film depicted with C;;(1.60 V) = 2.71 + 0.01 mF s"*!
is approximately twice the double layer capacitance of the thinner film C,4;(1.60 V) =1.36
+ 0.01 mF s"%. Normalizing C, values by the estimated ECSA (accounting roughness

factors) - obviously these specific adsorption capacitances (~279 pF cm? and

83



~282 uF cm™) are very similar to those previously (during calibration) determined. To
conclude, it can be seen as a first indication that there is a significantly better correlation

between C, and the ECSA, than between the latter one and C;.

C~63.7uF
C ~2.71mFs"

1 b 1 b 1 |

50 60 70 80 90 100 110
ReZ/ Q

Figure 4.12. EIS spectra taken of two slightly different NiOx films in Ar saturated 0.1 M KOH
at 1.60 V. Open triangles and squares correspond to the thinner and thicker film, respectively. In
both cases, the fitting shows only marginal deviation. Important fitting parameters (double layer
(pseudo) capacitance and adsorption capacitance) are given for both fits. Obviously, Ca values
are almost identical, while Cq values are different by a factor of two for just a slightly different

film. Adapted with permission from ref. [89].

Nanostructured 1rOx

In PEM electrolyzers, IrOx is typically used as an anode electrocatalyst due to its decent
activity and excellent long-term stability. Often, this catalyst is used without any support
in order to increase long-term stability. In the following, the application of the new method
to determine the ECSA of nanostructured catalysts with significantly larger surface area
(larger than the geometric surface area of the electrodes) is investigated. The following
investigation is based on the results of Ms. Yin’s Master thesis (Prof. Ifan Stephens research
group), including the synthesis and characterization of an IrOx electrocatalyst. She assessed
the surface area of the catalyst (powder) by BET. Subsequently, an ink of this catalyst was
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prepared and deposited on a (glassy carbon) RDE tip and electrochemical measurements
were conducted using 0.1 M HCIOs. The measurement protocol included EIS
measurements at 1.60 V, which were intended to be used to correct the ohmic resistance of
the electrolyte. The synthesis procedure involved an annealing step that was varied (400
°C, 500 °C and 600 °C) resulting in three slightly different catalysts denoted as 1rOx (400
°C), IrOx (500 °C), and IrOx(600 °C). Additionally, a commercial catalyst (Ir black, Johnson
Matthey, UK), which was oxidized (denoted as IrOx(ref)) was examined. The (mass)
specific surface areas (SSAs) were determined as cal89 m? g%, ~167 m? g, ~128 m? g%,
and ~35.6 m? g* via BET for IrOx(400 °C), IrOx(500 °C), IrOx(600 °C), and IrOx(ref),
respectively. Note that, for technical reasons, the determination of surface area of 1rOy after
deposition on the electrode using BET was not possible. For each catalyst, three different
situations could be compared: first, the as-synthesized, fresh catalyst (denoted as “fresh”),
directly after the preconditioning, second, after an accelerated degradation test, which
involved 30000 potential cycles (1.3 V to 1.7 V vs RHE 500 mV s) at 20 °C (denoted as
“aged O27”), and third, after removing the oxygen bubbles from the electrodes surface
(denoted as “aged”). This is interesting in several respects, as it not only allows to compare
the ECSA/mass with the SSA determined via BET, but also shows the great potential of
this method to investigate the loss of ECSA due to aging and due to blockage by a non-
conducting gas phase separately. Figure 4.13 shows the Nyquist plots for each catalyst, at
the beginning of life, after aging, and after the removal of oxygen bubbles. The
corresponding fitting curves show normalized mean square deviations of less than 3% and
low uncertainty of C,values (< 7%). As expected, there is a small difference in the
uncompensated resistance for the aged samples, which are partially blocked with the
gaseous phase. The adsorption capacitances are summarized in Table 4.1. To determine
the ECSA of these catalysts, these adsorption capacitances were divided by the specific
adsorption capacitance measured at 1.60 V, C,'(1.60 V) = 130 pF cm™ (see Figure 4.10).
Considering the targeted electrode loading of 3.92 pg (20 pg cm2), the ECSA normalized
to mass was estimated (see Table 4.2). As shown in Figure 4.13, ECSA/mass determined
via EIS is well comparable to the BET determined SSA for each catalyst. However, the
ECSA determined for IrOx(400 °C), IrOx(500 °C), and IrOx(ref) is slightly increased
compared to the BET determined surface area. This is not expected, as one can imagine,
that some pores in the catalyst might be accessible to gas but not to electrolyte. Thus, one

would assume, that the ECSA should rather be smaller than the BET surface area (as can
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be seen in the case of 1rOx(600 °C)). However, one should not forget, that the deposition
procedure involves drop casting of 10 pl of the ink onto an electrode. This ink consists of
a dispersion of catalyst particles in water and isopropanol and has an imperfect distribution
of these particles in the vessel, with typically more particles at the bottom. This results in a
catalyst loading, which is dependent on the position of the pipette, when extracting the ink
for deposition. Hence, one could hypothesize, that the ink was taken more from the bottom
of the vessel resulting in an underestimation of catalyst mass deposited on the electrode.
Nevertheless, a good agreement between both methods was found. Regarding the aged
catalysts, one can observe a decrease in the ECSA by ~ 1/3 which can be explained with
e.g. particle detachment or Ostwald ripening. Further, one can see, that a certain part (6 —
9 %) of the catalyst surface got temporarily blocked during the aging procedure. This partial
blockage can lead to an accelerated aging behavior of the electrode, as previously shown
by El-Sayed and co-workers.'®® In principle, this method would allow to make a vast study
on the blockage of active catalysts surfaces, due to evolving gases. This could lead to an

optimization of catalyst surfaces, which are less prone to get blocked.

Table 4.2. Adsorption capacitances and ECSAs (normalized to mass) of different IrOx
electrocatalysts. Values are shown before aging (“fresh”) and after 30000 potential cycles. After
the aging, the electrode was partially blocked with small O, bubbles, which is denoted as
“aged(0O2)”. To assess the ECSA without this fractional blockage, the visible bubbles were
removed manually, and the electrode was kept at open circuit potential for at least 1h, allowing
the microscopic bubbles to dissolve in the electrolyte, before C,, was re-measured. This is denoted

as “aged”.

214.5 uF 1014.2 uF 916.0 uF 531.4 uF
42.1m?g? 199.0 m? g 179.7m? g? 104.3 m? g
51.40 pF 574.2 pF 555.8 [F 361.2 uF
10.1 m? g* 112.7 m? g 109.1 m? g* 70.9 m? gt
Not available 630.1 pF 609.2 uF 383.9 pF

123.7 m? g’ 119.5m?g? 75.3m? gt
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To conclude, these experiments demonstrated the accuracy, as well as the wide range of
application for this in-situ measurement of ECSA. In this case, the surface area of an
inactive material (with ~ 0.196 cm?), which was the glassy carbon electrode was relatively
small compared to the ECSA of the catalyst (1.65 cm? to 7.8 cm?). Hence, it makes sense,
to investigate the contribution of inactive support on the measured C, in additional

experiments.
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Figure 4.13. Analysis of EIS spectra measured at 1.60 V vs RHE in 0.1 M HCIOa. Four IrOy
catalysts, of which three are “homemade” (IrOx(400 °C), 1rOx(500 °C), and IrO«(500 °C)) at the
Imperial College London and one commercial catalyst (here denoted as IrOx(ref)) were
investigated. The measurements on “fresh” catalysts are represented by squares, the aged
catalysts partially blocked with oxygen bubbles (denoted as “aged (O2)”) are represented with
triangles and the measurements conducted using the aged catalyst after removal of the oxygen
bubbles (denoted as “aged”) are represented with circles. The solid lines in (A)-(D) correspond
to the fitting curves, which allowed to determine the adsorption capacitances and thereby the
ECSA values presented in (E). The dashed lines in figure (E) between the ECSA of the “fresh”
and the “aged” catalysts show the drop of the ECSA. Due to technical issues, there was no
measurement performed for IrOx(ref), after removal of the oxygen at the surface. Its expected
ECSA is marked with a question mark. The stars in (E) represent the surface areas determined
by BET.

Supported nanoparticles

The previous examples did not deal with the problem of inactive support. However, as
discussed before, this method should be well applicable to determine the ECSA also in such
cases, in contrast to most of the state-of-the-art techniques. Two commercial catalysts were

selected: Pt and Ir nanoparticles, which were both supported on Vulcan XC72 carbon (BET
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surface area: ~250 m? g1)1°. RDE tips were coated (see Chapter 3.1.3) with these
catalysts and the surface of the catalysts were oxidized electrochemically. For convenience,
they are denoted in the following as PtOx/C and IrOx/C. For verification, the ECSAs
determined via C, were compared to surface area determined by other, well-established

methods.

PtOx/C was chosen, as it shows a very small C,’, which is beneficial to investigate possible
effects of the support. In addition, the Pt surface area can be precisely determined via COags
stripping voltammetry. For the determination of ECSA of PtOx, the calibration curve shown
in Figure 4.10 (H) suggests evaluating C, at ~1.60 V vs RHE. During the measurements,
which were performed using Ar saturated 0.1 M HCIOg, the electrode was rotated at
2500 rpm. The intention of introducing this forced convection was to reduce the surface
blocking due to evolving oxygen, which is in principle more likely in this case of a porous
catalyst layer. The Nyquist plot recorded at 1.60 V is presented in Figure 4.14 (A). A good
fitting quality was achieved, utilizing the same EEC as in the examples before. All fitting
parameters, with the exception of the adsorption resistance, are well defined. R, is very big
in comparison to R and R, (~5 orders of magnitude), which is not surprising, as PtOx is
not good catalyst for the OER and not active at 1.60 V. In principle, in this special case, the
branch with R, in the EEC would not even be needed to achieve a decent fitting. The
formation of *OOH, in contrast to the adsorption of *OH and *O, is energetically
unfavorable, which hinders the OER®. Though, the adsorption of *OH and *O manifests
itself in a C, of ~31 pF. The ECSA was estimated as ~3.2 cm? by dividing C, by C,'= 9.8
HF/cm?. The ECSA of the same sample was investigated by COags stripping voltammetry.
As shown in Figure 4.14 (B), the associated integrated charge was determined as ~1.31
mC, corresponding to an ECSA of ~3.14 cm?. Considering the uncertainty of the stripping
method and probing C,, one can state that both methods yield identical results within a
deviation < 2% for the ECSA. This is an experimental validation that the inactive carbon
support, which has a surface area of ~40 cm?, does not influence the C, value. This is a
great advantage, as this proves that the measurement only accounts for the active surface
area at the applied potential. Additionally, C, was evaluated in a wider potential range (1.56
to 1.80 V vs RHE). Figure 4.14 (C) compares the C,' values of the PtO,/C catalyst with
the calibration values determined using the PtOx thin film. Between ~1.575 and ~1.625 V
vs RHE both curves are almost identical. However, at the potentials above 1.70 V they start
to separate: while C,’ for the disk gradually starts to increase, it decreases for the case of
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the PtOx/C catalyst layer. This could be explained by the fact, that this porous structure
might be more prone to get partially blocked by oxygen bubbles, which get trapped in this
structure, thereby causing a temporary decrease of ECSA. This effect becomes more
dominant at higher current densities achieved at large overpotentials.

IrOx/C was chosen as an application related example since state-of-the-art electrolyzers
often utilize IrOx as the anode electrocatalyst. Even though the trend goes to the avoidance
of carbon supports in order to increase long-term stability, there is usually a non-active
material, such as carbon paper, titanium screen, or sintered titanium frit, that is at least
partially in contact with the liquid electrolyte (or ionomer). The carbon support of the
commercial Ir/C (Premetk) used here serves as an example for various inactive materials,
which can be in contact with electrolyte. Apart from that, determining the ECSA of IrO,/C
is non-trivial and often problematic. As discussed in Chapter 4.1.3, it is possible to
estimate the ECSA of Ir e.g. via hydrogen adsorption/desorption. However, when Ir is
oxidized, then the situation becomes more complex and the ECSA is determined e.g. by
Hg adsorption. This creates the risk, that the whole setup gets contaminated. Moreover,
so-called pseudo-capacitance method®''%¢ is obviously not applicable. As the catalyst was
taken from an earlier opened stock, it was unknown whether the surface of the Ir/C had
been partially oxidized leading to inaccuracies when using hydrogen adsorption for ECSA
determination. Therefore, a TEM based analysis was applied to estimate the ECSA and
verify the results obtained from EIS. Durst et al. showed, that such a TEM based study

for nanostructured Ir catalysts yields similar results to those of e.g. hydrogen adsorption.

To assess the ECSA of the nanostructured IrOx/C using the newly developed method, EIS
data were recorded at 1.59 V vs RHE. Fitting these impedance data (see Figure 4.14 (D))
allowed to determine the adsorption capacitance as C,~ 623 pF. The active surface area
was determined by dividing C, by the C. (135 F cm™) as ~4.6 cm?. TEM images of the
catalyst shown in Figure 4.14 (E) and (F), allowed to estimate the ECSA of the 1rO./C
catalyst. The ECSA of a comparable PtO./C catalyst with the same electrode loading is

APtOx/C~3'5 sz
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Assuming spherical particles and accounting for different particle diameter (averaged over
mass) and densities, the ECSA of IrOx/C (A;0x/¢) can be estimated®:

3 3
dPtOx/C Ppt

AITOx/C ~ APtOX/C 3— —(1-a) (4.17)

2.75nm 21.45gcm™3
1.796 nm 22.40gcm™3

(1-a)

~5.131cm? - (1 —a)

Here, pp; and p,,. are the densities of Pt and Ir under the assumption that solely the surface

of the nanoparticles is oxidized. i/dpwx/f and 3\/d,r0x/c3 are the average diameters (by

mass) of the nanoparticles and a ([0,1]) accounts for a reduction of the ECSA due to
particle agglomeration. The reference catalyst showed almost no agglomerations. However,
as can be seen in the TEM images (Figure 4.14 (E), (F)), IrO,/C features several
agglomerates, which could lead to an overestimation of the surface area determined by
TEM. Remarkably, the ECSA resulted from both methods is differing by just ~10% (~4.6
cm? vs ~5.1 cm?). This, however, can be explained by agglomeration of the IrOx
nanoparticles. Moreover, this method allowed to determine the mass specific surface area
(ECSA/mass) of the commercial IrO/C catalyst as ~117.6 m2/ggrox) for the first time with
decent accuracy. To conclude, reasonable values for the ECSA were found and again no
influence of the support material was detected. This demonstrates the applicability of the
newly developed method especially for cases of active and inactive materials being in

contact with the electrolyte.

91



(A) (B)

50 0.4
PtO,/C at 1.60 V
40 0.3- é
7
0.1 M HCIO Q- 1317 mC
C 30- . < %2 2
c < %
N 5 | £ 01d 20mvss /
g Parameter | Value | Error [%] - ]
" 10 - Ry 2320 0.1 0.0 g
C'y  #941pFs™ 033
n 089 007
0 - Rat g860 103 0.1+
C, |31286pF | 357
10 . . R, . 10.6 M.IJI - 0.2 : . . . . :
24 26 28 30 32 00 02 04 06 08 10 1.2
ReZ/Q Evs RHE/V
© (D)
18
10| PtOx | 51Ir0,/C at 1.59 V
~ '®1pto,/C 1
e 14] X . + } 4101 MHCIO,
O 12 ' o et c 3] %
S T N
~ 8- e 3 . . E 2 Value Error [%]
- | - R, 280 0.12
y 61 ) ! * ' Ca  |16mFs™ | 227
4]°°° 3 . 14 n 0.83 049
- Iubbles block ECSA Ra 2070 72
2] ; o] & C, | 6207uF | 398
0 0.1 M HCIO, : . R, 990 767
150 1.55 1.60 1.65 1.70 1.75 1.80 22 23 24 25 26 27 28 29 30
Evs RHE/V ReZ/Q

(F)

Figure 4.14. Surface area determination via the evaluation of the C, and via control experiments.
(A) EIS spectra of a PtO,/C coated glassy carbon electrode, recorded at 1.60 V vs RHE (2500
rpm) in Ar saturated 0.1 M HCIO4. The data points are displayed as black squares, while the
corresponding fit is represented with the red line. The fitting parameters are shown in the inset.
The (B) COugs Stripping voltammetry the same electrode in the same electrolyte recorded using a
sweep rate of 20 mV s™. The red curve corresponds to the first scan, whereas the black curve
relates to the following cycles to subtract the capacitive background. (C) C,' as a function of
applied potential of PtO,/C (red circles) and a bulk Pt(pc) disk (black rectangles) electrode, is
denoted as PtOy. (D) Nyquist representation of EIS spectra recorded at 1.59 V using an IrO,/C
modified electrode. The fitting curve is represented with the red solid line and the fitting
parameters can be found in the inset. (E) and (F) are TEM images of 1rO,/C. The grey larger
particles are the support, while the smaller black particles are the IrOx nanoparticles. Adapted
with permission from ref [90].
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4.2 Evaluation of the intrinsic activity of
electrocatalysts under industrially relevant

conditions

As discussed in the previous sections, determination of the real ECSA is one of the
major problems for benchmarking the activity of typical electrocatalysts. Especially when
performing lab scale activity evaluation, another serious problem has to be faced: actual
operation conditions in energy conversion devices are often significantly differ from
simulated test conditions. For instance, OER catalysts are often benchmarked at room
temperature in relatively diluted electrolytes, such as e.g. 0.1 M KOH and at relatively
small current densities (in the order of mA cm). Contrary, PEM and alkaline electrolyzers
are operated at elevated temperatures (typically 60-80 °C) using solid or concentrated
electrolytes and using significantly higher current densities (in the order of A cm™).
Benchmarking under such industrially relevant conditions would result in a strongly
improved transferability of the results, as extrapolation of the performance from low to
high overpotentials is often inaccurate. Moreover, the ohmic resistance of the electrolyte
and the formation of a non-conducting phase due to evolving gases are typical obstacles for
benchmarking at high current densities in the lab scale. Recently, Ganassin and co-
workers® used homemade microelectrodes (STM tips) to partially overcoming these
experimental issues. In detail, while benchmarking the OER activity of an CoOx
electrocatalyst, they were able to reach a realistic current density of ~550 mA cm™.
Inspired by these results, we further extended this test protocol to mimic real industrial
conditions by simply utilizing microelectrodes at elevated temperatures in the concentrated
electrolyte (5.4 M KOH).
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Figure 4.15. Typical SEM image of a tip of the microelectrode, as used for SEM. The inset shows
the magnified fragile tip of this microelectrode. Reprinted with permission?®, Copyright 2019
Thomas RECORDING GmbH.

Albeit several possible advantages of such a setup are noted, typical electrochemical cells
are not designed for operation under such harsh conditions. In particular, glass corrosion in
concentrated alkaline electrolytes is frequently reported in the literature,?°*2°2 which could
also account for other glass-made parts included. Moreover, temperature gradients within
the glassware can cause strain, ultimately leading to fracture. Initially, this danger of
fracture was underestimated and relatively fragile STM tip microelectrodes (Thomas
Recording, Germany)?%®2% were employed, similarly to the ones used by Ganassin and co-
workers® (see Figure 4.15). Although, being well-suitable for the application at room
temperature and mild environment, the fragile tip of such microelectrodes tends to break
within few hours, when heated to 80°C. In replacement, resilient Pt microelectrodes (25
pum diameter) with relatively thick glass coating (~1.5 mm) were purchased from CH
Instruments (see Figure 3.3 (C) in Chapter 3.1.2). However, in order to verify stability of
these microelectrodes, examination of the corrosion behavior will be described in the

following subsections.

In order to investigate the applicability of the aforementioned test protocol, benchmarking
of different state-of-the-art OER and HER electrocatalysts under industrially relevant

conditions will be discussed in this chapter.
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It should be particularly emphasized, that the investigations were also extended towards
novel thin film electrocatalysts based on metal-organic frameworks. These show
exceptionally high activity and stability, even under highly corrosive test conditions. The
large part of the results presented in this chapter was published: “S. Watzele, Y. Liang, A.S.
Bandarenka. Intrinsic activity of some oxygen and hydrogen evolution reaction
electrocatalysts under industrially relevant conditions. ACS Applied Energy Materials
1(2018) 4196-4202” and “W. Li, S. Watzele, H.A. El-Sayed, Y. Liang, G. Kieslich, A.S.
Bandarenka, K. Rodewald, B. Rieger, R.A. Fischer. Unprecedented high oxygen evolution
activity of electrocatalysts derived from surface-mounted metal-organic frameworks J.
American Chem. Soc. 141 (2019) 5926-5933” (see Chapter 6.3)

4.2.1 Benchmarking of conventional OER/ HER

electrocatalysts

To investigate the activity and durability of the state-of-the-art OER catalysts under
industrially relevant conditions, NiOx, CoOx, and NiFeOyx were selected as model systems,
mainly due to their particular relevance in electrolysis and the simple synthesis procedure.
In favor of the specific test conditions, microelectrodes served as the substrates for
electrocatalyst thin films. To ensure a film growth limited to the Pt microelectrode,
excluding the surrounding glass frame, the films were deposited electrochemically.
Experimental details on the deposition of such thin films are given in Chapter 3.1.3 and
Chapter 4.1.6.1.

To further examine the applicability towards the HER at similar conditions, Pt(pc) was
benchmarked using the plain microelectrode. As reported in the literature, decorating the
surface of Pt with single Ni islands can significantly improve its HER activity*¢. Therefore,
such electrodes were prepared by underpotential deposition of Ni on the microelectrode

(for experimental details see Chapter 3.1.3) and were examined accordingly.
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4.2.1.1 Determination of ECSA

Accurate assessment of a catalyst’s electrocatalytic activity requires detailed
knowledge of the ECSA. The roughness factor and the geometric area of the electrode were
used to estimate the ECSA of the catalysts examined. As it was impossible to investigate
the morphology of the film directly due to the small dimensions of the microelectrode, the
film properties were determined after deposition on macroscopic Pt(pc) disk electrode (see
Chapter 4.1.5). It has to be noted, that this procedure does not perfectly mimic the film
morphology on the microelectrode. However, this can be considered more accurate than a
typical normalization to the geometric surface area of the electrode. In the case of pure Pt
and Ni-decorated Pt electrodes, the currents were normalized to the ECSA determined from
Hupd, Which turned out to be almost identical to the geometric area (~4.91-107% cm).
Moreover, the Ni islands were not easily visible on the macroscopic Pt(pc) disk and did not
change the roughness factor.

4.2.1.2 Activity evaluation under industrially

relevant conditions

Initial benchmarking of aforementioned electrocatalysts (NiOx, CoOx, and NiFeOxy)
was performed in 0.1 M KOH solutions at room temperature in order to ensure
reproducibility with previously published results. In a next step, the concentration of the
electrolyte was increased to 5.4 M KOH (corresponding to ~30 wt.%), being similar to
typical concentrations used in the alkaline water electrolyzers. In addition, the temperature
was increased stepwise from 25 °C to 80 °C. As depicted in Figure 4.16, the higher
electrolyte concentration results in an increase of the measured activity at 25°C. This effect
is very pronounced in the case of NiFeOx and NiOx, where the enhancement of the current
density is already visible at “low” current densities (e.g. at 10 mA cm2). This observation
suggests, that in case of these two catalysts, there might be an interaction of cations as so-
called spectator species, which improves the reaction kinetics. Similar influence of the
spectator cations on the reaction rate was reported for various electrocatalytic reactions on
different model surfaces.’*?% For instance, Garcia and co-workers recently showed, that
the activity of nickel-oxyhydroxide indeed depends on the nature of cations present in the

electrolyte.?%® Coinciding with the results of this thesis, we assume that this relation not
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only applies to the cation species, but also to the concentration. Surprisingly, in the case of

CoOy, this effect on the activity is slightly reversed at the onset of OER. Conversely, at

higher current densities (i.e. >100 mA cm), the system with concentrated electrolyte

outperforms the one with 0.1 M KOH, which can be at least partially attributed to the better

conductivity of the highly concentrated electrolyte.
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Figure 4.16. Anodic polarization curves of (A) NiOy, (B) CoOy, and (C) NiFeOxy, recorded in Ar-
saturated alkaline electrolytes at different temperatures (scan rate 50 mV s*?). Note that Pt

microelectrodes served as the substrates for the catalyst thin films. Therefore, the curves are

(almost) iR-free even without further compensation. All current densities are normalized to the

ECSA of the corresponding catalyst, which was estimated through evaluation of the roughness

factor. (D) Exemplary Tafel plots of the NiOy thin film. Obviously, its slope changes over the

whole potential range. The color code can be extracted from (A). Adapted with permission from
ref. [144].
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In accordance with the temperature dependence of the Butler-Volmer Kinetics, an
additional increase in the activity can be observed at elevated temperatures (see Equation
28). Moreover, an additional Nernst-shift of the equilibrium potential and an enhanced
diffusion rate can be expected, which further improve the reaction speed. In absolute
values, current densities of several A cm? can be reached, which even exceeds the
requirement of state-of-the-art electrolyzers. As previously discussed, accurate
benchmarking at these current densities is not possible with classical methods (e.g. using
an RDE and macroscopic electrodes). This means, that in such cases, the values measured
at low current densities need to be extrapolated in order to roughly estimate the catalyst
performance at higher current densities. Herein, one can investigate the “Tafel behavior”
of the catalysts, to evaluate the accuracy of such an extrapolation. Exemplary, Figure 4.16
(D) shows the Tafel representations for the NiOyx thin film at different electrolyte
conditions. Obviously, none of the graphs shows a linear dependence. In fact, the graphs
show varying slopes at almost every point, indicating, that an extrapolation would be

inaccurate and highlights the necessity of benchmarking at higher current densities.

_— 5.4 M KOH
£ | 60°C

b B NiFeO, CoO,

155 160 1.65 1.70 1.75 1.80

E vs RHE/V

Figure 4.17. Anodic OER polarization curves of NiFeOx, CoOx and NiOy, recorded in Ar-
saturated 5.4 M KOH at a temperature of 60 °C. Scan rate: 50 mV s, In terms of OER activity
the following order can be observed: NiFeOx >CoOy > NiOyx . Adapted with permission from ref
[144].
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Table 4.3. Impact of temperature and electrolyte concentration on the OER activity of NiOy,
CoOy and NiFeOx. Here, * denotes measurements performed in 0.1 M Ar-saturated KOH, while
all other measurements were performed in Ar-saturated 5.4 M KOH.

Catalyst T/ E100 ma em2 | Esoo macm2 / lisov/ ligsv/ MA lisv/ mA
Y, \Y, mA cm cm cm2
°C

25* 1.772+0.003 - 0.8+0.05 1.3+0.08 61+3.7
25 1.753+0.008 - 3+0.4 7.5+0.9 9512
45 1.712+0.002 - 5+0.2 19+0.7 186+6.5
60 1.683+0.001 - 11+0.3 48+1.2 262+6.6
80 1.639+0.0005 1.745+0.001 34+0.4 128+1.4 523+5.7
25* 1.730+0.004 1.825+0.009  7.3+0.7 11.1+11 164+16
25 1.729+0.002 1.779+0.002  8.6+0.5 11.1+0.7 205+13
45 1.689+0.002 1.743+0.003 10.1+0.7 26.81£2.0 592+44
60 1.658+0.004 1.715+0.005 14.3+1.7 76.7£9.5 1150+140
80 1.623+0.003 1.707+0.003  20.0+1.5 92+6.9 1690+130
25* 1.654+0.001 - 16+0.9 90£5.4 -
25 1.633+0.003 - 22+2.8 21127 -
45 1.615+0.002 1.656+0.002 45+3.7 402+33 -
60 1.576+0.001 1.609+0.002  330+21 2054+133 -
80 1.553+0.002 1.589+0.003 77777 - -
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In Figure 4.17, the polarization curves of the aforementioned catalysts recorded at 60 °C
in 5.4 M KOH are compared. Obviously, NiFeOx shows by far the highest activity followed
by CoOx and NiOx. Compared to NiFeOxy, the reaction onset of CoOy is shifted by ~70-80
mV to more anodic potentials. Interestingly, the polarization curve of the NiOx catalyst
exhibits a less steep (quasi-)exponential increase, even at high potentials. This could
indicate a lower density of active sites in comparison to NiFeOx and CoOy, when measured
in 5.4 M KOH at 60 °C. To get an overview on the impact of temperature and electrolyte
concentration on the OER activity, all recorded experimental values are summarized in
Table 4.3.

As described before, microelectrodes can be used as a versatile tool to benchmark the
activity of typical OER electrocatalysts used in alkaline electrolyzers. In turn, the question
arises, if this procedure is also applicable to other reactions, such as the HER occurring at
the cathode side of an electrolyzer. In this case, catalysts are typically compared to Pt. A
way to further tune the HER activity of Pt, was proposed by Markovic in 2011, In detail,
a ~7-times enhancement of the HER activity of Pt(111) in alkaline media was achieved
through the decoration with Ni islands!#. Accordingly, three different electrodes were
prepared and evaluated in concentrated electrolyte (5.4 M KOH) at 60 °C. One Pt
microelectrode, denoted as “Niupp on Pt”, was decorated using underpotential deposition
of Ni, that was stopped before a monolayer was formed. A second electrode, denoted as
“Niopp on Pt”, was treated similarly. However, an additional short cathodic pulse was
applied in order to galvanically deposit larger Ni islands. Cathodic potential scans (scan
rate: 50 mV s™) of these three electrodes (“Pt”, “Niupp on Pt”, and “Niopp on Pt”) recorded
in alkaline media at 60 °C are depicted in Figure 4.18. As expected, the Ni-modified
surfaces outperform plain Pt (Figure 4.18 (A)). As visible in the figure, the electrodes with
higher Ni loading showed the highest HER activity in the low current density region.
Surprisingly, the predicted trend only holds true up to ~2 A cm™.

100



(A) (B)

e 60°C [ 60°c __——
g 5.4 M KOH = —=
< -0.5- © 20 = Nigpp ON Pt
- f Niypp ON Pt
x
W — Pt x
= e Nli 3oy ON 440+
104  on] | 5.4 M KOH
0.1 0.0 Wds 3 a2 0.0
E vs RHE /| V E vs RHE |V

Figure 4.18. Cathodic polarization curves of different plain and Ni-decorated Pt microelectrodes,
recorded in 5.4 M KOH at 60 °C in a (A) small and (B) large current density range. ‘“Pt”
corresponds to the untreated, clean Pt(pc) microelectrode. “Niupp on Pt” and “Niopp on Pt”
corresponds to the microelectrodes decorated with Ni islands, as described in the main text.

Adapted with permission from ref [144].

As shown in Figure 4.18 (B), at larger current densities the trend is reversed, and the plain
Pt electrode slightly outperforms the Ni decorated electrodes. One can only speculate about
the reason of this unexpected transition: the key to the increased activity is the interplay
between Ni, where the dissociation of water is promoted, and Pt, where the reaction
intermediates are likely recombined into molecular Hz. At high current densities, the
surface diffusion of adsorbed reaction intermediates from Ni to Pt might be limited and the
effective blockage of Pt surface by Ni could outweigh the bifunctional effect, which results
in a lower overall performance at high current densities. Regardless of the reason for this
transition in the performance, this finding can be considered important for cathode material
design: according to the electrode properties and reaction conditions (e.g. catalyst loading
and applied current density), the specific material design can be tailored. However,

regarding the methodology, one observes that current densities up to ~100 A cm can be
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easily achieved with low noise level, which shows the great potential for benchmarking at

high currents"'. The measured activities are summarized in Table 4.4

Table 4.4. Summary of activity data of Pt-based HER electrocatalysts, recorded at 60 °C in Ar-
saturated 5.4 M KOH electrolyte.

Catalyst EosAcm2 Ezacm2 l-100 mv 1200 mv

[ mV [ mV / mA cm?? / mA cm?

-81.79+0.001  -209.03+0.003  321.11+0.002 -640+9 -1842+27

Niorp -43.82+0.003  -225.98+0.006  353.98+0.005 -896+35 -1719+69

Niurp -54.01+0.006  -219.10+0.011  343.93+0.010 -842+67 -1783+142

As mentioned in the beginning, it is important to ensure stability of the microelectrode
under the harsh experimental conditions, especially concerning the above-mentioned glass
corrosion. In particular, corrosion of the glass sheathing around the tip would have a big
impact on the measurements. For instance, an ablation of just 6.25 um (of glass) could
cause a doubling of ECSA, as the side of the Pt gets partially exposed to the electrolyte.
Therefore, following all benchmarking experiments, the tip of the microelectrode was
investigated using an optical microscope, as depicted in Figure 4.19. No protruding of the
tip was observed and no significant glass corrosion was visible even after the exposure to
these harsh conditions. In contrast, other publications report relatively fast corrosion rates,

which could be explained by the different type of glass used to produce the microelectrodes.

Vi Note, that Figure 4.18 (B) also just shows a section of the polarization curve and focuses on the relevant
part.
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(A) (B)

Figure 4.19. Optical microscopy images of the microelectrode tip after OER/ HER
benchmarking in concentrated KOH at elevated temperatures. No protruding of the metallic tip
out of the glass can be observed, indicating that glass corrosion does not affect the measurements.

Adapted with permission from ref. [144].

Briefly, in this section we showed that the usage of microelectrodes is a powerful
tool to benchmark the activity and stability of catalysts at industrially relevant conditions.
In case of the OER, several A cm™ and in case of HER up to 100 A cm were reached
without significant noise level. An unexpected non-trivial effect of electrolyte
concentration and temperature was found, which justifies the importance to evaluate the
catalysts under industrial relevant conditions. Further, evaluation of corresponding Tafel
plots showed that extrapolation of the data obtained at low current densities is often
inaccurate. Additionally, we observed that the superior HER kinetics of Ni-decorated Pt
surfaces compared to pure Pt largely depends on operation conditions. Even though the
literature reports indicate glass corrosion at high temperatures and in concentrated
electrodes, we found that some Pt microelectrodes remain stable even under highly

corrosive conditions, which justifies their application in the lab scale experiments.
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4.2.2 Benchmarking the OER performance of

novel MOF-based electrocatalysts

In the previous chapter, benchmarking of three state-of-the-art OER electrocatalysts
under industrially relevant conditions was performed. These catalysts served as a reference
for the next generation electrocatalysts. In the following, a novel and highly active OER
electrocatalyst is benchmarked similarly. The catalyst was synthesized in the group of Prof.
Roland Fischer (TUM) in cooperation with Dr. Weijin Li. This catalyst is derived from
surface-mounted metal organic frameworks (SURMOFs), which were grown with a layer-
by-layer technique using the electrode as the substrate. Immersion to an alkaline electrolyte
resulted in leaching of the organic linkers and subsequent transformation of the film. The
synthesis and characterization of this catalyst was recently published as a collaborative
work between the “Chair of Inorganic and Metal-organic Chemistry” and the chair of
“Physics of Energy Conversion and Storage (ECS)” (both TUM) in ” W. Li, S. Watzele,
H.A. El-Sayed, Y. Liang, G. Kieslich, A.S. Bandarenka, K. Rodewald, B. Rieger, R.A.
Fischer. Unprecedented high oxygen evolution activity of electrocatalysts derived from
surface-mounted metal-organic frameworks. J. American Chem. Soc. 141 (2019) 5926-
5933”. This section is based on this publication but focuses on the electrochemical part
performed at ECS. In detail, this includes the activity and stability evaluation of the
SURMOF thin films under industrially relevant conditions. However, the synthesis and

characterization of this catalyst are presented briefly for better understanding.

4.2.2.1 Synthesis and Characterization

The synthesis was performed as described in Chapter 3.1.3. A relatively high level
of crystallinity of the fresh SURMOF was evident through the x-ray diffraction (XRD)
pattern, shown in Figure 6.1 (see Appendix). Scanning electron microscopy (SEM)
imaging and AFM revealed a sheet-like structure of the film, as shown in Figure 4.20 (A)-
(F). As one might expect, this structure is more pronounced when the amount of deposition
cycles is increased from 10 to 50. However, after immersing the catalyst in alkaline solution
(0.1 M KOH), a significant change was observed. As depicted in Figure 4.20 (G)-(L), the
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sheet-like structure is almost gone. This can be explained by leaching out the organic linker,

which results in a collapse of the structure.

SURMOFDs

Y: 2.0 um Y: 2.0 um Y: 2.0 um

Figure 4.20. Investigation of the morphology of SURMOFs and SURMOFDs after different
amount of deposition cycles. For each film, SEM and AFM pictures are shown before and after
immersion in 0.1 M KOH. Each column presents one film. Row (A)-(C) and row (G)-(I) present
SEM pictures of SURMOFs and SURMOFDs, respectively. Row (D)-(F) and row (J)-(K) are the
corresponding AFM pictures. Adapted with permission from ref. [149].
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XRD (Figure 6.1) showed that the film changed to a more amorphous structure, which
supports this hypothesis. Additional measurements (attenuated total reflection
spectroscopy and XPS) further confirms that the linkers partially leached out. For this work,
it is mainly important to note, that an amorphous mixed metal hydroxide is formed, with a
certain degree of BDC still being present in the structure.!*® These surface mounted metal

organic derivatives are abbreviated as SURMOFDs, in the following.

4.2.2.2 Benchmarking Electrocatalytic Activity

For the activity evaluation, thin films of the SURMOFD-based electrocatalyst were
prepared using Au-coated quartz crystal microbalance (QCM) chips as a substrate. These
allowed to monitor the growth rate during film synthesis and the absolute mass deposited.
These substrates, however, have a relatively large diameter (1 cm) and could not be rotated
during electrochemical measurements. Herein, it has to be noted, that although the
substrates were immersed vertically into the electrolyte, small oxygen bubbles might have
partially blocked the electrode, which could lead to an underestimation of measured
activities. The activity enhancement of the SURMOFD thin films was compared to the bare

substrate and the activity of the substrate coated with the SAMs.

As depicted in Figure 4.21 (A), the electrocatalytic activity of the substrate and the SAMs
treated substrate were negligible compared to the activity of the SURMOFDs towards the
OER. The two anodic peaks observed in the polarization curve of the SURMOFD can be
attributed to the oxidation of Ni?* to Ni** and Co?* to Co®". Note that all the current densities
are normalized to the geometric electrode area, not to the real ECSA, which is presumably
much larger, due to the nanostructured nature of the SURMOFD film. Nevertheless, the
determination of mass deposited on the substrate was very accurate, due to the usage of the

quartz crystal microbalance.
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Figure 4.21. Benchmarking of the electrocatalytic activity towards the OER. (A) Polarization
curves (normalized to geometric electrode area) of a 50 layered SURMOFD film, the Au(pc)
substrate and SAMSs, recorded in O,-saturated 0.1 M NaOH at 25 °C. The scan rate was 20 mV
s, Obviously, the OER activity does not originate from the substrate. (B) Comparison of
polarization curves of SURMOFDs, which were produced with 10, 30, and 50 deposition cycles
respectively. Note that these values are normalized to the catalyst’s mass. (C) Comparison of the
mass activity of a 10-layer SURMOFD film with the mass activity state-of-the-art OER catalysts
reproduced from the literature. All activities are evaluated at an overpotential of 300 mV. (1-3)
are MOFs and (4-13) are transition metal oxide hydroxide materials, all published recently and
measured under similar conditions. “(1) Fes~C0,2”, (2) [M(BDC)] nanosheets (M = Ni?*,
C0%%)2% (3) M-MIL-53 (M = Co, Mn) 2%, (4) G-FeCoW?¥, (5) 4-CoVO,?, (6) Fe-Co-P??, (7)
Ni-Fe-O mesoporous nanowire network?3, (8) CoFe,04/C#4 (9) NiFe-LDH*?'5, (10)
Bao5Sr0.5C00.8Fe0.203-52%, (11) 1Ir02,%" (12) NaNigoFeo 10,28, (13) Cos04/CoP?® (asterisk (*)

indicates experiments carried out under N,.”*® Adapted with permission from ref. [149].
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The influence of film thickness on the mass activity is presented in Figure 4.21 (B). As
expected, the mass activity of the thinnest (10 deposition cycles) SURMOFD film shows
the best activity, followed by the films prepared with 30 and 50 deposition cycles, since the
conductivity of SURMOFD films is typically limited by the functional groups?2°22.,
Moreover, we assume that the thinner SURMOFD films exhibit larger SSA. Compared to
some of the best state-of-the-art OER catalysts, Figure 4.21 (C) points out the
exceptionally high OER activity of the SURMOFD electrocatalyst. The origin of this
enhanced activity, which is significantly higher than typical for NiCo oxyhydroxide films
reported in literature®?, still needs a more detailed investigation, for instance using DFT.
Such calculations typically utilize model systems, which are not easy to elaborate
considering partially amorphous SURMOFD structure. Nevertheless, we assume that
strains induced by the remaining binders leads to optimal binding energies between certain

surface sites and the reaction intermediates.

In order to confirm, that the measured currents really correspond to the OER and not to any
side reaction, such as leaching of BDC, RRDE measurements were conducted. Therefore,
the potential of the disk was cycled between 0.8 and 1.65 V, while the ring potential was
fixed to 0.7 V. As shown in Figure 4.22 (A), the redox peak can interfere with activity
measurements, if too high scan rates (here 50 mV s) are applied. Therefore, the following
polarization curves were recorded at a scan rate of 2 mV s™. The exact OER onset potential
was difficult to determine, but apparently at ~1.5 V oxygen reached the ring. However, it
cannot be excluded that oxygen was already produced at slightly lower electrode potentials.
To investigate the Faradaic efficiency of the catalyst, a constant current of 0.4 mA was
applied to the disk, while the current at the ring (Ering= 0.7 V) was monitored. As depicted
in Figure 4.22 (B) an average current of ca 79.4 pA was measured at the ring. This allowed

to estimate the Faradaic efficiency FE, using FE = L.ng/(lgisk X N) and the factor
N~0.2, to be ~99.4%?2 Herein we conclude, that the measured current indeed

corresponds to the OER.
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Figure 4.22. RRDE measurements in Ar-saturated 0.1 M KOH used to investigate the onset of
the OER and the Faradaic efficiency. The SURMOFD film with 60 deposition layers was
investigated. The potential of the ring was fixed to 0.7 V, while (A) the potential of the disk was
cycled between ~0.8 and ~1.65 V vs RHE and rotated at 300 rpm and (B) a constant current of
0.4 mA was applied to the disk, during rotation at 400 rpm. Measuring the current of the ring
allowed to estimate a Faradaic efficiency of ~99.4%. Adapted with permission from ref. [149].

For the benchmarking of the electrocatalytic activity at higher current densities, the
previously described microelectrode-based technique was utilized (see Chapter 4.2.1).
Initially, SURMOFDs were compared to NiOx, CoOx, and NiFeOx measured under similar
conditions (O saturated 0.1 M KOH, 25 °C, 2 mV s scan rate). Independent of the film
thickness, the SURMOFD films show significantly larger anodic current densities in
comparison to the other catalysts. Even though there might be an overlap with the oxidation
peak at ~1.3 V, its impact can be neglected due to the greatly reduced scan rate in
comparison to the previous RRDE measurements. It is clearly visible, that the thicker film
with 90 deposition cycles (90 C SURMOFD) shows the largest current (see Figure 4.23
(A)). This was expected based on SEM and AFM observations (Figure 4.20), which
indicate a larger roughness factor for the thicker films. Thus, for further experiments, those
were based on the thickest film (“90 C SURMOFD”). As expected, an increase in
temperature (to 80 °C) resulted in a higher activity of all catalysts, as shown in Figure 4.23
(B). Surprisingly, while the recorded current of the reference catalyst increased by a factor
of ~10, the current of the SURMOFDs only increased by a factor of ~2. This might indicate
a major weakness of such Ni-Co-based SURMOFDs, when it comes to the application
under realistic electrolysis conditions: while their performance at low current densities is

outstanding, they exhibit a drop of the activity at very high current densities. This is
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probably caused by the low conductivity of these films coupled with limited diffusion in
the pores. A possible solution to circumvent the high resistance of the SURMOFDs is to
support the OER catalyst onto highly conductive, nanostructured materials. When it comes
to application in real devices, another parameter is at least equally important as the activity
of an electrocatalyst: its long-term stability. Hence, the durability of the SURMOFD films
was investigated in 5.4 M KOH at ambient temperature (due to safety concerns) by
applying a constant current density of 500 mA cm2. Similar experiment was already
performed by Ganassin and co-workers, using a CoOx thin film (200 nm thickness), which
was deposited on a microelectrode®. In this case, although a current density of only 400
mA cm? was applied, the catalyst completely degraded within only 9 minutes in 0.1 M
KOH.%. Conversely, as shown in Figure 4.23 (C), the SURMOFD film proved to be stable
over more than 100 hours under similar conditions. Interestingly, the voltage dropped by
~50 mV within the first 8 hours and continuously decreased further until the measurement
was stopped after 100 hours. This is unexpected, as one would rather predict an increase of
voltage, as catalyst surfaces can get blocked with bubbles or ECSA is lost due to leaching.
Here, it seems that the catalyst further increased its activity. A reason could be that a higher
fraction of the BDC binder was leached out over time. This could indirectly lead to an
improvement of performance, as the resistance of the film decreases, or to a direct
improvement, as the level of strain in the film changes. Although it is hard to prove the
reason for the increase of activity over time, one should emphasize that the stability is

remarkable when compared to other state-of-the-art catalysts such as CoOx.

Herein, future work includes modifying the catalyst, e.g. by modulating strain through the
nature of the organic linker or by exchanging Co cations with Fe cations. Their
electrocatalytic activity should be also tested at industrial relevant conditions, combining

high temperatures and using concentrated electrolytes.
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Figure 4.23. Comparison of the OER activities of the SURMOFDs with state-of-the-art OER

electrocatalysts and a long-term stability measurement. All polarization curves were recorded

using O-saturated 0.1 M KOH. In all cases, the microelectrodes served as the substrates.
SURMOFDs derived from SURMOFs grown with 30, 60 and 90 deposition cycles are denoted
as “30 C SURMOFD”, “60 C SURMOFD”, and “90 C SURMOFD”, respectively. (A)
Comparison of polarization of different SURMOFDs with CoOx, NiOy, and NiFeOx
electrocatalysts at 25 °C. (B) Comparison of anodic polarization curves of the “90 C SURMOFD”

and state-of-the-art electrocatalysts recorded at 80 °C. (C) Galvanostatic long-term durability

measurement of the “90 C SURMOFD* in 5.4 M KOH at room temperature. A current density

of 500 mA cm2 was applied for 100 hours. Adapted with permission from ref. [149].
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4.3 On the dominating mechanism of the
HER

The HER is an important reaction in various industrial systems e.g. in chlor-alkali
industry and water electrolysis??®. Although this relatively simple reaction is one of the
most examined reactions in electrochemistry, there is still certain lack of understanding of
its mechanistic steps?2422>226.227 For instance, unexpected pH effects of the electrolytes and
non-Tafel dependencies are observed for various catalysts??22%230 Reaction mechanisms
are well-known, however their contribution to the overall reaction rate was never really

quantified.

This chapter focuses on this aspect, investigating the dominating mechanism of the HER
in acidic media and at different pH values. In this study, the microelectrodes were utilized
in combination with EIS measurements. Firstly, Volmer-Heyrovsky (VH) and Volmer-
Tafel (VT) mechanisms are briefly discussed and corresponding EECs for each reaction
step are derived. Secondly, electrochemical measurements performed using the Pt(pc)
microelectrodes in acidic media are presented. Then, the necessity of using the combination
of both EECs for VH and VT is demonstrated by fitting the impedance data. Finally, the
resulting values for the fitting parameters are presented and an evaluation of the dominating
mechanism is made, based on this results. The results presented in this chapter were
published: ”’S. Watzele, J. Fichtner, B. Garlyyev, J.N. Schwédmmlein, A.S. Bandarenka. On
the dominating mechanism of the hydrogen evolution reaction at polycrystalline Pt-
electrodes in acidic media ACS Catalysis 8 (2018) 9456-946272%! (see Chapter 6.3).
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4.3.1 HER mechanisms

The HER in acidic media involves an adsorption of protons at the electrode

surface (H*), which is called the Volmer mechanism.

ks
H +e +* 2 H* (4.18)
k-1

The corresponding rate constants are k; and k_;for the forward and backward reactions,
respectively. Note that the asterisk (*) denotes a surface adsorption site. Following, there
are two possibilities, either a second proton can adsorb at the adsorbed proton and hydrogen
is formed by the so-called Heyrovsky mechanism with corresponding rate constants k.,
and k_, :

ka
H*+H'+e 2 *+H, (4.19)
k—2

or two adsorbed hydrogen atoms can recombine to form hydrogen (Tafel mechanism)

ks
2H* 2 2*+H> (4.20)
ks

The corresponding rate constants are k; and k_5. Other studies suggest different Tafel-
slopes depending on the type of the mechanism taking place, for instance, slope of ~30 mV
dec™ is observed for a system rate determined by Tafel mechanism and ~40 mV dec™ for
Heyrovsky mechanism at low current densities. At higher current densities, the Tafel step
is assumed to be limited by diffusion and the Tafel slope of Heyrovsky mechanism is
increased to ~120 mV dec™. As Pt(pc) electrodes in acidic media are reported to have a
Tafel slope of ~30 mV dec™, one could assume, that the Tafel step is rate determining under
those conditions. Here, the analysis will not be performed based on the Tafel slopes but on

the evaluation of EIS spectra recorded using microelectrodes.

113



The following derivations of the EECs are adopted from our recent publication®®! based on

considerations in ref. [182]

For the following calculation, the initial assumption is made that VH and VT reaction are
quasi-independent and occur simultaneously at different locations on the electrode surface.
The total current it consists of the sum of currents from Volmer-Heyrovsky, ivy, and

Volmer-Tafel, ivT, reactions:
ot = Tve + ivT (4.21)

Focusing first on the Volmer-Heyrovsky pathway, the reaction rates of the Volmer and

Heyrovsky steps can be expressed, as shown in Equation (4.22) and (4.23), respectively:
V1 = Nyy (ki (E)F1(0) — k_1(E)F_1(6)) (4.22)
Vo = Ny (k2 (E)F2(8) — k_5(E)F_,(0)) (4.23)
Here, Nvn is the ratio of adsorption sites that contributes to the VH reaction mechanism
divided by the total amount of sites contributing to VH plus VT mechanism. The potential
dependent rate constants ki(E) and kz2(E) also account for the proton concentration. F1(6),

F.1(0), F2(0), F-2(0) are functions that account for adsorbate-adsorbate interactions, they are

also potential dependent. The total current via VH mechanism is therefore: 182
iVH = F(v1 + 172) = Fro (424)
Here F is the Faraday constant and r, is the sum of both reaction rates.

The fractional coverage of the adsorbed H-species can be calculated from the difference of
both reaction rates of the two-stage mechanism:*82

0 do
@l vy =1, (4.25)

Here ga is the charge resulting from a complete monolayer of Hags and Z—f is the change of

the coverage with time t.

During the EIS measurements, the potential AE = Eqc + Eexp(jet) is applied, where Eqc is
a constant bias and £ is the complex E-amplitude (phasor), which is usually in the range of
10 mV. Further, j, o, and t are the imaginary unit (j* = -1), the angular frequency (w=2xf),
and the time, respectively. This perturbation causes the current (ivu) and the fractional

coverage (0) to oscillate around time averaged values igcvH, Gdc:
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AlvH = lde,vH + TvHexp(jwt) (4.26)
AG = Gyc + exp(jow?) (4.27)
Here, iva and 0 are the corresponding complex amplitudes. For simplicity, the constants

iac,vH and fqc are excluded from further analysis, to keep the equations shorter.

Equations (4.24) and (4.25) can be linearized to'®:

st = (%), 05 + (22) 00 = (2, o+ (22),a0] 429

e () a4 (5), 0 @

Equations (4.28) and (4.29) can be rewritten by using Equations (4.26) and (4.27)
182.

() g4 (20 5
F _<0E L5, ° (4.30)
- (20) £+ () 5
F]w9—<aE 9E+ EY EQ (4.31)
Equation (4.31) can be resolved for §%82;

% ~
6= (aE)f’E (4.32)

(Jes0 - (52),)

This allows to derive an equation for the complex admittance for the VH pathway:

From Equation (4.30) and (4.31), one can write the following equation for the complex

admittance for the Volmer-Heyrovsky pathway:
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_ (%) %(L@)E(G_@eﬁ
e - (),

Here, the parameter A is defined as the inverse of the charge transfer resistance Rz, for
the VH pathway. The complex impedance can be calculated as the inverse of the

admittance!®2:

R 1
Zpyg = Reeq + T (4.34)
R_a + ]a)Ca
R%,IB| . . . . .
R, = ReralBlL is the so-called “adsorption resistance” and C, = ——— is the “adsorption
C—Rct1|B| Rt 1B|

capacitance”. For a step by step calculation of Z , refer to the Supporting Information
of the related recent publication ref. [231]. For the sake of clarity, it makes sense to
represent Equation (4.34) by an EEC, consisting of a capacitance and two resistors, as
displayed in Figure 4.24 (A). Noteworthy, these circuit elements are not real capacitances

and resistances, but solely describe the “AC-behavior” in an easier way.

Now, let us consider the VT pathway and its impedance response. Obviously, as Equations
4.18-4.20 show, electrons are only transferred at each adsorption site during the VVolmer
step and not during the recombination step. The fact that the proton adsorption on the

catalyst surface H* + * + e" = *Hags is not slowed by the quick subsequent charge transfer
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makes the calculations the VT Kinetics relatively simple.?®2 One can assume that this

relatively fast reaction is diffusion limited at high current densities.

Therefore, the linearized current due to VT pathway originating from small perturbations
can be expressed, as a function of the surface concentration of electroactive species (C*)
and the potential (E) 8%

di di
Aiyr = (ﬂ)c AE + ( lVT)E AC* (4.35)

This allows to perform similar transformations and the Faradaic impedance of the VT

pathway.
Zpyr = Reep + ZDiff (4.36)

Here, R, , is the charge transfer resistance and Z pifs IS the semi-infinite Warburg diffusion

impedance, which originates from the last term in Equation 4.35. This impedance of the

VT mechanism can be represented by the EEC shown in Figure 4.24 (B).

So far, in the EEC the Faradaic processes, but not the non-Faradaic charging have been
accounted. The impedance of the electrical double layer must be connected in parallel to

the Faradaic impedances, according to the Dolin-Erschler-Randles approximation.233234

The impedance of the electrode double layer is typically approximated by a constant phase

element:

ZpL = Zcpe = — (4.37)

CpLUw)™

The exponent n accounts for the frequency dispersion of the double layer. For a value of
n=1 the constant phase element could be replaced with a capacitor. Cj, is in general
proportional to the capacitance of the double layer but it cannot be considered as the true
double layer capacitance, especially if n is significantly lower than 1. Though, due to
convenience, in the following it will be simplified to C},; = Cp,,, irrespective of the values

of n, as the focus of this chapter is on the reaction Kinetics.
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The complete EEC is shown in Figure 4.24 (C), where the uncompensated resistance of

the electrolyte Ry is also accounted.

(A) (B) (€)
Zp,
C.
C — Ry—TRt1 }_
_Rct,1 R,
R. —Ret:— Zpi—
_Rct,Z_ ZDiff_

Figure 4.24. Equivalent electrical circuits (EECs) for the evaluation of EIS data recorded for the
HER at Pt(pc) microelectrodes. The equivalent circuit for the Faradaic part of impedance splits
into two parts: (A) an EEC for the Volmer-Heyrovsky and (B) an EEC for the VVolmer-Tafel
reaction. The complete EEC (C) includes also the impedance of the double layer Zq and the
uncompensated resistance of the electrolyte R..

4.3.2 Analysis of polarization curves

Measurements were performed using Ar and H saturated 0.01 M HCIOg4, 0.1 M
HCIO4, and 1 M HCIO.. Figure 4.25 (A) presents a typical CV recorded in 1 M HCIOa4. It
features H adsorption/desorption peaks, that can be attributed to Pt(100) and Pt(110)
surfaces and it shows the expected shape for Pt(pc). Noteworthy, the onset of the HER in
Ar saturated electrolyte was found to be at ~0.02 V. The polarization curves were recorded
in the same potential range, where the EIS measurements were performed. Figure 4.25 (B)
shows typical cathodic polarization curve, which was recorded at 50 mV st in H, saturated
electrolytes. Note, that these curves are corrected for the double layer capacitance, but not
for the resistance of the electrolyte, as this is typically negligible for microelectrodes in
such current range. At the overpotential of 100 mV, a current density of ~1050 mA cm?,
~440 mA cm2 and 80 mA cm was recorded for the microelectrode in 1 M, 0.1 M and 0.01
M HCIOg4, respectively. This demonstrates the advantage of utilizing microelectrodes when

analyzing the reaction kinetics. Even at very high current densities, no significant noise
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level was recorded allowing to perform EIS measurements quasi iR-free. The Tafel
representation of these polarization curve is shown in Figure 4.25 (C). Obviously, the
curves recorded at different pH values are very similar in shape, but shifted. The Tafel
slopes change over the whole potential range: at an overpotential of -15 mV it becomes ~30
mV dec! which would, according to classical analysis, be attributed to a rate determining
Tafel step. However, it would be an arbitrary choice to evaluate exactly at -15 mV and the
slope will differ at slightly lower and higher potentials. At high current densities the slope
approaches ~120 mV dec™*, which would suggest VVolmer-Heyrovsky mechanism to be rate

determining.
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Figure 4.25. (A) A typical CV of the Pt(pc) microelectrode recorded in Ar saturated 1 M HCIO4

at a scan rate of 50 mV s, It features characteristic adsorption peaks of Pt(100) and Pt(110)
facets and indicates an onset of the HER at ~0.02 V vs RHE. (B) Cathodic polarization curves of
the Pt microelectrode recorded in H; saturated 1 M HCIO4, 0.1 M HCIO, and 0.01 M HCIO.. (C)
Corresponding Tafel-plots. Adapted with permission from ref. [231].
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4.3.3 Analysis of the EIS spectra

The EIS data were recorded between -0.09 V and 0.03 V for Ar saturated and
between -0.10 V and 0.00 V for H> saturated electrolytes. In Chapter 4.3.1, the EECs of
VH and VT mechanisms as well as a combination of both was introduced. However,
verification is required, e.g. that the EIS data cannot be fitted with just the EEC of the
Faradaic current of a single reaction mechanism. Therefore, as an example, different EECs

for the individual reaction mechanisms"! are utilized to fit the experimental data recorded

at-0.05V.
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Figure 4.26. Typical EIS spectra (open symbols) of Pt(pc) microelectrode recorded at -0.05 V
vs RHE in H. saturated acidic electrolytes. The spectra were taken in (A) 1 M HCIOs, (B) 0.1 M
HCIQO4, and (C) 0.01 M HCIO: solutions. The dashed and dotted curves correspond to attempts
to fit the spectra considering only VH and only VT mechanisms, respectively. A reasonable
fitting can only be achieved by considering both mechanisms. Adapted with permission from ref.

[231].

Vil Note, that the EECs shown for VH and VT are complemented with a parallel connected CPE and in
series connected Ry, to account for double layer capacitance and electrolyte resistance.
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As can be seen in Figure 4.26, a satisfactory fitting by only using the EEC for an individual
mechanism (striped and dotted lines) is not possible; however, the utilization of the
combination (solid line) allows good fitting for all shown cases. Hence, the next step was
to apply this EEC for all recorded EIS data. Figure 4.27 shows typical admittance data in
Nyquist representation recorded at (A) pH 2, (B) pH 1, and (C) pH 0 for Ar saturated
electrolytes with corresponding fitting curves. Figure 4.27 (D) plots the phase shift vs
applied frequency evaluated at -0.09 V.
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Figure 4.27. Typical admittance data (open symbols) in Nyquist representation of Pt(pc)
microelectrodes, recorded in Ar saturated (A) 1 M HCIO, (B) 0.1 M HCIO., and (C) 0.01 M
HCIO.,. (D) Phase shift plots, as a function of applied probing frequency, recorded at -0.09 V vs
RHE in Ar saturated acidic electrolytes (1 M, 0.1 M, and 0.01 M HCIOs). The EEC shown in
Figure 4.24 (C) was utilized for the corresponding fitting, which are represented as solid lines.

Adapted with permission from ref [231].
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Figure 4.28 (A)-(D) presents corresponding data recorded in H» saturated electrolytes. As
can be clearly seen, the model presented in Figure 4.24 (C) allows to accurately describe
the impedance response in the whole potential range, with very low normalized root-mean-

squared deviations of < 2.5%.
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Figure 4.28. Typical admittance data (open symbols) in Nyquist representation of Pt(pc)
microelectrodes recorded in H, saturated (A) 1 M HCIO4, (B) 0.1 M HCIO,, and (C) 0.01 M
HCIO.,. (D) Phase shift plots as a function of applied probing frequency, recorded at -0.09 V vs
RHE in H; saturated acidic electrolytes (1 M, 0.1 M, and 0.01 M HCIO.). The EEC shown in
Figure 4.24 (C) was utilized for the corresponding fitting, which are represented as solid lines.

Adapted with permission from ref [231].
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Figure 4.29. Main parameters of the EEC shown in Figure 4.24 (C) as a function of applied
potential for the Pt(pc) microelectrodes in (A-F) Ar saturated and (G-L) H; saturated 1 M, 0.1 M,
and 0.01 M HCIO, electrolytes. The dotted lines connect the data points. Adapted with
permission from ref. [231].

Furthermore, the individual EEC elements showed low relative errors of typically less than
10%, which verifies the choice of the EEC. The relatively low errors of the individual
parameters implies the significant contribution of these parameters to the overall fitting.

This was valid for all tested electrolyte concentrations, independent of the type of gas they
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were saturated with. To further examine the physical meaning of the used fitting model and
to investigate the reaction Kinetics, it is important to take a look at the resulting fitting
parameters. The potential dependencies of the relevant fitting parameters are displayed in
Figure 4.29.

The left and right column present the results for the measurements performed in Ar and H>
saturated electrolytes, respectively. The double layer capacitances' generally increased
with decreasing pH, as expected. The considerable difference of Cq measured in Ar (A)-
(F) and Hz (G)-(H) saturated electrolytes can be reasoned, by different values of n, which
are likely caused by surface adsorbates, that interact with the double layer structure.?>23%
Obviously, this surface adsorbate coverage should depend on the partial pressure of Ho.
The situation for the charge transfer resistances of VH and VT steps (Figure 4.29 (B, C,
H, and 1)) is more complex. According to their definition, the inverse of these resistances
is proportional to the local derivative of dc currents, associated to the corresponding
reaction mechanism. In accordance, the values of Rct in Figure 4.25 (B) and (C) decrease
in higher electrolyte concentrations, with few exceptions. The other Faradaic impedance
parameters such as Ra and Ca (for VH mechanism) correlate with each other, as expected
from Equation 4.34. The Warburg parameter, Ay, indicates the existence of a diffusion
limitation which is, however, not process limiting at the applied potentials. This observation
is in accordance with the polarization curves shown in Figure 4.25 (B)=!. In order to
identify the dominating mechanism of the HER, it is necessary to put Ret.1 with R¢t2 into a
relation: Ret1/ Ret2. This ratio corresponds to the relative contribution of VT and VH

pathways to the derivative of the total current related to HER:

Reeq o Nyr _ F(6)yr ) Cor
Reto  Nyy F(O)vn Cyy

(4.38)

Where Nyt and Nvn are the fraction of the adsorption sites, where the reaction proceeds
according to VT and VH mechanisms, respectively. The functions describing adsorbate-
adsorbate contributions F(8)y,r and F(6),y are assumed to be different for VT and VH,

while transfer coefficients are assumed to be the same, and therefore cancel each other out.

Vil Note that for this study the constant phase elements are treated here as simple capacitors irrespective of
their exponents n for sake of simplicity, as the main focus is on the reaction kinetics.
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Further, C*vn and C*yr are effective surface concentrations of electroactive species at the

site where VH and VT occur, respectively.?!
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Figure 4.30. (A,B) The ratio Re1/Rct2, illustrating the relative contribution of the Volmer-
Heyrovsky and Volmer-Tafel pathways into the overall HER current at different pH values. The
bold symbols designate extrema, where the relative contribution of the Volmer-Tafel pathway is
maximal for the corresponding pH values. The data obtained in (A) Ar-saturated and (B) Ha-
saturated electrolyte solutions. The error bars are from three independent measurements. Dotted
lines are trend-lines. (C) Determination of the exchange current densities using “classical”
approach, accounting for the situation, when Re1/Ret2 = 1 (bold symbols) at higher current
densities for each pH. The error bars in (A) and (B) are from three independent measurements.

Adapted and modified with permission from ref. [231].
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Figure 4.30 (A) and (B) show the potential dependent ratio Rct1 / R t2 determined in Ar
and H» saturated electrolytes, respectively. For the sake of clarity, the regimes, where
certain mechanisms dominate, are highlighted with yellow and blue background.
Remarkably, the trends of R ratios at different pH values are comparable for different gas
saturations. The main difference is observed for the 1 M HCIO4: especially at low
overpotentials (<60 mV), the contribution of VT is significantly larger in H. saturated
electrolytes. This could indicate a higher density of surface adsorbed protons in case of H»
saturation, which could be explained with the Nernstian shift of the equilibrium potential
for the Heyrovsky and Tafel step, while VVolmer step is indirectly affected. At pH=2 and
low overpotentials, the VT mechanism seems to slightly dominate over the VH mechanism,
which seems to be due to the fact, that the proton concentration in the electrolyte is
relatively low and as a result the VH mechanism might be impeded. However, in general,
it is obvious, that at the measured potentials none of the reaction mechanisms absolutely
dominates, contrary to classical interpretation of Tafel slopes. This study of course raises

many fundamental and methodological questions, such as:

1.) It was shown that the Tafel slopes are strongly dependent on the electrode potential;
but do they have a real physical meaning for the methodological challenge to
differentiate and quantify the contributions from VH and VT mechanism to the reaction
rate?

2.) Is it possible to determine the real HER/HOR exchange current density at 0.00 V vs
RHE by using the common approach to extrapolate a “linear” part of the polarization
curve shown in Figure 4.24 (C)?

3.) At which potential or current density should the DC curve be evaluated, and which

reaction mechanism would be responsible for this exchange current density?

Figure 4.30 (C) indicates additional complications: aside from the issue, that the Tafel
slope is potential dependent, it also changes in the case of low and high current density,
even when the Ret1/Rct 2 ratios are similar. This could be due to the difference in adsorbate-
adsorbate interactions, which are complex and might not be adequately described by e.g.
Langmuir, Temkin, or Frumkin isotherms?37:238.239240 Hence, it is clear that the HER is
more complex, than it is assumed to be. Moreover, as discussed in Chapter 4.2, in
industrial applications the high current densities become more important. Therefore, it

makes sense to focus on the quasilinear parts in Figure 4.30 (C) at high current densities,
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where Ret1 = Ret2. The slope approaches ~120 mV dec® and exchange current densities of
~160, ~85, and ~10 mA cm were determined for pH = 0, 1, and 2, respectively. The
exchange current densities and the Tafel slopes are well comparable to literature
values?*?%2_ One should again note, that these values were obtained (almost) without the
influence of the ohmic drop in the electrolyte due to the use of microelectrodes.
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5 Conclusions and an Outlook

This work presented several methodological approaches as indicated below.

(1) The development of a method was shown, which aims to solve the old and well-known
problem of ECSA determination of oxide materials. The approach is based on the fact that
OER reaction intermediates are reversiblly and specifically adsorbed on electroactive
catalyst surfaces. The resulting C, can be measured via EIS and correlated to the ECSA. In
fact, this means that this method redefines the ECSA of OER catalysts as the surface area
that allows the reversible adsorption of reaction intermediates. This is very reasonable, as
only these surfaces can contribute to the OER. To use this approach, reference values of
C,' are required. Therefore, a calibration step was initially executed to determine these
values for the most common electrocatalysts. The applicability of this approach was
demonstrated for several examples of supported and unsupported catalysts proving
remarkable accuracy. Further, it was found that this method allows to quantify surface
blockage (due to e.g. evolving gases) in-situ, which can, for instance, help to optimize
catalyst surfaces, to be less prone for blockage, or catalyst layers with pores that are

unsusceptible to clogging.

It is to be assumed, that this method with versatile applicability will impact future studies
on OER electrocatalysts, as this affordable and non-destructive method allows a very quick
in-situ analysis of the real ECSA, without the introduction of disturbing contaminations to
the electrochemical cell. Developing this method resulted in two publications: the first
introduced the principle using the example of NiOx catalysts, the following one extended
the calibration to CoOyx, NiCoOx, CoFeOy, IrOx, and PtOx and proved the applicability for
supported nanoparticles. Additional expansion of the calibration might be meaningful for
Mn-based electrocatalysts since, in the recent time, they attracted a lot of attention being
recognized as e.g. ORR electrocatalysts.?*>24* It is theoretically possible to apply the
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method for in-operando characterization of electrolyzers. This, however, requires either the
installation of a reference electrode or modification of the EEC to account for the cathode’s
response. An additional publication generated with a cooperation partner from industry
regarding this topic is in preparation. Details of this work are still a subject of a secrecy
agreement until publication or patent application. The discussed method was presented at
various conferences: “CSCEC 2017 (Duisburg)”, “69th Annual Meeting of the
International Society of Electrochemistry (Bologna)”, “GDCh Electrochemistry 2018
(Ulm)”, “EFCF 2019 (Lucerne)”, “SElectrochem (London)”. This method was positively
accepted by the audience, by university researcher as well as by representatives from

industry.

(2) The problem was addressed, which deals with benchmarks of electrocatalysts
performed in laboratory conditions are often not very significant for their performance in
real devices, such as electrolyzers. Therefore, a novel method to benchmark electrocatalysts
under industrially relevant conditions was developed. Microelectrodes served as the
substrates for the catalyst thin films, which allowed to measure activities quasi iR-free and
at the same time circumvent the formation of a gaseous phase originating from the reaction
products at the electrode, even at high current densities. Additionally, the electrolyte
concentration and the temperature were varied to investigate their impact on performance
and to simulate conditions of electrolyzers. This was demonstrated on the state-of-the-art
OER and HER electrocatalysts. Thereby, a non-trivial effect of temperature and electrolyte
concentration was discovered. Further, it was shown that extrapolation of the activities
measured at low current densities are incorrect, which justifies the importance of data
evaluation under aforementioned conditions. Regarding the design of next-generation OER
catalysts, such as Ni- Co- based SURMOFDs (shown in Chapter 4.2.2), particular
relevance of the measurement conditions was verified: the catalyst showed uniquely high
OER activity and stability at ambient temperature and at current densities below ~500 mA
cm2. However, when operated at T >80 °C and j > 600 mA cm, it looses activity in
comparison to typical inorganic catalysts. We assume, that a possible solution to
circumvent the limits at such high current densities is to decrease ohmic resistance, e.g. by

utilizing a nanostructured substrate, and to decrease the film thickness.

This above-mentioned method can be useful to examine the catalysts activity at industrial

relevant conditions before their implementation in membrane electrode assemblies or
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electrolyzers. This can help to reduce costs and time to identify optimal catalysts as the
method is significantly less prone to mispredictions in the regime of high current densities.
Especially in combination with the previously discussed method for ECSA determination,
intrinsic activities can be determined very accurately. Both parts of this work were
published, and the discussed method was presented at the “8" Colloquium of the Munich
School of Engineering, (Advances in Energy Transition)” and awarded with a presentation

price.

(3) A more fundamental question was addressed: the relative contribution of the
Volmer-Heyrovsky and Volmer-Tafel mechanism for the HER. Therefore, electrochemical
impedance spectroscopy was utilized as a technique to differentiate both pathways of HER
and quantify their relative contribution to the Faradaic current. This was done, as a function
of potential for polycrystalline Pt microelectrodes in acidic electrolytes with different pH
values (0, 1, and 2), which were saturated with either Ar or Hy. The usage of
microelectrodes allowed to overcome difficulties, such as the potential drop in the
electrolyte and enabled to perform the EIS measurements at relatively high current densities
up to 1 A cm? This indeed allowed to distinguish both reaction mechanisms for
overpotentials up to 0.1 V. Interestingly, their contribution to the total Faradaic current is
potential dependent and non-trivial. Further, none of them became predominant as the
classical evaluation of Tafel slopes would suggest.

This questions the validity of current approaches to make statements on the rate
determining reaction mechanism based on Tafel slopes. Moreover, recording EIS spectra
on microelectrodes can be a generally promising approach to analyze reaction mechanisms,
not restricted to the HER. The insights from this study can contribute to achieve a better
understanding of non-Tafel behavior of the HER on Pt in acidic media. Moreover, applying
this approach, additionally to model (Pt) surfaces could contribute to a better understanding
of the actual origin of different activities and reported Tafel slopes of e.g. Pt(110) and
Pt(100). This work was published, and presented at the “69th Annual Meeting of the

International Society of Electrochemistry (Bologna)”
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6 Appendix

6.1 Figures
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Figure 6.1. Grazing incidence X-ray diffraction patterns of (A) the SURMOF; (B) the
SURMOFDs. Adapted with permission from ref. [149].
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6.2 Symbols and abbreviations

a
ac

ACL
AEM
Ageometric
AFM

BET

C

Ca

c,'

Cal

Ca’

CCL
CE
CPE
Cv

dc
DFT

ECSA
EEC

Ekin
EIS

red

FE

activity

alternating current

anode catalyst layer

anion exchange membrane

geometric surface area

atomic force microscopy

Brunauer -Emmett -Teller theory
capacitance

adsorption capacitance

(surface) specific adsorption capacitance
double layer capacitance

(surface) specific double layer capacitance
concentration of the species [mol cm™]
cathode catalyst layer

counter electrode

constant phase element

cyclic voltammetry

diffusion coefficient

direct current

density functional theory

elementary charge

potential

electrochemical active surface area
equivalent electric circuit

kinetic energy (of electrons)
electrochemical impedance spectroscopy
standard reduction potential

frequency

Faraday constant

Faradaic efficiency

gas
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AG?

GDL
Hads.
HER
HOR
HTE
Hupd

ImZ(f)
iR

-V
IvH

vt

Jo

Jiim

KK

MHDA
MMS
MOFs
OER
ORR
pc
PEM
PGMs

0P
QCM
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Gibbs free energy

activation energy

gas diffusion layer

adsorbed hydrogen

hydrogen evolution reaction
hydrogen oxidation reaction
high temperature electrolysis
hydrogen underpotential deposition
electric current

imaginary part of the impedance
ohmic drop

current-voltage

current by VH mechanism
current by VT mechanism
current density

exchange current density
limiting current density

rate constant

Kramer-Kronigs transform
liquid
16-mercaptohexadecanoic acid
mercury/mercurous sulfate reference electrode
metal organic frameworks
oxygen evolution reaction
oxygen reduction reaction
polycrystalline

polymer electrolyte membrane
platinum group metals

electric charge

charge resulting from an adsorbed monolayer
quartz -crystal microbalance
radius (electrode)

universal gas constant



mm
R(R)DE
Ry

SAMs
SEM

SSC

ST™M
SURMOFDs
SURMOFs
t

T

TEM

UPD

resistance

adsorption resistance

charge transfer resistance

rotating disk electrode

reference electrode

real part of the complex impedance
reversible hydrogen electrode
revolutions per minute

rotating (ring-)disk electrode
uncompensated resistance
self-assembled organic monolayers
scanning electron microscope
silver/silver chloride electrode

scanning tunneling microscopy
surface-mounted metal organic framework derivatives
surface-mounted metal organic frameworks
time

temperature

transmission electron microscope
underpotential deposition
Volmer-Heyrovsky

Volmer-Tafel

working electrode

X-ray photoelectron spectroscopy
X-ray diffraction

valence number

impedance

impedance of the electrode double layer
Faradaic impedance

impedance of semi-infinite Warburg diffusion
transfer coefficient

gas phase fraction

conductivity of the electrolyte
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overpotential

work function

stoichiometric coefficient of species i
Kinetic viscosity // reaction rate
(fractional) surface coverage

angular frequency

phase shift
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ABSTRACT: Metal oxides are important functional materials with
a wide range of applications, especially in the field of electro-
catalysis. However, quick and accurate assessment of their real
electroactive surface area (ECSA), which is of paramount
importance for the evaluation of their performance, remains a
challenging task. Herein, we present a relatively simple strategy for
an accurate in situ determination of the ECSA of commonly used
metal oxide catalysts, namely Ni-, Co-, Fe-, Pt-, and Ir-based oxides.
Similar to the well-established practice in electrocatalysis, the
method is based on the phenomenon of specific adsorption. It uses
the fact that at electrode potentials close to the onset of the oxygen
evolution reaction, specifically adsorbed reaction intermediates
manifest themselves through so called adsorption capacitance,
which is unambiguously detectable using electrochemical impedance spectroscopy. We determined and calibrated these
capacitances for common catalyst metal oxides using model thin films. Therefore, with simple impedance measurements,
experimentalists can acquire the adsorption capacitance values and accurately estimate the real electroactive surface area of the
above-mentioned oxide materials, including nanostructured electrocatalysts. Additionally, as illustrative examples, we
demonstrate the application of the method for the determination of the ECSA of oxide catalyst nanoparticles.

KEYWORDS: electrocatalysis, electrode surface area, oxide catalysts, ECSA determination, electrochemical impedance spectroscopy,
iridium oxide, oxygen evolution reaction

1. INTRODUCTION

Metal oxides constitute a class of materials with widespread
applications, ranging from energy storage devices (e.g, super-
capacitors' and batteries® "), to superconductors®™ or various
medical applications,”” to classical heterogeneous catalysts and

chemical impedance spectroscopy (EIS). However, one may
argue that the reported method was rather qualitative as it
encountered problems regarding the contribution of the bulk of
the oxide material. Furthermore, it is not applicable to supported
materials as it does not take the additional double layer

electrocatalysts."’ ™' Currently, the research focus has been
mainly seton the development of supported nanostructures with
optimized electrochemically active surface area (ECSA).'" ™'
However, the assessment of ECSA of oxide electrodes is
nowadays often no more than a very rough estimation; or its
reasonable determination is not possible at all. The lack of a
widely accepted methodology for the above-mentioned problem
practically impedes benchmarking of material properties and
their further optimization. For instance, the commonly used
Brunauer—Emmett—Teller (BET) method typically does not
differentiate between the active and nonactive parts of the
investigated material. In 2013, McCrory and co-workers™
utilized an approach to estimate the ECSA of metal oxides by
measuring the parameter, which is proportional to the double
layer capacitance of oxides in alkaline media using electro-

<7 ACS Publications @ 2019 American Chemical Society
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contribution from the support into account.

In this work, we use a new procedure to address the challenge
by measuring so-called adsorption capacitance (C,), originating
from the oxygen evolution reaction (OER) intermediates at low
overpotentials (with respect to the standard OER potential),
using EIS.** This adsorption capacitance, which is specific for
each catalyst material, can be used to accurately determine the
ECSA. We examine the applicability of this method using a
common choice of electrocatalytically active oxide materials and
provide a database of the material specific adsorption
capacitance C, = C,/ECSA values. Finally, we show in detail
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how to use the database and apply the method to determine the
electroactive surface area of different nanoparticle-based
catalysts supported on carbon.

2. EXPERIMENTAL SECTION

All experiments were conducted using a three-electrode
configuration with a standard electrochemical glass cell, which
was cleaned with a 3:1 ratio mixture of sulfuric acid and
hydrogen peroxide (so-called “piranha solution”) and afterward
boiled three times with ultrapure water (Evoqua, 18.2 MQ-cm,
less than 5 ppb of total organic contamination) prior to use. A
platinum mesh (Goodfellow, Germany) and a commercial Hg/
Hg,SO, (0.6 M K,SO,, Schott, Germany) electrode were used
as counter (CE) and reference (RE) electrodes, respectively. A
shunt capacitor (~4 uF) connected between the reference
electrode and counter electrodes was utilized to compensate
potentiostat-caused artifacts at high frequencies.”* The experi-
ments were controlled using a VSP-300 potentiostat (Biologic,
France). All potentials in this manuscript are reported relative to
the reversible hydrogen electrode (RHE).

The measurements on supported nanoparticles were carried
out using a slightly modified setup. A commercial HydroFlex
hydrogen reference electrode (Gaskatel, Germany) was used,
and experiments were controlled by an Autolab PGSTAT302N
potentiostat (Metrohm, France).

All chemicals were high-purity reagents and used as received.
NiSO,6H,0 (>99%), CoSO,7H,O (>99%), anhydrous
Na,SO, (>99%), anhydrous NaOAc (>99%), FeSO,7H,0
(>99%), and anhydrous (NH,),S80, (>99%) were purchased
from Sigma-Aldrich (Germany). KOH (85%) and HCIO,
(Suprapur) were purchased from VWR and Merck (Germany),
respectively. Experiments on carbon-supported oxide nano-
particles were performed using as-received 20 wt % Pt/C
(TEC10 V20E, Tanaka Kikinzoku Kogyo, Japan) and 20 wt %
Ir/C (Premetek, USA). For accuracy, the catalysts are denoted
as PtO,/C and Ir0,/C in the following, as their topmost layer
typically oxidizes in OER conditions.

To exclude the theoretically possible influence of contami-
nations on the electrolyte due to corrosion of our glassware
under alkaline conditions, we performed cyclic voltammetry
(CV) of a single crystalline Pt(111) (Icryst, Jilich Germany,
diameter: 10 mm) in 0.1 M Ar-saturated KOH, which is known
to be highly sensitive to impurities.”* As shown in Figure 1, the
typical shape™® of the CV of Pt(111) was observed, proving that
our measurements are not significantly influenced by possible
contaminations in the electrolyte due to glass corrosion. Further,
it was previously proven that certain glassware is highly stable

0.08

Ar saturated 0.1 M KOH, Pt(111)

9.0 02 04 06 0B 1.0
E vs. RHE / V

Figure 1. CV of Pt(111) recorded in 0.1 M Ar-saturated KOH at a scan
rate of 50 mV s~ the same glass cell used in further experiments.
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against glass corrosion, even under extreme conditions
(concentrated KOH electrolyte, 80 °C).>

Electrode Preparation. All oxy-hydroxide thin films were
electrochemically deposited on a polycrystalline Pt electrode
(Mateck, Germany, diameter: 5 mm) mounted on a rotating
ring-disk electrode setup (Pine, USA). NiO, and CoO, films
were prepared according to the procedure described by Tench et
al.? The deposition procedures of NiCoO,, NiFeQ,, and
CoFeQ, films were adapted from McCrory et al;** however, in
this work, NH,ClO, was replaced with (NH,),SO,.

The IrO, thin film was prepared by cycling an Ir(111) single
crystal (Mateck, Germany, diameter: $ mm) in 0.1 M HCIO,
solution (potential range: 0.7—1.575 V vs RHE) until a stable
CV was obtained (see A. Ganasin et al.w).

For the oxide nanoparticle catalysts, catalyst inks were mixed
(composition is given in Table 1) and ultrasonicated (3§ kHe,
40 W) for 10 min. Subsequently, the inks were drop-casted ona
preheated glassy carbon electrode (~80 °C, diameter: $ mm)
and dried with a heat gun under rotation (~100 rpm).

Characterization of the Thin Films. X-ray photoelectron
spectroscopy (XPS) of catalyst thin films deposited on Au(111)
substrates (Arrandee, Germany) was used to investigate the
catalyst composition. The XPS setup consisted of an XR 50
(Specs, Germany) X-ray source and a hemispherical energy
analyzer (Specs, Germany) with 150 mm mean radius. The
spectra were acquired using the Al K-alpha anode (1486.61 eV).
The film morphology was investigated with atomic force
microscopy (AFM), using a multimode EC-STM/AFM instru-
ment (Veeco Instruments, Inc.) with a Nanoscope 111D
controller and the Nanoscope $.31rl software (AFM tips,
Bruker RTESP-300).

Electrochemical Measurements. EIS and activity meas-
urements were performed in Ar-saturated 0.1 M KOH at 400
rotations per minute (rpm). Due to their stability in acidic
media, additional impedance data of IrO, and PtO, thin films
were recorded in 0.1 M HCIO,.

EIS measurements were conducted using a standard measure-
ment protocol. In order to activate the film, the electrode was
cycled three times between 0.93 and 1.73 V vs RHE with a scan
rate of S0 mV s™'. Afterward, the electrode potential was slowly
(1 mV/s™!) shifted to the starting potential of the EIS
measurement and kept for at least 10 s to reduce the “sample
history” effects.” In a last step, the impedance measurements
were performed in staircase mode (10 mV interval). For each
potential, up to 198 frequencies between 30kHz and 10 Hz were
recorded using a probing signal amplitude of 10 mV. The
impedance data were analyzed using EIS Data Analysis 1.3
software,**!

In the case of metallic platinum, a Pt(pc) crystal was first
cycled in HCIO, until a stable CV was obtained. The ECSA was
determined by integration of the relevant features of the CV
(Hypp adsorption/desorption) and CO,, stripping voltammo-
gram. The composition of the oxide materials was verified using
XPS (see SI Figure S2).

3. RESULTS AND DISCUSSION

Methodology. Although the exact OER pathways on
different oxide materials are still under clebate,31 the following
simplified reaction pathway is widely accepted:

40H™ = *OH + 30H +4e~ (1)
*OH + 30H™ & *0 + H,0 + 20H +¢” )

DOl:10.1021/acscatal 9b02006
ACS Catal. 2019, 9, 9222-9230
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Table 1. Solution Compositions and Deposition Conditions
for Different Catalyst Films

Solution
composition

0.13 MNiSO,-
6H,0

0.13 MNaOAc

0.10 M
Na,S0,

Co0,  0.10 MCoSO,
7H,0

0.10 MNaOAc

0.10 M
Na,80,

9.0 mM
NiSO;6H,0

9.0 mM FeSO -
7H,0

7.3 mM
(NH,),80,

0.4 mM
CoSO,
7H,0

0.36 mM
FeS0,-7H,0

1.35 mM
(NH,),50,

10 mM NiSO,
6H,0

10 mM CoSO,-
TH,0

20 mM
Na,50,

20 mM H,BO,

Ir (111) crystal

0.l MHCIO,

10 mg Pt/C
(20wt %),

54 uL Nafion
solution

(5wt %),
1446 mL

isopropanol,
3.6 mL H,0

10 mg Ir/C
(20 wt %),

54 uL Nafion
solution

(5wt %),
1.446 mL

isopropanol,
3.6 mL H,0O

Catalyst
NiO,

pH
6.94

Deposition Condition

Anodic deposition, potential cycle
between 0.97 and 1.83 V vs RHE at
50mVs~', 400 rpm

7.43  Anodic deposition, potential cycle
between 1.30 and 1.70 V vs RHE at

50mV s, 400 rpm

NiFeO, 232 Cathodic deposition, constant current

of 50 mA cm ™ for 405, 1200 rpm

CoFeQ, 5.4

Cathodic deposition, constant current
of 125 mA cm™ for 305, 1200 rpm

NiCoO, 4.72  Cathodic deposition, constant current

of 50 mA cm™ for 180 s, 400 rpm

IrO, 1.04  Potential cycling between 0.7 and 1.575

V vs RHE at 50 mV s™', 400 rpm

Pto,/C 10 pL of the ink drop-casted on a

preheated glassy carbon electrode

1rQ,/C 10 L of the ink drop-casted on a

preheated glassy carbon electrode

*O + H,0 + 20H™ = *OOH + H,0 + OH™ +e”
(3)

(4)

It involves three specifically adsorbed reaction intermediates
on the surface, namely *OH, *O, and *OOH (see Figure 2A).
For convenience, we focus on the pathways in alkaline media.
Nevertheless, similar argumentation is also valid in the case of
acidic electrolytes, enabling utilization of the method under both
conditions. As adsorption/desorption of these species involves
interfacial charge transfer, and the coverage depends on the
applied potential, one can define the differential adsorption

*00H + H,0 + OH™ = 0, +2H,0 + ¢~

. de . .
capacitance as C, = q:E. This capacitance refers to the charge g

associated with a complete adsorbate layer multiplied by the
derivative of the fractional surface coverage, dfJ, with respect to
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Figure 2. Origin of the adsorption capacitance. (A) Schematic
representation of the oxygen evolution reaction mechanism at a
nanoparticle surface on an inactive support. The reaction solely takes
place on the active oxide particle; thus, only the ECSA contributes to
C,. (B) Equivalent electric circuit (physical model, for details see SI,
section S1) for the OER at low overpotential. In parallel to the double
layer impedance, Zy, which is in series with the uncompensated
resistance, R, there are charge transfer resistance, R, adsorption
capacitance, C, and adsorption resistance, R,. The adsorption
capacitance and resistance account for the specific quasi-reversible
adsorption of the reaction intermediates.

the applied probing potential, dE. As shown previously, = while
C, is in some cases a relatively small fraction of the total
electrode capacitance, it can be accurately determined using EIS.
The impedance measurements were performed at potentials
close to the onset of the OER of the investigated sample to avoid
complications arising from e.g., bubble formation. Fitting this
data using the equivalent electric circuit (EEC) shown in Figure
2B (further details are given in the next sections and the
Supporting Information (SI}) allows determination of C,. As
schematically depicted in Figure 2A, the OER occurs
predominantly at the surface of the oxide material and not on
the inactive support. Therefore, this support does not notably
contribute to the adsorption capacitance. Thus, this method
shares the main advantage of e.g., CO,q, stripping or Hypp, on Pt:
it is sensitive to the active surface area, while masking surface
area from nonactive materials such as carbon support. However,
instead of integration of, eg, the hydrogen adsorption/
desorption peaks, we correlate the measured adsorption
capacitance to the surface area. Typically, the procedure starts
with the “calibration step”, where catalyst thin films with known
electroactive surface area are investigated, and their adsorption
capacitance is determined and normalized to the known surface
area. This “calibration step” has to be performed once for each
oxide material. Following the calibration, measuring the
adsorption capacitance C, [¢F] and dividing it by the specific
adsorption capacitance values C, = C,/ECSA [uF/cm?] leads to
the ECSA of the oxide materials of unknown morphology.
Thin Film Formation and Characterization. During the
“calibration step”, it is crucial that the active surface area of the
catalyst film is estimated accurately. Hence, the film morphology
was investigated using AFM. In order to produce dense and
nonporous catalyst films with low electrical resistance, we
employed electrochemical deposition techniques. In detail, we
aimed to form films as thin as possible, which enables
minimization of electrical resistance and roughness; however,
it had to be ensured that the activities of the films were
comparable to their bulk analogues. Morphology analysis
revealed roughness factors of 1.15 and 1.05 for NiO, and
Co0O,, respectively. NiFeQ,, CoFeO,, and NiCoO, showed
higher roughness factors of 1.27, 2.25, and 1.45, respectively.
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Figure 3. AFM images of (A) NiO,, (B) CoO,, (C) NiCoO,, (D) NiFeO,, (E) CoFeQ,, and (F) IrO, thin films. In all cases, the y-axis is stretched
compared to the x-axis for better visibility of the structure. (A), (B), and (D) are adapted with permission from ref 25, copyright 2019 American

Chemical Society.

Cycling of the Ir(111) crystal resulted in a smooth IrO, film with
a roughness factor of 1.01. Corresponding AFM images are
depicted in Figure 3A—F. It is noteworthy that metal dissolution
coincides with the OER and can slightly reduce the catalysts
ECSA. To increase accuracy for future studies, inductively
coupled plasma mass spectrometry of dissolved species during
OER can be one of the solutions to monitor and compensate the
decrease of surface area.””**

Electrochemical Impedance Measurements Using
Thin Films. As was mentioned above, the reaction inter-
mediates (OH*, *OOH, and O*) are in dynamic equilibrium
and reversibly adsorbed on the entire active surface of the
catalyst. As these intermediates are electrically charged, a
fractional change of the catalyst surface coverage with those
species (00), induced by a perturbation of potential (0E), results
in an electric current. Thus, one can define the differential

9225

adsorption capacitance (C, = qa—a;)), where q is the charge of a
complete monolayer (see S, section S1). This capacitance can
be distinguished from the double layer capacitance by fitting the
EIS spectra (typical examples are shown in Figure S1) using the
equivalent electric circuit shown in Figure 2B. This circuit,
introduced by Conway et al,** contains the constant phase
element for the double layer response. However, the adsorption
of the reaction intermediates is modeled with the corresponding
adsorption capacitance and resistance. It is noteworthy that this
is not just an arbitrary model to fit the impedance data; each
component has a clear physical meaning. This is based on
differential equations describing the Faradaic and non-Faradaic
response to small perturbations in the electrode/electrolyte
interface within the regime of the OER. Further explanation of
this EEC is given in the SI.
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Figure 4. Specificadsorption capacitance asa function of potential for (A) NiO,, (B) CoO,, (C) NiCoO,, (D) NiFeQ,, (E) CoFeQ,, (F) IrO,in0.1 M
KOH, (G) IrO,, and (H) PtO,, recorded in 0.1 M HCIO,. Used electrolytes are denoted in the figure. The specific capacitances (C, = C,/ECSA) are
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independent experiments.

As depicted in Figure 4, C, increases at the onset of OER. At
slightly higher overpotentials, the majority of the sites become
active and C,” usually reaches a plateau. We benchmark C, in
this region because it is locally independent of the applied
potential. At higher voltages, the situation becomes less
predictable, as produced oxygen bubbles stochastically block
fractions of the electrode surface.

Figure S1 shows the Nyquist plots measured for each catalyst.
Hollow rectangles represent the data points, while the solid line
represents the fitting according to the EEC shown in Figure 2B.
The impedance data were acquired in a broad range of potentials
and measured over three decades in frequency for each metal
oxide. As shown in Figure 51, utilizing the EEC results in good
fitting with the low-mean-square deviations. At the plateau, each
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individual C,’ value was estimated with an error of less than 4%.
To further assess the accuracy of this method, for each catalystat
least five independent experiments were conducted. In general,
at the plateau, between S and 52 individual measurements were
considered for each catalyst. Figure 4 shows the corresponding
C,/ values, normalized to their ECSA (estimated from AFM and
CO,, stripping voltammetry) vs the applied potential E. The
error bars represent the standard deviation of the individual
measurements.

Figure 4 shows that the specific adsorption capacitance is a
function of applied potential and is both material- and
electrolyte-dependent. Obviously, Pt shows the lowest C,".
However, a tendency of more active materials toward higher
adsorption capacitances cannot generally be reproduced, as
exemplarily illustrated in the case of IrO_, which shows a lower
adsorption capacitance than the less active NiO,, (between 1.50
and 1.68 V vs RHE).

While most of the oxides are only stable in alkaline
environment, the properties of Ir- and Pt-based films were
additionally characterized in acidic media. Table 2 gives an
overview of the different oxide materials and their specific
adsorption capacitance C,’ at the plateau.

Table 2. Overview of the Specific Adsorption Capacitances C;
= C,/ECSA of the Different Oxide Materials Measured in 0.1
M KOH (NiO,, CoO,, NiFeO,, NiCoO,, 1r0,), and 0.1 M
HCIO, (110, and PtO,)

Catalyst Potential (V vs RHE) € = C/ECSA (uF cm™?)

NiO, L.60 300 99

CoO, L.60 620 + 150
NiFeO, 1.59 430 + 160
CoFeO, L.54 38+ 7

NiCoO, 168 172 + 35

10, 1.68 7242

1O, - in HCIO, 1.59 135 + 25

PO, - in HCLO, L.60 9.8 + 0.66

Application of the Method to Carbon Supported
Oxide Nanoparticles. In this section, formerly determined
database values will be utilized to demonstrate the applicability
of the method toward nanostructured electrocatalysts with
unknown ECSA. In order to gain experimental evidence of the
herein determined surface area, the results were verified by
another well-established method. More precisely, both Pt and Ir
nanoparticles, supported on Vulcan XC72 carbon (BET surface
area: 250 m?/g)>* were examined as an illustrative example. We
have chosen PtO,/C due to two reasons; first, its small
adsorption capacitance allows us to deduce the possible impact
of the support material. Second, the ECSA of PtO,/C can be
accurately determined using CO,, stripping voltammetry, being
beneficial for a precise comparison.

For the surface area determination of PtO,/C, the adsorption
capacitance should be evaluated at 1.60 V vs RHE (Figure 4H).
In order to decrease possible surface blocking by evolved oxygen
bubbles, the electrode was rotated at 2500 rpm. Figure SA shows
the impedance data at 1.60 V in 0.1 M HCIQ,, including the
fitting curve and the corresponding fitting parameters. At this
potential, adsorption of *OH and *O happens spontaneously,
but the energetically unfavorable formation of *OOH hinders
the OER.* Nevertheless, the adsorption results in a capacitance,
which was determined to be ~31 yF. Dividing this value by the
specific adsorption capacitance of C," = 9.8 yF/cm? (taken from
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Table 2) yields an ECSA of ~3.2 ecm’. CO,, stripping
voltammetry of the same catalyst film (Figure SB) exhibits an
integrated charge of 1.32 mC, which corresponds to an ECSA of
3.14 cm®. With less than 2% deviation compared to CO,,
stripping voltammetry, the high accuracy of the method can be
highlighted accordingly. Interestingly, this method shares also
the second advantage: the carbon support which has a surface
area of ~40 cm? has no impact on the determination of ECSA,
ensuring that only the surface area of active material contributes
to the adsorption capacitance (carbon is inactive toward the
OER at 1.6 V, see Figure 53). Comparing the specific adsorption
capacitances (normalized to the ECSA determined through
COQ,, stripping) of the bulk Pt(pc) disk and PtO,/C, both
curves show strong agreement in the potential range between
~1.578 and ~1.625 V vs RHE (as shown in Figure 5C).
However, toward higher potentials (i.e, >1.7 V vs RHE), the
adsorption capacitance of PtO,/C decreases, while the values of
the bulk disk increase. We assume that evolved oxygen (being
abundant at high potentials) traps more effectively at the
nanostructured catalyst/support layer interface than on bulk Pt
surface, causing increased surface blocking (and thus loss of
ECSA).

In another example, we determined the ECSA of nano-
structured IrQ,/C using the developed method. As shown
before, the specific adsorption capacitance of the IrO,/C was
determined by fitting the corresponding impedance data,
recorded at 1.59 V vs RHE, as shown in Figure 5D. Dividing
the adsorption capacitance of C, = 623 uF by the specific
adsorption capacitance C] = 135 uF/cm? yields a surface area of
ca. 4.6 cm® In order to enable a reliable verification of the
technique, the ECSA was additionally estimated using trans-
mission electron microscopy (TEM) images of the catalyst
(Figure SE and SF). Other methods known to determine ECSA
of Ir based catalyst are Hypp and Hgypp (underpotential
deposition of mercury)’” as well as the granted flawed
pseudocapacitance method.**”*” However, Durst et al.*’ showed
that in the case of nanostructured Ir, there is no significant
difference between the ECSA determined from Hy;pp, and TEM
analysis. In detail, we derive the ECSA of IrO, /C by comparison
with the known ECSA of PtO, /C, taking the different densities
of Pt and Ir, as well as the difference in particle diameter into
account. On average, the comparable Pt catalyst (with the same
electrode loading) has a surface area of Apgyc = 3.5 cm?,
Therefore, the surface area of the Ir catalyst Ajq ¢ (assuming
spherical shape of the nanoparticles) can be approximated using
the following relation:

Y dbio fca P

V 9o, 'p
Apoesc B Apy e — f)_

Ydyorrc” T

=35m

(1 -a)

~5.131 em* (1 — a)

Here {/dpfmma and {/dr,m/ca are the diameters of the

nanoparticles (averaged over mass) and pp, and pj, are the
densities of Pt and Ir (we assume that the bulk is not oxidized),
respectively. Further, we introduced a parameter « to describe
the reduction of the ECSA due to agglomeration of the Ir
nanoparticles, as the corresponding Pt catalyst shows almost no
agglomeration. Remarkably, even though the particles are
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Figure 5. Surface area determination using the adsorption capacitance and control experiments. (A) EIS data (black squares) with fitting (red line) of a
PtO,/C coated glassy carbon electrode, recorded at 1.60 V vs RHE (2500 rpm). The fitting parameters are shown in the inset. (B) CO,, stripping
voltammetry of the PtO,/C, recorded in 0.1 MHCIO, with a sweep rate of 20 mV/s. Red curve: First cycle. Black curve: Second cycle. (C) Adsorption
capacitance of PtO,/C (red circles) and a bulk Pt(pc) disk (black rectangles) electrode (denoted as PtO,) as a function of the potential, recordedin 0.1
M HCIO,. (D) EIS data of IrO,/C (black curve) measured at 1.59 V vs RHE with fitting (red curve). The corresponding fitting parameters are shown
in the inset. (E and F) TEM images of IrO,/C at two different magnifications.

partially agglomerated, the ECSA determined via the adsorption
capacitance is indeed close to the one estimated from the TEM
images, only differing by about ~10% (~4.6 cm” vs ~5.1 cm?),
which could be justified with the agglomeration of the IrO,/C
catalyst. Hence, for the first time with good accuracy, the (mass)
specific surface area of the commercial IrO,/C catalyst can be
determined to be ~117.6 mllg(lrox). This again demonstrates
the great advantage of our novel method, which enables the
precise determination of the ECSA of various metal oxide
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nanoparticles, contrary to any other state-of-the-art method-
ology.

4. CONCLUSION

In this work, we present a way to accurately determine the ECSA
of common metal oxide catalysts. The method shares important
advantages of other surface limited techniques (e.g, CO,q4,
stripping): the high accuracy and the independence of support
materials. This technique takes advantage of reversibly adsorbed
OER reaction intermediates, which manifest themselves
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through so-called adsorption capacitance, C,. This capacitance is
unambiguously detectable using impedance spectroscopy and
can be correlated with the ECSA. For the first time, the specific
adsorption capacitance was determined for NiO,, CoQ,,
NiCoO,, NiFeO,, CoFeO,, IrO,, and PtO,, enabling the reader
to utilize this method for a quick in situ ECSA determination of
these materials. Moreover, we proved the applicability of the
method even for the complex case of supported nanoparticles,
where, to the best of our knowledge, other state-of-the-art
methods fail. In fact, in the case of PtO,/C, the determined
ECSA was quasi identical with the one estimated by CO,4,
stripping measurement. Likewise, investigations on IrQ,/C
validate the accuracy even for different oxide materials and, for
the first time, allowed us to accurately determine the ECSA of a
commercial Ir/C catalyst. The wide-ranging applicability of this
method in acidic and alkaline environments builds a fundament
for the design and development of novel electrocatalysts, being
crucial for future renewable energy provision.
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Quick Determination of Electroactive Surface Area of
Some Oxide Electrode Materials

Sebastian Watzele!” and Aliaksandr S. Bandarenka*[™ "

Abstract: Quick and accurate determination of the real
electroactive surface area of oxide electrodes remains one
of the most challenging but at the same time important
unsolved methodological tasks in the field of electroanal-
ysis. For instance, the widely used Brunauer—-Emmett—
Teller (BET) method unfortunately provides no direct
connection to it. On the other hand, its assessment
through the double layer capacitance is complicated and
not accurate enough, as the bulk oxide films themselves
contribute to the measured capacitance, not mentioning
the double layer frequency dispersion and other poorly
understood factors. In this work, we propose a relatively
simple methodology for a quick assessment of the electro-
active surface area of some electron conducting oxide
and perovskite materials. The methodology involves sev-
eral steps. Imitially, “calibration” experiments are per-
formed aiming to form the thinnest (practically below
~100-200 nm) flat oxide films, which exhibit necessary
functional properties (close to those expected for the
bulk material) without significant side influence of the
substrate. Then, AFM measurements are implemented to

estimate the surface roughness of the resulting samples.
Finally, electrochemical impedance measurements are
done at a small overpotential related to the oxygen evolu-
tion reaction (OER) aiming to extract not the double
layer but the capacitance of adsorption C, of the OER in-
termediates. The C, values can then be used to evaluate
the electroactive surface area of “real-world” high surface
area oxide electrodes composed of the same material.
Other words, similar to the hydrogen underpotential dep-
osition or CO oxidation in the case of metals, we propose
to use the oxygen evolution reaction as the probing reac-
tion to evaluate the surface area of oxide electrocatalysts.
However, instead of cyclic voltammetry, electrochemical
impedance spectroscopy is used as the main probing tech-
nique. Due to relatively high reproducibility, clear physi-
cal meaning and exclusive connection to the electroactive
area, the measurements of C, can become a viable
method in numerous electrochemical applications. An ex-
ample using Ni-oxide electrodes is given to illustrate the
methodology.

Keywords: Electrocatalysis - Oxide catalysts - Electrochemical impedance spectroscopy -+ Electrode surface area

1 Introduction

Oxides and perovskites are among the most important
functional electrode materials [1-5]. This is true not only
with respect to the energy conversion and storage appli-
cations. These materials are of particular significance in
many industrial processes including the so-called chloral-
kali industry [6]. However, the level of current under-
standing of the origin of their functionality is often much
lower compared to e.g. pure metals. For instance in elec-
trocatalysis, elucidation of relations between the oxide
surface structure and composition and the activity is very
complicated, largely due to the fact that even determina-
tion of the real electroactive surface area of the electrode
is extremely problematic. It has been demonstrated de-
cades ago that the commonly used Brunauer—Emmett—
Teller (BET) method is not reliable in this case, as there
is no direct correlation between the BET-determined sur-
face area and the electrochemically active surface area
[7-9]. Measurements of the interfacial double layer ca-
pacitance in case of oxides are methodologically difficult
due to the fact that some semiconducting and capacitive
properties as well as the double layer frequency disper-
sion [10-16] contribute to it. There are no well-accepted
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tabulated values for the double layer capacitances for the
oxides, and those reported by different groups can lead to
uncertainties of up to ~700% [17]. In contrast to metal
surfaces, where the real electroactive area is often deter-
mined using surface limited adsorption reactions [18], no
such reactions are used to apply them in the case of
oxides. While some other approaches have been proposed
(see e.g. [19]), they did not solve the key methodological
issues mentioned above. On the other hand, for the so-
called outer sphere reactions, no clear correlations be-
tween the voltammetric peak current and oxide surface
roughness have been observed [20].

In this work, a relatively simple method for the deter-
mination of the electroactive surface area is proposed. It
is based on the fact that the oxygen evolution reaction
(OER) involves specifically adsorbed oxygenated species;
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and if taken under conditions of low overpotentials it
shows little complications associated with the gas bubble
formation. The reversible specific adsorption of the OER
intermediates manifests itself as an adsorption capaci-
tance, C,. during electrochemical impedance spectroscopy
experiments and data analysis. The adsorption capaci-
tance is directly proportional to the average (in time)
amount of the intermediates located exactly at the sur-
face and has a clear physical meaning (C,= —gq,(d6,/dE),
where 0, is the effective adsorbate fractional coverage os-
cillating during the impedance probing at a given elec-
trode potential; and g, is the charge to form a saturated
layer of the adsorbed species). Therefore, C, can be used,
similarly to the adsorption of hydrogen atoms or CO mol-
ecules in the case of metal electrodes, to quickly and ac-
curately evaluate the electroactive surface area of elec-
tronically conducting oxide electrode materials. Model
Ni-oxide electrocatalytic materials are used in this work
to demonstrate the methodology.

2 Experimental
2.1 Electrochemical Experiments

Electrochemical experiments were performed using
a VSP-300 (Bio-Logic, France) potentiostat in all experi-
ments. All potentials in this work are referred to the
RHE scale. A Hg/HgSO, electrode (Schott) and a Pt wire
(Goodfellow) were used as the reference (RE) and coun-
ter electrodes (CE), respectively. Experiments were per-
formed in an electrochemical cell described in detail else-
where [21].

During the experiments, the working electrodes were
rotated at 400 rpm using a rotating ring disk electrode
(RRDE) equipment (Pine, USA). A polycrystalline Pt
electrode (Mateck, Germany) with diameter of 5 mm was
used as substrate for the NiQ, thin film deposition.

For the electrochemical impedance spectroscopy (EIS)
experiments, a shunt capacitor of ~4 uF was connected
between RE and CE to reduce possible errors caused by
the potentiostat at high frequencies, as discussed in [22].
Before each individual impedance measurement, the elec-
trode potential was held for 1s; then ac probing signals
were applied within the frequency range from 30 kHz to
5 Hz using 10 mV probing signal amplitude. A homemade
software [23,24] was used to analyze the impedance data.

Arsaturated (Ar 5.0, Air Liquide, Germany) 0.1 M
KOH working electrolytes were prepared using KOH (>
85 %. Griissing, Germany). Electrolytes for the thin NiO,
film deposition [25] were prepared using NiSO, (99%
Sigma Aldrich, Germany), Na,SO, (99% Sigma Aldrich,
Germany) and NaOAc-6H,O (99% Sigma Aldrich, Ger-
many).

Nickel oxy-hydroxide films (denoted in this work as
NiO, films: however, one cannot exclude the presence of
e.g. active Fe-oxides in the film as a result of common
contamination in the selected chemicals [26]) were anodi-
cally deposited onto the Pt electrode using cyclic voltam-
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metry (CV) scans in the deposition solution (0.13M
NiSO,, 0.13M NaOAc-6H,0 and 0.1 M Na,S0O,) as de-
scribed in detail elsewhere [25]. For the deposition, the
potential scan rate of 50 mVs ™' and a potential window
from 095V to 1.86 V were used. The cyclic voltammo-
gram (see inset in Fig. 1A) showed the growth of charac-
teristic anodic and cathodic peaks, as typically reported
for NiO, deposition [21,27]. The OER current at the pos-
itive potential limit increased at each cycle, indicating the
electrocatalytic behavior of the growing film. After film
deposition, the electrodes were carefully rinsed with ul-
trapure water.

2.2 Thin Film Characterization

The surface of the obtained NiQ, electrodes was charac-
terized using atomic force microscopy (AFM) in tapping
mode at different spots to assess the film morphology,
uniformity and surface roughness (see examples in
Fig. 1B). The AFM utilized in this work was a multimode
EC-STM/AFM instrument (Veeco VI) with a Nanoscope
IIID controller using the Nanoscope 531rl software
(AFM tips, Bruker RTESP-300).

AFM surface scans with 500x500 nm and 100x100 nm
(see Fig. 1B) were conducted. The roughness factor of
1.15+0.15 and narrow height distribution reveal
a smooth and nonporous surface.

X-ray photoelectron spectroscopy (XPS) of NiO, thin
films was performed using a XR 50 (Specs, Germany) X-
ray source, and a hemispherical energy analyzer (Specs,
Germany) with 150 mm mean radius. The characteristic
X-ray emission line of Al was used. The spectra were ac-
quired using the Al Ka anode (1486.61 eV).

The shape of the XPS spectra (see Fig. 1C) is similar to
those reported earlier for NIOOH and Ni(OH), [28,29].
The position of the Ni 2p;, peak (855.5 eV) is well in be-
tween the two peaks for NiIOOH (855.8 eV) and Ni(OH),
(855.2¢V) reported in [28], indicating the presence of
both phases.

3 Results and Discussion

As has been mentioned above, the proposed methodology
requires a “calibration procedure”, which includes the
following steps. Initially, it is important to form the thin-
nest oxide film, which exhibits the desired functional
properties, e.g. the OER electrocatalytic activity without
the influence of the substrate material, similar to [30]. In
principle, a variety of the deposition techniques can be
used to form thin non-porous films, for instance pulsed
laser and chemical vapour deposition, cathodic or anodic
deposition ete. In this work, anodic deposition of NiO,
thin films was selected.

Fig. 1A demonstrates how the OER activity at a given
electrode potential, 1.83 V, changes with the nominal
thickness of the NiO, film. The latter can be assessed by
the anodic charge, (), obtained by integrating of the cor-
responding voltammetric peaks during the film deposition
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Fig. 1. (A) The dependence of the OER current in 0.1 M KOH
at 1.83 V on the voltammetric anodic charge obtained during the
NiO, deposition which is used to assess the film thickness. The
blue dotted line (A) is shown as a guide to eye. The inset shows
typical CVs obtained during the deposition of the oxide films.
(B) Examples of AFM images of the resulting NiO, sample sur-
faces: 500x 500 nm (left) and 100x 100 nm (right) scans. (C) A
fragment of a typical XPS spectrum of the resulting NiO, film.

(see inset in Fig. 1A). As can be seen in Fig. 1A, the cur-
rent density due to the OER increases drastically with
the increase of the amount of deposited NiO, (corre-
sponding to the Q values from 0 to ~10 mCem ). After-
wards, the activity relatively slowly approaches a plateau
(Fig. 1A). For further experiments, the net anodic charge
Q=20mCecm* was chosen to form the target NiO, films,
which show the desired functional property (OER activi-
ty), without a significant substrate influence. According
to [25] this corresponds to a nominal film thickness of
~170 nm.
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In the second stage, it is important to select the elec-
trode potential which is slightly more anodic than the
onset of the OER. The overpotential for the oxygen evo-
lution should be small enough to prevent the formation
of the gas bubbles but suitable for the reproducible impe-
dance measurements, with a strong contribution of the
OER intermediates to the impedance response. Addition-
ally, it is important to select a procedure which minimizes
the “sample history” effect. In this work the following
procedure has been applied. Immediately after the film
formation, the electrode was cycled (dE/dt=50mVs ™', 3
cycles as shown in Fig.2) in Ar-saturated 0.1 M KOH.
After the third cycle, a slower scan rate of 1 mVs " was
set between 1.43 V and 1.53 V (Fig. 2). At the latter po-
tential, the impedance measurements were performed in
a staircase mode with the interval of 0.01 V between
1.53 Vand 1.63 V. The impedance spectra obtained at E=
1.6 V were selected for the further analysis and fitting.
Evaluation at this electrode potential is a compromise be-
tween being above the onset of the OER and complica-
tions associated with the gas bubble formation at higher
overpotentials for this material. To find the potential
where better reproducibility is observed, a total number
of 51 independent measurements using 11 different NiO,
films have been performed.

In the following stage, the impedance measurements
and data analysis are performed. The analysis of impe-
dance data can be done using a well-accepted physical
model describing the OER multistage mechanism, where
at least one stage involving adsorbed intermediates is re-
versible (further theoretical details regarding this model
and its connection to the OER can be found in refs
[10,22,31,32]). A simplified “visual” representation of

7
64
o 5+ End of the slower scan at 1.53 V
E o
= 24Endof3dCVeycleat 143V & 00V /
N e . .
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’] e
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Fig. 2. Typical voltammograms of a freshly prepared NiO, film.
The elcectrode was cycled at the scan rate of 50 mVs™ (black
curves) to quickly ensure that the CVs are stable. After the third
cycle the scan rate was reduced to 1 mVs™" (red curve) to ensure
that all the Faradaic processes inside the film were completed.
At 1.53 V the slower scan was stopped and the impedance meas-
urements were performed in a staircase mode with the interval
of 0.01 V between 1.53 V and 1.63 V.
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the physical model using the so-called equivalent electric
circuit is given in Fig. 3A.

In the equivalent circuit shown in Fig. 3A, the R, de-
notes the uncompensated resistance and R,, is the charge
transfer resistance. The response of the electric double
layer is approximated by the constant phase element
(CPE) [33] as Zy=C'g "(jw) ", where C'y is the parame-
ter, which is proportional to the double layer capacitance,
j is the imaginary unit, e is the angular frequency, and n
is the CPE-exponent, which is directly related to the so-
called double layer frequency dispersion. R, and C, in
Fig. 3A denote the resistance and the capacitance of ad-
sorption of OER intermediates, respectively. Namely the
latter parameter is proposed for the assessment of the
electroactive surface area.

Fig. 3B schematically illustrates the origin of the ad-
sorption capacitance related to the OER intermediates
and explains predominant localization of these adsorbates
at the surface of the metal oxide electrode.

Fig. 4A and B show a typical impedance spectrum of
the NiO, electrodes at the reference potential of 1.6 V vs
RHE scale in 0.1 M KOH together with the fitting results
obtained by using the model shown in Fig. 3A in Nyquist
(Fig. 4A) and Bode (Fig. 4B) plots. As one can see from
the figure, the physical model shown in Fig. 3A fits the
data well, with normalized root-mean-square deviations

(A)

Fig.3. (A) The equivalent electric circuit used to analyze the
impedance data. Additionally to the uncompensated resistance
(R,). the charge-transfer resistance (R,,) and the impedance of
the double layer (Z,). this circuit contains the adsorption resist-
ance (R,) and capacitance (C,) to describe the contribution of
the reversibly adsorbed reaction intermediates to the impedance
response. (B) A simplified scetch explaining the origin of the ad-
sorption capacitance C,. *OH, *O and *OOH denote OER inter-
mediates where the redox transformations between them can be
quasi-reversible with reproducable relevant physico-chemical pa-
rameters at a given electrode potential. As these transformations
are surface limited. the adsorption capacitance is a parameter
which is very sensitive to the electroactive surface area of the
oxide electrodes.

www.electroanalysis.wiley-vch.de

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ELECTROANALYSIS
(A)
70
60 -
o 50
— 401
N 3p.
E Parameter Value Error [%]
- 204 R, 53.08 0 0.13
a ¢, 118 mFs™  0.51
104 n 0.60 047
R, 20490 5.89
D T C. 54.71 pF 2.00
R 567.65 Q) 4.61
-1 0 T T T .I T T T
50 60 70 80 90 100 110
ReZ/Q
(B)
130 - 35
120 l 50
1104 25D
D
o 100 203
= 90 0
N -15 3
— 804 - g
L0 5
70 . g
60 |
I -0
50 r ' ! '
1 10 100 1000 10000 100000
Frequency [ Hz

Fig.4. A typical impedance spectrum of the NiO, electrode in
0.1 M KOH at 1.6 V versus RHE scale in (A) Nyquist and (B)
Bode plots. Open symbols represent the measured data; the lines
show fitting results to the model shown in Fig. 3A. The inset in
(A) shows the values of the corresponding fitting parameters.

of less than 2% and low estimated individual parameter
uncertainties.

As it has been mentioned above, in total 51 independ-
ent measurements using 11 different films were done in
order to ensure the reproducibility of the values for the
adsorption capacitance, C,, at the selected conditions. The
following mean value and the standard deviation were
obtained:

C, (at 1.6 V RHE in 0.1 M KOH) = 300 + 99 mF cm 2

We suggest that in the particular case of NiO, films,
this value can be used as the reference value to estimate
the unknown electroactive area of “real-world™ high sur-
face area nickel oxy-hydroxide electrodes. Other conduct-
ing oxide materials can be benchmarked and assessed
similarly.

Electroanalysis 2016, 28, 2394-2399 2397
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Importantly, the estimated deviations from the mean
values in the case of NiO, films used in this work are in
the range of ~30%. approaching the best analogues in
the case of metal surface area estimation. We hypothesize
that the observed deviations in the case of the adsorption
capacitance of NiQO, are mainly due to differences in the
preferential surface structure and the exact surface and
subsurface composition of the oxy-hydroxide films from
deposition to deposition. Some similar structure-adsorp-
tion effects can be found in the case of Pt-electrodes,
where for the polycrystalline samples the cumulative
charge due to the adsorption of hydrogen atoms at (.5 to
0.05V vs RHE corresponds to ~210 pCem ™2, while for
the Pt(111) it corresponds to ~160 uCem ™, and for the
e.g. Cu-Pt(111) near-surface alloys with just submonolay-
er amounts of Cu, which are located only in the subsur-
face region, can be as low as ~80 pCem = [34]. Other
words, the proposed methodology unfortunately shares
common weaknesses with the ones typical for the classical
methods of the electroactive surface area determination
using surface limited adsorption reactions in case of
metals: it is sensitive to the exact surface structure and
small deviations in the surface/subsurface composition.

On the other hand, the proposed method is more accu-
rate than determination of the electroactive area using
BET (no direct connection, as explained above) and
through the assessment of the double layer capacitance.
One example comparing the proposed method with the
one which uses the assessment of the double layer capaci-
tance is given below. It is known that the parameter C'y
extracted from the CPE is proportional to the true
double layer capacitance. In some cases one can even es-
timate the real double layer capacitance [10]. However,
as one can see from the example given in Fig. 5, this pa-
rameter deviates significantly (by up to ~100%) from
sample to sample without a clear (according to the up-to-

70 -
60- B o
C,=279 pF cm e
o 501 ¢ =6 mFcm?™s™ &

C = 282 yF cm”
C',=12mF cm” g™

50 60 70 80 90 100 110
ReZ/Q

Fig.5. Examples of impedance data for two different electrodes
with almost the same amount of deposited NiO, (5% deviation)
and similar surface areas taken in 0.1 M KOH at 1.60 V. While
the values of the 'y parameters of the constant phase element
(CPE) are almost by a factor of two different, the adsorption ca-
pacitance C, demonstrates only slight deviation. Solid lines rep-
resent the results of the fitting to the model shown in Fig. 3A.
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date) reason, while the values of the C, for the same sam-
ples are very close to each other. This can probably be
explained with the fact that C, is more sensitive to the
surface properties only, while the measured apparent
“double layer capacitance” contains poorly predictable
contributions from the bulk properties of the NiO, films,
double layer frequency dispersion, possible contributions
from the space charge layers, non-separable from the
double layer response fast Faradaic contributions etc.

In summary, the methodology for a quick determina-
tion of the electroactive surface area of some oxide elec-
trodes is proposed. It is based on the fact that the OER
adsorbates manifest themselves through the adsorption
capacitance. The latter, being benchmarked at a low
OER overpotential for a model system, can be used to
assess the real electroactive surface area for the “real-
world” functional electrodes.
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ABSTRACT: Water electrolysis to produce hydrogen fuel is one of the most
important processes to optimize on the way to sustainable energy provision
schemes. Its efficiency in both alkaline and acidic media is drastically limited by
the sluggish kinetics of the oxygen evolution reaction (OER) taking place at the
anode side of modem electrolyzers. Numerous electrocatalysts have been
proposed recently to increase the activity of the anodes; most of them are
transition metal oxides and perovskite materials. However, the activities reported
in the literature for these electrodes are in the majority of cases measured at low
overpotentials, low or moderate current densities (often 10—50 mA cm3),
relatively diluted electrolytes (e.g, 0.1 M KOH), and room temperatures.
However, commercial electrolyzers operate at current densities that are at least 1

Benchmarking at high current densitiy

order of magnitude larger, elevated temperatures, and significantly higher pHs.

To enable new generation of electrocatalysts, it is important to evaluate their intrinsic activities under industrially relevant
conditions. This is not a trivial task, neither in industry nor in research laboratories, particularly due to (i) formation of a
nonconducting gas phase in the vicinity of the electrode under such conditions, (ii) limitations due to mass transfer and
uncompensated resistances, and (iii) problems in determination of the real electroactive electrode surface area. In this work,
with the use of microelectrodes, we evaluate intrinsic OER catalytic activities of several state-of-the-art nickel-, cobalt- and
nickel/iron-oxide /hydroxide thin films at different temperatures (up to 80 °C), in 54 M KOH and at current densities up to
several A cm™2. Additionally, Ni-modified Pt electrocatalysts for the hydrogen evolution reaction were also tested under similar

conditions and compared with pure Pt electrodes.

KEYWORDS: electrocatalysis, microelectrodes, oxygen evolution reaction, hydrogen evolution reaction, cobalt oxide, nickel oxide,

nickel iron oxide, nickel

1. INTRODUCTION

The increasing demand for energy supplies from renewable
sources requires efficient energy conversion and storage
concepts. The oxygen evolution reaction (OER) is essential
in many energy-related processes, for instance, in water
splitting to produce H, fuel. The sluggish reaction kinetics of
the OER can be improved by an appropriate choice of
electrocatalysts. However, the research on finding the most
active materials with optimum adsorption properties for OER
intermediates is still ongoing. On the way to identification of
ever better OER-electrocatalysts, the key verification procedure
is accurate experimental benchmarking of electrocatalysts,
which is often cmmplicated.]ﬂ A nonconducting gas phase
formed at the electrode leads to a periodic or stochastic
blockage of the surface active sites complicating evaluation and
comparison of intrinsic catalytic activities significantly. Addi-
tionally, it should be noted that common OER catalyst
materials are metal oxides, and for them, the electroactive
electrode surface area required to calculate the specific reaction
current densities is difficult to determine.” Further complica-
tions cause so-called uncompensated resistance, which depends
on electrode size, cell geometry, current densities, and other

VACS Publications = 2018 American Chemical Society

4196

parameters. In particular, for the common electrode sizes at
high current densities, the contribution of the potential drop
makes evaluation of the intrinsic activities very pmblemm‘.‘m.é'7
All this makes evaluation of the intrinsic activity under
industrially relevant conditions very rare in the literature.
However, it is at least of 2-fold importance giving key
information about not only activity but also stability under
relevant temperature, electrolyte compositions, current den-
sities, etc.

In industrial alkaline electrolyzers, electrolytes of 10—30 wt
9710 (approximately 1.8 to 54 M) KOH or NaOH are
commonly used. These electrolyzers usually operate at elevated
temperatures (40—90 °C)"" at current densities close to 0.4 A
em™% "% In research laboratories, in contrast, benchmarking for
OER electrocatalysts is mostly conducted at room temper-
atures, diluted electrolytes and relatively low current densities
close to 10 mA ecm™2'*'* In this work, three state-of-the-art
electrodeposited transition metal oxide-hydroxide electro-
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Figure 1. (A) Sketch of the electrochemical cell and (B) schematic representation of the microelectrodes used in this work.

catalysts, designated as NiO,, CoO,, and NiFeO, were
evaluated in 5.4 M KOH at different temperatures and current
densities up to several A cm™% Moreover, hydrogen evolution
reaction (HER) activity measurements of partially covered
with nickel platinum electrodes, which has been recently
reported to have superior HER activity in alkaline media,""®
were conducted. For the measurements, we utilized a special
type of Pt microelectrodes with a thick special glass coating
releasing a 25 ym diameter working electrode surface. Smooth
metal oxide films were electrochemically deposited on that
surface. The small size of the electrode suppresses gas phase
formation minimizing the surface active sites blockage and
addmunally eliminates the iR drop under high current
densities.”

2. EXPERIMENTAL SECTION

A VSP-300 (Bio-Logic, France) potentiostat was utilized for all
electrochemical measurements. A Hg/HgSO, electrode (Schott) and
a Pt wire/mesh (Goodfellow) were used as the reference (RE) and
counter electrodes (CE), respectively. However, all potentials are
referred to the RHE scale. Experiments were performed in a double
walled electrochemical cell, shown in Figure 1A, enabling thermal
control during experiments using a thermostat (Julabo, Germany).
Two polycrystalline Pt microelectrodes (Ch. Instruments, USA) with
diameter of 25 ym (see Figure 1) were used as substrates for the thin
film depositions. The OER activities showed only negligible
differences when measuring the same electrocatalyst film deposited
on different microelectrodes. Ar-saturated (Ar 5.0, Air Liquide,
Germany) 0.1 and 54 M KOH working electrolytes were prepared
using KOH (>85%, Griissing, Germany).

Nickel (hydro)oxide and cobalt (hydro)oxide films (denoted as
NiO, and Co0,) films were deposited as described by Tench et al.'”
NiFeO, deposition was performed as described by McCrory et al,'
using NiSO,6H,0, CoSO,6H,0, Na,SO,, NaOAc-6H,0, FeSO,-
6H,0, and (NH,),50, (all 99%, Sigma-Aldrich, Germany). In brief,
NiO, and CoO, films were anodically deposited onto the Pt-
microelectrodes (Figure 1B) using cyclic voltammetry (CV) scans.
For the deposition, the potential scan rate of 50 mVs ' and a potential
window from 0.95 to 1.86 V, and 0.95 to 1.76 V, for the nickel- and
cobalt-oxyhydroxide films, respectively, were used. The process can be
mughly sd'le.matlzed (as described by D. Tench and F. Warren'”) as

Met 5 wnett 2, Meo(OH)_Me(OH)Z.

The deposition was stopped when a total anodic charge of ~30 mC
em™ was reached.”

Nickel—iron oxy-hydroxide films (denoted as NiFeQ,) were
deposited cathodically, applying a constant current of —250 mA
em™ for 50s, whereas the microelectrode was immersed in the
deposition solution (9 mM FeSO,, 9 mM NiSO,, and 7.3 mM
(NH,),S0,). Table 1 summarizes the deposition procedure for all the
three OER catalysts. After film deposition, the electrodes were
carefully rinsed with ultrapure water.
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Table 1. Catalyst Materials and Their Deposition
Conditions

catalyst depaosition solution depasition conditions

NiO, 0.13 M NiSO,, 0.13 M anodic deposition, cycling
NaOAg and 0.1 M (50 mV/s) between 0.95 and
Na,S0, 1.86 V

Co0Q, 0.1 M CoSO,, 01 M anodic deposition, cycling
NaOAg, and 0.1 M (50 mV/s) between 0.95 and
Na,50, 176 V

NiFeO_ 9 mM FeSO,, 9 mM NiSO,, cathodic deposition,
and 7.3 mM (NH,),$0O, —250 mA em™

The OER activities of the thin films deposited on the micro-
electrodes were measured in 0.1 M at 25 °C and 54 M KOH at
temperatures of 25, 45, 60, and 80 °C. Subsequently the electrodes
were cleaned by cyding them in 0.1 M HCIO, (70% Suprapure,
Merck, Germany) until a stable CV of polycrystalline Pt was achieved,
before the next film was deposited.

For the HER experiments, the microelectrodes were initially
cleaned by cycling them in 0.1 M HCIO,. Nickel underpotential
deposition (UPD) was utilized to achieve a partial Ni-coverage.'"’
The deposition was performed in a solution containing 0.1 M H,SO,
(96% Suprapure, Merck, Germany) and 2.5 mM NiSO,. A potential
of 0.051 V was applied for 220 s. For the complete coverage with Ni,
the potential was set to —0.031 V for 25 s (after the UPD).

The surfaces of similarly prepared macroscopic electrodes were
characterized using atomic force microscopy (AFM) and X-ray
photoelectron spectroscopy (XPS) (substrates: Pt(pc) @ = 5 mm disc
electrode for AFM and Au(111) Arrandee chip for XPS). AFM (AFM
tips, Bruker RTESP-300) was performed in the tapping mode at
different spots to assess the film morphology, uniformity, and surface
roughness. A Multimode EC-STM/AFM instrument (Veeco Instru-
ments Inc.) with a Nanoscope IIID controller using the Nanoscope
5.31r1 software (AFM tips, Bruker RTESP-300) was utilized for this
work. XPS of the thin films was performed using a XR 50 (Specs,
Germany) X-ray source. The photoelectron energy was measured
with a hemispherical energy analyzer (Specs, Germany). The spectra
were taken using an Al Ko anode (148661 eV). An optical
microscope (Zeiss, Germany) was utilized for taking pictures of the
microelectrode tips.

3. RESULTS AND DISCUSSION

3.1. AFM and XPS Characterization. Evaluation of
electrocatalytic activity requires precise determination of the
electrode surface area. The AFM images and the surface profile
lines were used to evaluate the real surface area, which was
assumed to be close to the electroactive surface area. The AFM
images of the metal oxide thin films on polycrystalline Pt are
shown in Figure 2A—C. The surface profiles display a narrow
height distribution in the order of 10 nm for all three different
films. Roughness analysis shows that the specific surface areas
of the films are slightly larger than the cross-section of the
electrode. All metal oxide films tested in the work had the
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Figure 2. Examples of AFM images of the metal oxide electrocatalyst thin films: (A) NiO,, (B) CoO,, and (C) NiFeO,.

following roughness factor, @, Oy, & 1.25, Og,q, = 1.05, and
Ounireox ® 1.27. All current densities reported in this work were
normalized to the real surface area.

Figure 3 shows typical XPS patterns for the electrodeposited
thin films of the OER electrocatalysts. The shape of the XPS
spectra of the NiQ, thin film is shown in Figure 3A. It is well
comparable to spectra of nickel oxy-hydroxide films reported
by literature. The peak at the binding energy of 873.0 eV is
close to the Ni 2p, ,, peak positions of NiOOH (873.1 ev),*!
Ni(OH), (873.7 V), and NiO (873.8 eV).** Another peak
at the binding energy of 855.4 eV fits to the Ni 2p;y; geak
positions of NiIOOH (855.3 eV),”" Ni{OH), (855.0 eV),”and
of NiO (855.5 eV).” In the regime of OER, the surface of the
catalyst typically oxidizes to the Ni*" phase.

XPS spectra of the CoQ, thin film (Figure 3B) indicate the
presence of the Co(II) and the Co(III) phases. It features a
pronounced double py,, peak (780.4 and 782.8 eV) and a
corresponding sattelite at 787.8 eV. These values fit to those
reported by other groups for Co(OH), (~17%), CoOOH
(~59%), and Co;0, (~24%).”

The XPS spectra of NiFeO, film (Figure 3C) show Ni-peaks
(873.6 eV for 2p,;, and 855.7 eV for 2p,,,) in the vicinity of
those of the NiO, film. Additionally, a sharp peak at 852.7 eV
indicates the presence of metallic Ni.** Two peaks of Fe can be
found at around 724.9 eV, currespundin§ to the earlier
reported 2p,,, peaks of FeOOH and Fe,0;~* A pronounced
peak at 711.7 eV is the superposition of the 2p;/,, peaks of
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FeOOH, Fe,0,, and Fe,0,°° The smaller peak at 707.0 eV
indicates that a small amount of metallic Fe*' was deposited
too. However, it can be assumed that the metallic Fe oxidizes
under experimental conditions of OER. The ratio was
determined as ~70% and ~30% for nickel and iron,
respectively.

3.2. Electrocatalytic Activity Measurements. Figure
4A-C shows the anodic voltammetric scans characterizing the
OER activities of the three metal-oxide-based electrocatalysts
at various conditions. First, the electrocatalytic activity for the
OER of all three metal oxide films was tested at standard
laboratory conditions (0.1 M KOH and 25 °C). This is shown
using the black lines in Figure 4. The current depends on the
applied potential quasi-exponentially. This indicates that
diffusion is not the limiting factor under the selected
conditions. At ~1.75 V, the current densities of ~50 and
~120 mA cm™ are reached for NiO, (Figure 4A) and CoO,
(Figure 4B), respectively. The NiFeO, film yields a current
density of 150 mA cm™* already at the potential of ~1.65 V
(Figure 4C).

Afterward, these films were also tested in 5.4 M KOH at
temperatures of 25 °C (red lines), 45 °C (blue lines), 60 °C
(purple lines), and 80 °C (green lines). These conditions are
close to those used in industrial applications. As expected, the
current density increased with a higher concentration of the
KOH and also with increasing the temperatures. This
enhancement is caused by improved reaction kinetics, diffusion

DOI: 10.102 1/acsaem Bb0D8B5 2
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Figure 3. Typical XPS spectra of (A) NiO,, (B) CoO,, and (C)
NiFeO, thin film electrocatalysts.
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Figure 5. Comparison of the OER electrocatalytic activity of NiQ,,
NeFeO,, and CoO, in 54 M KOH at 60 °C.

rates, and reduction of Gibbs free enthalpy required for water
splitting reaction at higher temperatures.

Current densities of approximately 0.6 A ecm™, in the case of
NiO, and several A cm 2 for CoO,, and NiFeO, were reached
without noticeable noise influence. Remarkably, the current
does not reach a plateau in all the cases. That implies that the
mass transfer is probably not the major limiting factor under
these conditions. However, the Tafel-plot (inset of Figure 4D)
shows nonlinearities at all the potentials, meaning that a simple
extrapolation of data measured at lower current densities
would deviate distinctly from the actual activities. Therefore, it
is so important to perform the activity benchmarking also at
current densities and other conditions of real application.

The bubble formation commonly, but not always,* resulting
in the current noise was suppressed and not detected at current
densities smaller than 1 A ¢cm™% Although in alkaline media,
especially at high temperatures glass corrosion was reported

2
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Figure 4. Benchmarking the catalytic activity of (A) NiO,, (B) Co0Q,, and (C) NeFeO, in 0.1 and 54 M KOH electrolytes at different
temperatures as indicated in the figure. (D) Tafel plots of the curves presented in A for NiO,. All activities are normalized to the estimated surface

area.
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Figure 6. (A, B) Optical images of the microelectrodes after the OER experiments, where B shows an enlarged section of A. After the prolonged
experiments in the 5.4 M KOH solutions at 80 °C, no obvious traces of corrosion are observed.

Table 2. OER Activity Data Measured at Different Temperatures and Current Densities in 5.4 M KOH

catalyst T (°C) E oo ma en” (V) Egpmacn” (V) I v (mA cm™) I g5 v (mA em™) Ii75v (mA em™)
NiO, 257 1.772 £+ 0.003 08 £ 005 13 = 0.08 61 + 3.7
25 1.753 £+ 0.008 3+04 7.5 £ 09 95+ 12
45 1.712 + 0.002 5+02 19 + 0.7 186 + 6.5
60 1.683 + 0,001 11 £03 48 £ 12 262 + 66
80 1.639 + 0.0005 1.745 + 0.001 34 + 04 128 + L4 523 £ 57
CoO, 254 1.730 + 0.004 1.825 + 0.009 73 +£07 111 = L1 164 + 16
25 1.729 + 0.002 1779 + 0.002 8.6 + 05 1.1 £ 0.7 205 + 13
45 1.689 + 0.002 1.743 £+ 0.003 10.1 + 07 268 + 2.0 592 + 44
60 1.658 + 0.004 1.715 + 0.005 143 + 1.7 767 £9.5 1150 + 140
80 1.623 + 0.003 1707 £ 0.003 200 £ 1.5 92 + 69 1690 + 130
NiFeQ, 25¢ 1.654 + 0.001 16 + 09 90 + 54
25 1.633 + 0.003 22+ 28 211 £ 27
45 1.615 + 0.002 1.656 + 0.002 45 + 3.7 402 + 33
60 1.576 + 0.001 1.609 + 0.002 330 + 21 2054 + 133
80 1.553 £ 0.002 1.589 + 0.003 T 77
“0.1 M KOH (all the other measurements were performed in 5.4 M KOH).
(A) (B)
of 60°C _— | _ | 60°C
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Figure 7. (A) Comparison of the electro catalytic activity toward the HER of Pt, overpotential-deposited (Nigpp) and underpotential-deposited Ni
(Niypp) on Ptin Ar-saturated 5.4 M KOH at 60 °C. (B) Magnified part of the curves shown in A and corresponding to the lower overpotentials.

Table 3. HER Activity Data Measured in 5.4 M KOH (Ar saturated) at 60°C

catalyst Egsaem™ (mV) Eyp e (mV)

Pt —81.79 + 0.001 —209.03 £+ 0.003
Nigpp —43.82 + 0.003 —225.98 & 0.006
Niypp —54.01 + 0.006 —=219.10 + 0.011

Eg pen® (mV) Lyg0 my (mA am™) L0 my (mA em™)
321.11 + 0.002 =640 + 9 —1842 + 27
353.98 £ 0.005 —896 + 35 —1719 + 69
34393 + 0010 —842 + 67 —1783 + 142

3334 we could not observe

and investigated by different groups,
any evidence for a significant contribution of such a corrosion
process on our electrodes, as we were able to reproduce our

measurements without noticeable deviations.

The activities of the different electrocatalyst films (at the
equal conditions) follow the following trend: NiFeO, > CoO,
> NiO,, well in agreement with the literature data.*® In further
experiments, they are compared at the temperature of 60 °C
(see Figure S). For NiFeO,, the current at 60 °C can reach

4200 DOI: 10.1021/acsaem Bb00852
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~3.0 A cm™ at the potential ~1.63 V. The microelectrode
worked stably and reproducibly at all elevated temperatures.
Additionally, also the micrographs of a used (Figure 6)
microelectrode showed no evidence of significant glass
corrosion. Table 2 summarizes the OER activity data measured
in this work at different temperatures and current densities.

Additional to the OER experiments comparing Ni-, Co-, and
NiFe-oxy-hydroxides, we performed hydrogen evolution
experiments in the same electrolyte at 60 °C for 3 different
metal electrodes (see Figure 7). First, the clean polycrystalline
platinum microelectrode (red line), then the same electrode,
which was partially covered by underpotentially deposited Ni-
atomic layer (yellow line) and finally the Pt electrode with
higher coverage of Ni (blue line), which was achieved by
overpotential deposition.

Figure 7A characterizes the Pt microelectrodes in the regime
of the hydrogen evolution reaction at 60 °C in 5.4 M KOH. At
overpotentials less than 0.2 V, the Ni-covered electrodes seem
to outperform the plain Pt electrode (Figure 7B). This finding
is in agreement with the results from Markovic’s group for Ni
islands on Pt(lll).‘m However, at higher overpotentials the
trend seems to be inverse: at potentials below —0.2 V, Pt
displays the highest activity followed by Pt covered with lower
amount Ni (Niypp) and, finally, by the one with higher amount
of Ni (Nigpp).

At a current density of j = 10 A em ™ the difference of the
overpotential for nickel and Pt is AEjj 4 o = 0.03 V and
increases further for higher current densities. This transition at
approximately —0.2 V demonstrates again that a deduction of
activity trends at lower to higher current densities can be
misleading. In this experiment, HER current densities up to
100 A cm™ were reached without significant influence of mass
transport limitations and without the impact of bubble
formation, by the use of the microelectrodes. Table 3
summarizes the HER activity data measured in 54 M KOH
(Ar saturated.) at 60 °C.

B SUMMARY AND CONCLUSIONS

The intrinsic activities of three different transition metal oxide
catalysts toward OER at conditions relevant to industry were
determined, especially at high (>100 mA cm™) current
densities. Therefore, microelectrodes were utilized to minimize
several common experimental limits, such as mass transport
limitations and gas bubble formation. Additional elevation of
temperature and usage of high concentrated electrolytes (5.4
M KOH) allowed to test the intrinsic activity at current
densities typical and even exceeding those of state-of-the-art
aklaline electrolyzer anode catalysts. Nonlinearity in the Tafel
slopes at every point was observed, indicating that a simple
extrapolation of activities from lower to higher overpotentials is
often faulty. This points out the importance of measurements
for the determination of the real activity of the catalyst under
industrially relevant conditions. Further, we examined the
activity toward HER of electrochemically deposited Ni
submonolayer on Pt(pc) and compared the activity of it with
that of pure Pt(pc). Interestingly, at current densities lower
than ~1.5 A em™, it follows the already reported trend™ that
the presence of Ni islands on Pt electrode enhances the overall
activity. However, it turned out to be less active than bare
Pt(pc) at current densities higher than ~1.§ A em™.
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ABSTRACT: The oxygen evolution reaction (OER) is a key process for renewable
energy storage. However, developing non-noble metal OER electrocatalysts with high
activity, long durability and scalability remains a major challenge. Herein, high OER
activity and stability in alkaline solution were discovered for mixed nickel/cobalt
hydroxide electrocatalysts, which were derived in one-step procedure from oriented
surface-mounted metal—organic framework (SURMOF) thin films that had been
directly grown layer-by-layer on macro- and microelectrode substrates. The obtained
mass activity of ~2.5 mA~;tg_1 at the defined overpotential of 300 mV is 1 order of

magnitude higher than that of the benchmarked IrQ, electrocatalyst and at least 3.5
times higher than the mass activity of any state-of-the-art NiFe-, FeCoW-, or NiCo-based electrocatalysts reported in the
literature. The excellent morphology of the SURMOF-derived ultrathin electrocatalyst coating led to a high exposure of the

most active Ni- and Co-based sites.

M INTRODUCTION

Highly efficient electrocatalysis for water splitting and fuel cells
is one of the desired processes for sustainable and environ-
mentally clean energy conversion.' The oxygen evolution
reaction (OER), a half-cell reaction involved in water splitting,
is kinetically sluggish and typically requires high over-
potentials.” Earth-abundant transition metal oxide/hydroxide
materials (e.g, NiFeO,, Co,0,, and Ni/Co/Fe layered double
hydroxides) are considered some of the most viable electro-
catalysts for the OER and offer a broad parameter range for
optimization of their performance.”® Nevertheless, the poor
compatibility between certain components in such materials
impedes further improvement of their activity.”~ New
concepts for the scalable fabrication of high-performance
transition metal oxide/hydroxide electrocatalysts are required;
of these concepts, approaches inspired by structure—morphol-
ogy—property relations show the most promise.
Metal—organic frameworks (MOFs) have evoked great
interest due to their well-defined compositions, crystalline
structures, tunable coordination space and attractive potential
in manifold applications ranging from electronic devices,
water-harnessing technologies and catalysis, to name only a
few.'"~"" Current literatures related to MOF-derived electro-
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catalysts addresses synthesis schemes based on the controlled
pyrolysis of MOFs and/or MOF-containing composites. " '*
Typically, such MOF-derived materials are obtained as bulk
phase powders, which are then studied as multifunctional
electrocatalysts. Despite some fascinating reports, approaches
based on the pyrolysis of MOF powders challenge the precise
control of the catalyst morphology and the coordination
environment of the active metal centers. In contrast, the
exfoliation of MOFs as nanosheets can lead to control of the
morphology of the electrocatalyst and improve the OER
performance.'” For example, a nanosheet-like MOF with the
empirical formula [M(BDC)] (M = divalent cation, ie., Ni**,
Co™; BDC = 14-benzenedicarboxylate, a divalent linker
anion) has shown OER activity of 045 mA-ug™ at an
overpotential of 300 mV.” Nevertheless, such kinds of MOF
nanosheets require additional binder-assisted film coating or
casting procedures when the electrodes are fabricated; in tum,
active sites may be buried and shielded in the catalyst bulk
phase, by the binder agents for example, decreasing the mass
activity. M
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A certain class of MOF thin films called surface-mounted
MOFs (SURMOFs) are grown by a quasi-epitaxial, ideally self-
terminated stepwise layer-by-layer (LBL) deposition method
that allows for the controlled growth of MOF nanostructures
with preferred crystallite orientations, precise film thickness
and distinct morphologies.”*" Inspired by the opportunities in
controlling the spatial distribution of components at the
molecular level through the fabrication of SURMOFs, we here
compare a mixed-metal [M(BDC)] SURMOF (M = Ni**,
Co**) to the related exfoliated [M(BDC)] nanosheets as
electrocatalysts for OER. After preparation of the SURMOF by
using the well-established LBL deposition directly at the
electrode substrate, the electrocatalytically active coating is
formed upon immersion of the initial SURMOF into alkaline
electrolyte solution. Our SURMOF-derived materials, denoted
SURMOEDs, exhibit an outstanding performance, with OER
mass activity approximately 3.5 times higher than that of any
state-of-the-art NiFe-, FeCoW-, or NiCo-based electrocatalyst,
including the [M(BDC)] nanosheets. Their excellent dura-
bility at a current density of 500 mA-cm™" for at least 100 h
and high faradaic efficiency (~99.4%) demonstrate the
significance of these SURMOFDs for potential industrial
applications, Our SURMOFDs demonstrate the importance of
molecular control over the spatial distribution of active species
and pave a new avenue for the fabrication of high-performance
OER electrocatalysts.

B EXPERIMENTAL SECTION

Chemicals. NiCl,-6H,0 (99.3%, metal basis) was purchased from
Alfa Aesar. CoCl,-6H,0 (98%) was purchased from Gute Chemie-
aber. Benzenedicarboxylic acid (H,BDC), NiSO,-6H,0, CoSO,-
6H,0, Na,50,, NaOAc-6H,0, FeSO,-6H,0, and (NH,),S0, were
purchased from Sigma-Aldrich. Ethanol absolute (99.8%) and
triethylamine (TEA) were purchased from VWR and Acros,
respectively. Sodium hydroxide (99.996%) was purchased from Alfa
Aesar. Potassium hydroxide (KOH, >99% K', Merck or 85% KOH
Griissing) was purchased from VWR (Germany). All chemicals were
used as purchased. Ultrapure water (18.2 MQ cm) was obtained from
the Millipore System.

Liquid Phase Epitaxy Layer-by-Layer Preparation of [M-
(BDC] SURMOFs. A gold electrode was initially modified with 16-
mercaptohexadecanoic acid (MHDA) SAMs to facilitate nucleation
and induce SURMOF growth toward a specific orientation. MHDA
SAMs (denoted as carboxyl-terminated SAMs) were fabricated
following standard procedures using commercially available quartz
crystal microbalance (QCM) Au substrates (Biolin Scientific).
Carboxyl-terminated SAMs were prepared by the immersion of
these gold substrates into a 20 uM solution of MHDA in ethanol/
acetic acid (5%). After incubation for 24 h, the substrates were
washed with an ethanol/acetic acid solution (10%) and soaked in 2%
triethylamine (Et,N)/ethanol solution for 5 min before being used for
the following deposition experiments. Then, metal (M = Ni*', Co*")
and ligand (BDC) components were applied as diluted solutions in
ethanol/water (v/v = 17:1). For example, a mixture of NiCl,-6H,0
(0.5 mM) and CoCl,:6H,O (0.5 mM) was chosen as the metal
source, while H,BDC (0.2 mM) in 0.3 mL Et;N was chosen as the
linker source. SURMOFs were grown on an automated QCM
instrument Q-Sense E4 Auto® at 60 °C with a flow rate of 100 yL-
min~", Initially, the MHDA-treated substrates were exposed to the
metal-ion-containing solution for 10 min, followed by a washing step
with ethanol (for 2 min) to remove the unstable metal ions.
Afterward, the electrode was exposed to the linker solution for 10
min, again followed by a washing step with ethanol to remove
unstably attached linkers. For each additional cycle, both steps are
repeated. [M(BDC)] SURMOFs made with different molar ratios of
Ni*':Co*" were deposited according to the recipes compiled in Table
§5. The SURMOFs on a microelectrode (Pt) and an RRDE (Pt) were
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fabricated by automatic home-built, step-by-step deposition pump
systems.zs‘“ The metal sources, ethanol, and organic linkers were
soaked in pump system cells for 10, 2, and 10 min, respectively. For
example, a 60 cycle SURMOF was deposited on an RRDE for further
study. The Au and Pt microelectrodes used in this work can be easily
modified with self-assembled organic monolayers (SAMs), which is
beneficial for initiation of nucleation and oriented growth of
SURMOFs. The Au coated quartz crystal electrodes allow the
monitoring of the SURMOF growth process and, at the same time,
allow the electrochemical characterization of the SURMOFDs. For
practical applications, however, the described electrocatalyst fabrica-
tion concept will be limited not to these special substrates.

Preparation of NiOx, CoOx, and NiFeOx Reference Samples.
The metal (hydro)oxide films were electrodeposited on the
microelectrodes as described elsewhere.”” For NiQO, the electrode
was cycled in a solution containing 0.13 M NiSO,, 0.13 M NaOAc,
and Na,SO; between 095 and 1.86 V. The CoOx films were
produced similarly by cycling the potential between 0.95 and 1.76 V
in CoSO, 0.1 M NaOAc and 0.1 M Na,50O,. In both cases, the scan
rate was 50 mV/s, and the deposition was stopped after reaching a
total anodic charge of ~30 mC cm™. NiFeOQ, films were deposited via
cathodic deposition by applying 250 mAcm™ for 50 s while the
electrode was immersed in the electrolyte containing 9 mM FeSO,, 9
mM NiSO,, and 7.3 mM (NH,),S0,

Electrochemical Measurements. Electrochemical evaluation of
the as-prepared catalysts was carried out using a typical three-
electrode system. The as-prepared SURMOFs were directly used as
working electrodes without further activation. However, as discussed
in the paper, the as-prepared SURMOFs transform to the
SURMOFDs upon immersion into the electrolyte. Pt wire
(>9999%, Goodfellow, Germany) was used as the counter electrode.
Measurements with SURMOFDs on Au quartz were performed on
Autolab potentiostats with a reversible hydrogen electrode (RHE) as
the reference electrode and 0.1 M NaOH as the electrolyte.
Measurements with SURMOFDs on Pt (pc, polycrystalline) micro-
electrodes (CH Instruments, USA) and a Pt (pc) (Mateck, Germany)
RRDE (Pine, USA) were performed on a VSP-300 potentiostat (Bio-
Logic, France) using Ag/AgCl (Schott, Germany) and a platinum
wire (99.99%, Goodfellow, Germany) as reference and counter
electrodes, respectively. In addition, 0.1 M KOH was used as the
electrolyte and saturated with either argon (5.0, Air Liquide,
Germany) or oxygen (4.7 Air Liquide, Germany). All potentials in
this work were converted to the RHE scale. The mass of SURMOFDs
on Au quartz substrates was directly measured by using BEL-QCM
equipment (Table 52), and the currents were normalized to this
catalyst mass (SURMOFD before the OER measurements). It was
difficult to measure the mass of catalysts on the surface of
microelectrodes. The currents in the case of microelectrode substrates
were normalized to the electrode geometric surface area. All the
experiments in this work were performed without IR ohmic drop
compensation. The data were acquired after 20 electrochemical
cycling on the catalysts. The electron transfer number (u) was
determined according to the equation:mw

n = 4L/ (Iy + L/N)

where I is the disk current, I, is the ring current, and N is the current
collection efficiency.

X-ray Diffraction Analysis. Grazing incidence X-ray diffraction
(GIXRD) was carried out on an X'Pert PRO PANanalytical
instrument (Bragg—Brentano geometry with fixed divergence slits,
position sensitive detector, continuous mode, room temperature,
CuKa radiation, Ni filter, range 26 = 5—35° step size 0.01313°,
accumulation time 160 s per step). The powder XRD (PXRD) data of
powders were collected on a zero background silicon wafer.

Infrared Spectra, Scanning Electron Microscopy, and
Atomic Force Microscope Image Analysis. Attenuated total
reflectance infrared (ATR-IR) spectra of samples were collected on a
PerkinElmer instrument with an ATR sampling accessory. The ATR
cell was made of diamond crystal with an incidence angle of 45°.
Scanning electron microscopy (SEM) images were collected using an
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FE-SEM JSM 7500F JEOL instrument. Atomic force microscopy
(AFM) images were obtained with a MultiMode STM/EC-AFM
instrument (Veeco Instruments Inc.) with a Nanoscope ILID
controller using Nanoscope 531rl software. AFM measurements
utilized tapping mode (AFM tips, Bruker RTESP-300) at a scan rate
of 0.5 Hz with a scan area of 2 ym X 2 ym.

X-ray Photoelectron Spectroscopy (XPS) Analysis. XPS was
conducted with an Axis Supra system (Kratos, UK) using
monochromatic Al Ka radiation (hv = 1486.6 eV) at a base pressure
of <3 % 107® Torr, a pass energy of 20 eV, and a measured spot size of
800 X 300 um®. Samples were mounted floating, and the instrument’s
charge neutralizer was applied. The obtained spectra were processed
and fitted using Kratos ESCApe software (version 1.1). Binding
energies were corrected based on the C—C/C—H peak of
adventitious carbon at 284.8 eV in the C Is spectrum. A mixture of
30% Lorentzian and 70% Gaussian functions was used for the least-
squares curve fitting procedure utilizing a Shirley background
subtraction.

Bl RESULTS AND DISCUSSION

Preparation and Characterization of SURMOFDs. The
preparation of [M(BDC)] SURMOF (M = Ni*, Co®) is
illustrated in Figure 1. Carboxylate-terminated SAM-modified
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Figure 1. Approach used to synthesize the [M(BDC)] SURMOF
directly at the electrode substrate. (M = Ni*', Co*'; BDC, 1,4
benzenedicarboxylate; MHDA, 16-mercaptohexadecanoic acid.)

gold surfaces allow for an oriented growth of the
SURMOFs.”" ™" Typically, the parent SURMOF was
deposited using the stepwise LBL method by first soaking
the gold electrode (functionalized by SAMs of 16-mercapto-
hexadecanoic acid, MHDA) in a solution with both Ni** and
Co™ ions (e.g, a Ni/Co molar ratio of 1:1), then soaking it in
ethanol wash solution and finally in H,BDC solution, with
repetition of the whole cycle as desired (Figure S1). Grazing
incidence X-ray diffraction (GIXRD) confirmed [M{BDC)]
that was a single phase and a preferred growth orientation
along the [200] direction (Figure 2a). Attenuated total
reflection infrared (ATR-IR) spectra of the films are in good
agreement with the ATR-IR spectra reported for the parent
bulk MOF (Figure S2). SEM images and AFM images revealed
that the obtained [200]-oriented SURMOFs (10, 30, and 50
deposition cycles) exhibited a uniform morphology composed
of vertically aligned ultrathin [M(BDC)] nanosheets (Figure
3).

The as-prepared SURMOFs were subsequently transformed
into electrocatalyst coatings denoted as SURMOFDs by
immersing them in KOH aqueous solution (0.1 mol-171) at
room temperature for different times (Figure 4). The
characteristic GIXRD peaks of the SURMOFs already
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Figure 2. Grazing incidence X-ray diffraction patterns: (a) SURMOF;
(b) SURMOF derived materials (SURMOFDs).

Figure 3. (a—c) SEM images and (d—f) AFM images of LBL
deposited [M(BDC)] SURMOFs (M = Ni*, Co*', molar ratio of
Ni:Co = 1:1) with variation of the number of deposition cycles: (a)
10 cycles; (b) 30 cycles; (c) S0 cycles. AFM: (d) 10 cycles; (e) 30
cycles; (f) S0 cycles. Note that z-axes in (d)—(f) are given in nm.

\ {

_
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Figure 4. Transformation of the mixed metal ion [M(BDC)]
SURMOF (M = Ni*', Co*] into SURMOF derivatives (SUR-
MOFDs) upon immersing the films to the electrolyte (KOH).

disappeared when immersing them into KOH aqueous
solution for a short period of 2 min. Only two broad features
remained for the obtained SURMOFDs, suggesting the
presence of Ni{OH), and Co{OH), and/or some mixed
metal hydroxide phase when our pattern was compared with
the literature data. However, an unambiguous assignment and
structure determination was not possible (Figures 2b, S3, and
§4).33735 Prolonged immersion or variation of the KOH
concentration did not give different results. Energy dispersive
X-ray spectroscopy (EDS) spectra show that the SURMOFDs
have a Ni/Co ratio similar to the Ni/Co feeding ratio during
growth of the precursor SURMOF (Figure S5). EDS mapping
indicates that Ni and Co were homogeneously distributed, and
XPS revealed characteristic signals for Ni 2p,, at 856.2 eV and
Co 2py, at 780.9 eV which are similar (within the accuracy of
the measurement of £0.2 eV) to the respective signals of
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SURMOF and the [M(BDC)] nanosheets (Figure S6¢,d and
Table S1). ATR-IR and XPS revealed the presence of BDC
and hydroxide in SURMOFDs. Peaks at 1581 and 1414 cm™
(1581 and 1356 cm™' in SURMOF) are attributed to the
asymmetric and symmetric stretching vibration of the
carboxylate group, respectively. Peaks at 3,413 cm™" attributed
to the vibration of O—H. (Figure §7).7¢7* XPS data show a
shift in the O 1s binding energy from 531.7 to $31.3 eV
(Figure S6a,b and Table S1), suggesting that the metal-
carboxylate coordination bond has been slightly modified.
Furthermore, the C 1s signal of the carboxylate O—C=0 at
288.06 eV was still observed. The combined data of GIXRD,
ATR-IR and XPS indicate the formation of a nanocrystalline to
amorphous mixed metal hydroxide material with some BDC
still present in the structure.” ™' This situation could be
related to layered double hydroxides (LDHs, e.g., MgAl-LDHs
and NiCo-LDHs), which can intercalate organic linkers and
thus may contribute to the enhancement of the electron/ion/
mass transport of the SURMOFD electrode.”"”
Morphological and Compositional Study of SUR-
MOFDs. The morphology of the SURMOFDs were
investigated as a function of the number of deposition cycles
in the LBL approach. Some representative SEM and AFM
images are shown in Figure 5. Increasing the number of

10 cycles b 30 c 50 eycles

Y: 2.0 pm

Figure 5. (a—c) SEM images and (d—f) corresponding AFM images
of SURMOFD electrocatalysts derived from the mixed metal
[M(BDC)] SURMOFs (M = Ni*', Co®, molar ratio Ni:Co = 1:1)
created with various numbers of deposition cycles, as shown in Figure
3. SEM: (a) 10 cycles; (b) 30 cydles; (c) S0 cycles. AFM: (d) 10
cycles; (e) 30 cycles; (f) SO cycles. Note that z-axes in (d)—(f) are
given in nm.

deposition cycles makes the SURMOF dense and more
uniform. (Figure 3) The number of SURMOF deposition
cycles also correlates with the thickness (AFM data) of the
SURMOEFDs, which ranges from ~3$ nm (10 cycles) to ~120
nm (30 cycles) and ~350 nm (50 cycles) (Figures 5d—f and
$8). Therefore, by carefully adjusting the growth conditions of
the SURMOFs, the surface coverage, morphology, and film
thickness of the SURMOFDs can be controlled. For the
electrocatalytic OER performance, a balance between coverage,
thickness and access to catalytically active sites presumably
plays the major role, and further optimization is possible by the
outlined approach.

Electrocatalytic Activity of SURMOFDs toward the
Oxygen Evolution Reaction (OER). The series of
SURMOFDs based on different numbers of SURMOF
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deposition cycles exhibits all the properties for high catalytic
activity in the OER and has accordingly been tested. Initially, a
conventional cell with a three-electrode configuration was used
to test the OER activity in an alkaline electrolyte (pH = 13, O,
saturated). SURMOFDs were deposited at electrochemically
inactive electrodes (Au-based macroelectrode, Pt-based micro-
electrode). The linear polarization curves of SURMOFDs are
shown in Figure 6a and reveal excellent OER activities. A
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Figure 6. (a) Comparison of the anodic linear polarization scans of
SURMOFD (50 cycles), SAMs on Au and the bare Au macro-
electrode. (b) Comparison of mass activity-normalized anodic
currents of SURMOFDs made with different numbers of deposition
cycles on the SAM-modified Au macroelectrode. The linear
polarization curves in (a) and (b) were recorded in 0.1 M O,-
saturated NaOH with a scan rate of 20 mV-s™' at 25 °C. (c)
Comparison of the OER mass activities of 10 cycles of SURMOFD
(molar ratio Ni:Co = 1:1) with benchmarked data of MOFs (1-3)
and transition metal oxide materials (4—13) published within the last
two years (at an overpotential of 300 mV, 25 °C, O,-saturated alkaline
electrolytes): (1) Fe;—Co,,"" (2) [M(BDC})] nanosheets (M = Ni?',
Co™)," (3) M-MIL-53 (M = Co, Mn),"”* (4) G-FeCoW,” (5) a-
CoVOn'w.(é) Fe—Co=P,*" (7) Ni=Fe—0 mesoporous nanowire
network,” (8) CoFe;0,/C,”" (9) NiFe-LDH*,** (10)
Bay 55t sCog g Feg> 055" (11) 1r0,,* (12) NaNiggFe, 0, (13)
Co,0,/CoP"" (asterisk (*) indicates experiments carried out under
N,; for more details on the chemical nature of the catalysts, please
refer to Table 53).

pronounced oxidation peak was observed between 1.1 V vs
RHE and 1.3 vs RHE. This peak can be ascribed to the Co™/
Co** redox couple.”*"* As shown in Figure 6a, the 50 cycle
SURMOFD had a mass activity of ~0.8 mA~,ug’1 (see the
measured mass of deposited SURMOFDs in Table S2) at an
overpotential of 300 mV (compared to the thermodynamic
equilibrium potential of 1.23 V vs RHE). This mass activity is
significantly higher than the mass activity benchmarked for all
the other state-of-the-art transition metal and even noble metal
catalysts. (Tables S3 and S4) Interestingly, the OER mass
activity can be tuned and further improved by varying the
thickness and morphology of the thin films via changing the
number of deposition cycles together with the Ni/Co feeding
ratios (Figures 6b and S9—S11). The reason is ascribed that Ni
and Co species have an electronic coupling to each other and
will synergistically affect the OER performance.”* The mass
activity increased from ~0.8 mA-ug~" to ~2.3 at overpotential
of 300 mV when the number of deposition cycles is decreased
to 30. For a deposition of only 10 cycles, the SURMOFD

DOI: 10.1021/jacs 9b0D549
A Am. Chem. Soc. 2019, 147, 59265933



Journal of the American Chemical Society

exhibited a mass activity of ~2.5 mA-ug™". This value is ~9
times higher than that of the benchmarked IrO, electro-
catalyst™ and at least 3.5 times higher than any state-of-the-art
NiFe-, FeCoW-, or NiCo-based electrocatalysts reported in the
literature (Figure 6¢c and Tables S3 and S4). The increase in
mass activity with the decrease in deposition cycles is due to
the controlled decrease in the SURMOFD thickness, which
enhances the electron/mass transport and increases the density
of accessible active sites.’®

To reduce the effects of ohmic drop as well as the generation
of nonconducting gas bubbles,*® microelectrodes (@ = 25 um,
Pt) were employed as a substrate to evaluate the OER activities
of the SURMOFDs. At the same time, this approach allows
studying the OER at high current densities (j), which is
relevant for reallife applications (j > 100 mA-cm™2). (Figures
§12-514).>° The current densities of the SURMOFDs
deposited on the microelectrode were normalized to the
geometric surface area, as the exact determination of the mass
deposited on the microelectrode was not possible. The
determination of the electrochemical surfice area (ECSA)
with state-of-the-art methods is very inaccurate.”””” As shown
in Figure 7a, the SURMOFDs have a low onset potential of

a ) b .
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Figure 7. (a,b) Polarization curves of a series of SURMOFDs (molar
ratio Ni:Co = 1:1) made with 30, 60, and 90 cycles (C) and deposited
on Pt microelectrodes, in comparison with the corresponding curves
from state-of-the-art CoO,, NiO,, and NiFeO, catalysts fabricated on
the same substrate. The experiments were performed in 0.1 M KOH
(0, saturated) with a scan rate of 1 mV/s at (a) 25 °C and (b) at 80
°C. (c) Rotating ring-disk electrode (RRDE) measurement of
SURMOFD (60 cycles) in 0.1 M KOH (Ar-saturated) at 25 °C
and 300 rpm (arrows indicate the scan direction). (d) Galvanostatic
experiment at 500 mA-cm™ with 90 cycles SURMOFD on a Pt
microelectrode in 5.4 M KOH (O,-saturated) at 25 °C. The samples
exhibit good chemical stability during operation.

~147 V vs RHE (90 cycles) and ~1.61 V vs RHE (60 cycles)
at a current density of 200 mA-cm™?, thus outperforming state-
of-the art industrially relevant OER electrocatalysts, such as
CoO,, NiO, and NiFeO,. When the temperature was increased
from room temperature to 80 °C, the current densities of the
SURMOFDs increased by a factor of 2 at a potential of 1.6 V
vs RHE. These currents are significantly higher than those
measured for the state-of-the-art OER catalysts at the same
potential (Figure 7b).

The Tafel slope of 73 mV-dec™ for 90 cycles SURMOED,
which is smaller than that of IrO,/C (97 mV-dec'),”
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indicates that the second electron transfer is the rate-limiting
step for the SURMOFD catalysts (eq S2, Figure SIS).
Generally, the OER involves four electron transfer steps with
a Tafel slope value in the range of 30—120 mV-dec™, which
indicates that the first or the second step of electron transfer is
the rate-determining step”™ (eqs $2—85). Thus, the
SURMOPFDs feature favorable kinetics toward the OER,
which is attributed to their specific composition and
morphology.

Investigations of SURMOFDs for the OER Using a
Rotating Ring-Disk Electrode (RRDE). Oxygen produced at
a disk electrode can be reduced and detected at the Pt ring
electrode surrounding the disk (Figure S16). Therefore, the
potential of the ring was fixed to 0.7 V vs RHE, and the
electrolyte was saturated with argon while the potential of the
SURMOFD-coated Pt(pc) electrode was cycled. As shown in
Figure 7c¢, the OER current can be detected at the ring
electrode as soon as the potential of the disk exceeds 1.48 V vs
RHE. To prove that the recorded disk current originates from
oxygen evolution at the catalyst site rather than from partially
oxidized species, a constant potential of 0.2 V was applied to
the Pt ring, allowing Pt to reduce possibly produced partially
oxidized species, such as H,O, (Figure S17). However, the Pt
ring showed a negligible current before the potential of the disk
reached 1.48 V vs RHE when a voltage of 0.2 V vs RHE was
applied to it, suggesting that there are no side reactions, that no
partially oxidized species contributed to the total current
measured and that the great majority of the current is indeed
caused by the OER. As shown in Figure 518, a negligible ring
current can also be observed when a potential of 1.5 V vs RHE
was applied to the Pt ring, and the potential of the disk was
0.9-1.685 V vs RHE in O,-saturated 0.1 M KOH. A high
faradaic efficiency of ~99.4% was measured for SURMOFDs
for the OER (Figure 519). These results demonstrate that the
pathway for the OER was a desirable four-electron reaction (eq
S1).

Catalyst lifetime is an important factor for electrocatalysis
and its practical application in energy conversion and storage
systems. A chronopotentiometry response experiment was
carried out using SURMOFDs on microelectrodes to
investigate the long-term stability of our catalyst thin film.
We used microelectrodes because they can suppress gas bubble
formation on the electrode surface and decrease the ohmic
drop at high current densities. The potential of the
SURMOFDs immersed in 54 M KOH remained almost
unchanged over 100 h at a current density of 0.5 A-cm™,
which is relevant for their industrial application (Figures 7d
and $20), outperforming the state-of-the-art oxide material
electrocatalysts under similar harsh conditions, which are
stable to just 540 s’ These results indicate that the
SURMOEFDs have excellent stability as OER catalysts during
operation. The comparison of GIXRD patterns, ATR IR
spectra, and SEM images of SURMOFDs before and after
OER experiment show only small changes (Figures 521 and
$22). These changes can be ascribed to leaching of BDC® and
a slight loss of SURMOFDs from the electrodes (Table 52).
These data suggest that overall composition and morphology
of SURMOEFDs are sustained after the long-term OER test.

B CONCLUSIONS

In summary, we developed a versatile strategy as well as a facile
and potentially scalable methodology to generate mixed metal
hydroxide electrocatalysts with outstanding OER mass activity
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and prominent durability compared to state-of-the-art and
industrially relevant OER electrocatalysts, including IrO,. The
protocol for the fabrication of novel electrode materials is
based on an alkaline derivation of prefabricated SURMOFs
obtained by highly controlled liquid phase epitaxial layer-by-
layer growth under ambient conditions. Our approach seems
to maximize the density and accessibility of active sites, leading
to the observed excellent electrocatalytic properties. Based on
the analysis of SURMOFDs by GIXRD, XPS, and ATR-IR, we
attribute the performance of our SURMOFDs to the mixed
metal Ni and Co configuration of the double hydroxide sheets
and its tuning via inclusion of the BDC linker. At this point, we
highlight the fact that our mixed metal [M(BDC)] SURMOFs
are structurally closely related to the [M(BDC)] nanosheets
mentioned in the introduction. The electrocatalyst fabricated
from the nanosheets was reported to be stable under alkaline
conditions. In contrast, our [M(BDC)] SURMOF is not stable
under alkaline conditions; however, the obtained SURMOFD
electrocatalyst coatings outperform the [M(BDC)] nanosheet
based OER catalyst. The stability of the parent MOF material
itself under OER conditions seems to be less important than its
function as a precursor for the formation of ultrathin mixed
metal hydroxide organic composites directly on the electrode
substrate. Considering the striking performance of SUR-
MOFDs, with their high OER activity, the presented approach
paves the way not only for producing next-generation highly
active electrocatalysts but also for systematically studying the
origin of these properties. This advancement specifically takes
advantage of the well-controlled deposition of MOF films,
which act as versatile platforms for the derivation of active
electrocatalyst structures.
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ABSTRACT: The hydrogen evolution reaction (HER) is of 4
paramount importance for both fundamental and applied
electrocatalysis. However, many issues related to under-
standing of this reaction remain unclear. These, for instance,
include a surprising pH dependence of the electrode activities
and non-Tafel dependency of the HER-associated current for
various electrocatalysts. Even the dominating mechanism for ole-o® e e f
this reaction at different potentials is often difficult to reveal. 009 E"?QD;HE'D,'? 0.00 00 “é"f,i RHEJ]U 3 0.0

In this article, we use electrochemical impedance spectroscopy

to estimate the relative contribution of the Volmer—Heyrovsky and Volmer—Tafel pathways to the overall hydrogen evolution
process at polycrystalline Pt electrodes at pH = 0, 1, and 2 as a function of the electrode potential. Pt microelectrodes were used
to facilitate impedance measurements at high current densities (up to ~1 A-cm™ in 1 M HCIO,) and to overcome common
complications due to the fast kinetics of this reaction. Our results show that it is possible to distinguish different reaction
pathways experimentally at each electrode potential using impedance measurements and demonstrate that the relative
contributions of the Volmer—Heyrovsky and Volmer—Tafel pathways are in most cases comparable. Both mechanisms
contribute differently to the total current at different electrode potentials, and none of them can be considered as absolutely
dominating at a given complex Pt surface. These findings can be particularly used for elaboration of theoretical models and
interpretation of non-Tafel behavior of polarization HER curves in acidic media.

H,-saturated *
electrolytes pH=2/1

} . 4

":}iéiﬁ ¥

pH=0

o VST mACT

BEmAcm?

L1 mAem

Log (| j|) / mA cm?

H,-saturated HCIO,

KEYWORDS: electrocatalysis, microelectrodes, hydrogen evolution reaction mechanism, polycrystalline platinum,
electrochemical impedance spectroscopy

1. INTRODUCTION the times of the “beginning of electrochemistry”, their
The hydrogen evolution reaction (HER) has attracted experimental distinguishability is difficult. Recently, there were
considerable attention due to its importance for the schemes significant efforts to overcome the situation and provide a more
of the provision of so-called renewable energy.' ™ At the same comprehensive picture of the reaction both from theoretical and
time, this reaction is an important model electrocatalytic process experimental points of view; see e.g, refs 13—15. Nevertheless,
to gain better understanding of electrocatalysis itself, e.g., to find the choice of methods remains largely limited.

clearer links between the electrode structure/composition and Electrochemical impedance spectroscopy is probably one of a
the resulting activity.”” While it can also be recognized as the few choices nowadays to provide in situ experimental data on the
most studied electrocatalytic reaction, numerous important HER under various conditions. Initial successful attempts to

issues remain uncertain even for platinum-based electrodes,
which demonstrate the highest activities toward the HER."
Among those issues, one can mention an unusual pH
dependence of the electrode activities,” non-Tafel depend-
ences of the polarization curves within wide potential ranges for
various electrodes,"” uncertainties in the nature of the catalytic
centers,'’ or adsorbate—adsorbate interactions, which compli-

apply this method to investigate mechanisms of hydrogen
evolution in more detail were undertaken by Conway et al. more
than 2 decades ago.'”"” However, the kinetics of this process as
well as hydrogen underpotential adsorption/desorption'®
enabled their detailed quantitative analysis only in some

particular cases of high-index single crystals of platinum group
19,20

2, . . 18
cate the overall reaction analysis.'” metals " and relatively high pH values.
The origin of the above-mentioned issues is largely due to
experimental and methodological difficulties in investigating the Received: August 22, 2018
HER. While the mechanisms of this reaction were proposed at Published: August 28, 2018
ACS Publications  © 2018 American Chemical Society 9456 DOI: 10,102 1/acscatal 8b03365
7 ACS Caral. 2018, 8, 9456-9452

167



168

ACS Catalysis

Research Article

A powerful approach to further overcome experimental
challenges associated with the HER kinetics and mechanisms
is to use microelectrodes; among others, they offer an
opportunity to minimize the influence of the nonconductive
phase formation or effectively resolve constituents of fast
electrode processes. The benefit of performing fundamental
electrocatalytic measurements including microelectrodes re-
lated to the hydrogen-involved reactions was recognized
decades ago (see e.g, ref. 21), and impedance measurements,
particularly using microelectrodes, recently provided new
insights into the electrochemical interface properties (see, e.g.,
refs 22—29 and references therein).

In this work, we aimed at answering the following
fundamental and methodological electrocatalytic questions
related to HER on Pt electrodes: (i) is it possible to resolve
commonly accepted mechanisms of hydrogen evolution at Pt
microelectrodes using electrochemical impedance spectroscopy
at different electrode potentials in acidic media; (ii) if the latter is
possible, what are the relative contributions of the Volmer—
Heyrovsky and Volmer—Tafel pathways to the overall reaction
kinetics at different potentials and pH values; (iii) at higher
current densities, which are important for practical applications,
does one of the mechanisms become dominating?

2. EXPERIMENTAL SECTION

A Hg/HgSO, electrode (Schott, Germany) and a Pt wire/mesh
(99.9%, Goodfellow, Germany) were used as the reference (RE)
and counter electrodes (CE), respectively. However, all of the
potentials in this work are referenced to the reversible hydrogen
electrode (RHE) scale. Polycrystalline Pt microelectrodes (Ch.
Instruments, U.S.A.) with a diameter of 25 pum were used as
working electrodes in all of the experiments. Ar-saturated (Ar
5.0, Air Liquide, Germany) and H,-saturated (H, 5.0, Air
Liquide, Germany) 1, 0.1, and 0.01 M HCIO, electrolytes were
prepared using HClO, (70% Suprapur, Merck, Germany) in
ultraclean water (Evoqua, Germany). The microelectrodes were
electrochemically cleaned by cycling them in 0.1 M HCIO,
solutions until stable characteristic voltammograms were
obtained.

A VSP-300 (Bio-Logic, France) potentiostat was used in all
experiments. Electrochemical impedance spectroscopy meas-
urements were performed within the potential range between
0.02 and —0.1 V using AC-probing frequencies from 2 MHz to 1
Hz (10 mV amplitude). The impedance data were analyzed
using the homemade software EIS Data Analysis 13,503

3. RESULTS AND DISCUSSION

3.1, Theoretical Considerations. Consider that the HER
on Pt in acidic media proceeds according to the Volmer—
Heyrovsky mechanism (M refers to an adsorption site at the
electrode surface)

H'+ M +e =MH,, (1)

MH, +H 4+e¢ =M+ H, (2)
or according to the Volmer—Tafel mechanism

H" + M+ e = MH,,

IMH,, = 2M + H, 3)

For simplicity, assume that the processes take place at different
parts of the electrode simultaneously and quasi-independently.
The sum of the partial currents formally originating from the

Volmer—Heyrovsky, iy, and Volmer—Tafel, iy, reaction
pathways gives the total Faradaic current, iy,

for = by t iy “)

In order to obtain an equation for the impedance response due
to the Volmer—Heyrovsky pathway, consider the equations for
the corresponding reaction rates (in accordance with egs 1 and

2)
vy = Nyy(k(E)R(8) — k_,(E)F_,(0)) (s)

vy = Nyu(k(E)E(0) — k_,(E)F_,(8)) (6)

The formal rate constants k,(E) and k,(E) contain the proton
concentration and depend on the electrode potential, E. The
potential-dependent functions Fy(8), F_ (), Fy(#), and F_,(8)
also depend on the H-adsorption isotherms, accounting for
possible adsorbate—adsorbate interactions. Ny is the fraction of
adsorption sites where the reaction takes place according to the
Volmer—Heyrovsky mechanism compared to the Volmer—
Tafel mechanism.

The connection between the reaction rates v, 5, and iyy is

vy = F(y, + 1) = Fry @)

where F is the Faraday constant. As eqs 1 and 2 represent the
two-stage mechanism with interfacial charge transfer at each
stage, it is also necessary to take changes in the fractional
coverage of the adsorbed H species into account®*

1,90 _

=LV -V, =r
F dt 1 2 1

(8)
where g, is the charge necessary to form a complete monolayer
of H,y, and ¢ is time.

For a small AC-probing amplitude, AE = E; + E exp(jwt),
where E4. is an applied constant bias, E is the complex E
amplitude (phasor), j is the imaginary unit, and w is the angular
frequency, the current, iy, and the fractional coverage, 6, will
oscillate around some quasi-constant values, iy ypy, 4.

Afyy = igoy + vy expljoot) )
A = @) + 6 exp(jor) (10)

where iyy; and @ are the corresponding complex amplitudes. In
the following, iy vy and @y are assumed to be constant and
excluded from further analysis.

Linearization of eqs 7 and 8 gives

di di
Aiyy, = [—"HJ AE + [—"H) Ad
JE |, 20 ),

a a
=F [i] AE + [i] AGJ
JE P a6 E (11)
L8 (0] 1 () 0
F dt oE ), ad ) (12)

Taking into account eqs 9 and 10, eqs 11 and 12 can be rewritten
as follows

(3] )
F dE J, a8 ). (13)
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(2231
F ), 90 /g (14)
From Equations 13 and 14, one can write the following equation
for the complex admittance for the Volmer—Heyrovsky pathway

Ff i, ’3ﬁ)
o\ ) \aE),

. o an,
Y =——=—-F|—| -
FYHTOE [6EL jo — E(L)
9\ /g
=A+ B
jo + C (15)

where A is equal to the inverse of the charge transfer resistance
;}1 for the Volmer—Heyrovsky pgtz:hway. From eq 15, the

complex impedance can be found as’

~ 1

Zpyy = Ry + 5 -

® + jmC,

(16)

and C, = can be called the

1
R, 1Bl
“adsorption resistance” and “adsorption capacitance”, respec-
tively. Equation 16 can be formally represented by an equivalent
combination of the corresponding passive elements, the
resistances, and the capacitance, as shown in Figure 1A

Al (] w©r
Zp
Cs Ci
_Rm{ % —Rei— Zpw— =Ry Rcm-l: R
R, y
Rt Zoir

Figure 1. Models (EECs) for analysis of the impedance data expected
for the HER at Pt microelectrodes. (A,B) Equivalent circuits for the
Faradaic part of impedance associated with the (A) Volmer—
Heyrovsky and (B) Volmer—Tafel pathways. (C) A complete EEC.
See section 3.1 for the element explanation.

However, it should be emphasized that there are no real
capacitances or resistances in the system. These elements just
reflect the “AC behavior” of the kinetic equations in simpler
terms.

The impedance response resulting from a Volmer—Tafel
pathway can formally be taken into account comparatively easy.
Equation 3 largely determines the model. In contrast to the
Volmer—Heyrovsky pathway, only one electron transfer takes
place at each adsorption site for a Volmer—Tafel mechanism.
Additionally, the reaction H* + M + e~ = MH_, is not
complicated by the fast subsequent charge transfer."® Therefore,
certain diffusion limitations are expected at high current
densities (see the Supporting Information for details). The
corresponding linear part of the AC response due to the
Volmer—Tafel pathway can be written as

di oi
Aigy = [EJ AE + [—‘Z] AC*
0E ] ac* Jg (17)

where C* is the surface concentration of the electroactive

species. After similar transformations, the following equation for

the complex Faradaic impedance resulting from the Volmer—

Tafel pathway alone can be obtained
Zyyr = Regp + Zpg

(18)

9458

where ZDJE is the semi-infinite Warburg diffusion impedance
3:_”'1 ) Equation 18 can be formally
represented by an equivalent combination of the corresponding
passive elements connected in series, as shown in Figure 1B.
According to the Dolin—Erschler—Randles appr'oxj.mat:‘mn,“’34
the impedance of the electric double layer, Z, is connected in
parallel to the Faradaic impedances. In general, the response of
the double layer can be approximated by the constant phase

element, with the impedance, given as
-~ 1
Cpy (jen)" (19)

where the exponent n accounts for the frequency dispersion of
the double layer and Cj,, is proportional but not equal to the true
double-layer capacitance if n is significantly lower than 1.
However, as the focus of this work is set to kinetic analysis, we
assume here that Cpy = Cpy, irrespective of the values of n.

Together with the uncompensated resistance of the electro-
Iyte, Ry, the complete equivalent electric circuit (EEC) can be
constructed (Figure 1C). An explanation for the choice of each
single-circuit element is given in the Supporting Information.

Taking into account the physical meaning of the charge
transfer resistances

originating from the term (

Zpy, = Zepg

1
Rip= -7
( IE ) (20)
1
Rep= _Tvr)
(E (21)

and the properties of the physicochemical equations (ex-
ponential functions) describing the corresponding kinetics, the
ratio R, ; /R, in the absence of significant diffusion limitations
gives an estimate for the relative contribution of the Volmer—
Tafel and the Volmer—Heyrovsky mechanisms to the total
current.

It is now a key question if the analysis of experimental
impedance data can confirm the hypothesis resulting from the
theoretical considerations described here and if the use of
microelectrodes facilitates resolution of the constituents of the
fast electrocatalytic process.

3.2. Experimental Results. Figure 2A shows a character-
istic cyclic voltammogram of the Pt microelectrode in Ar-
saturated 1 M HCIO, The voltammogram demonstrates
features typical for polycrystalline Pt in acidic media, which
are related to the adsorption and desorption of hydrogen
(between ~0.03 and ~0.4 V) and hydroxyl (between ca. 0.7 and
0.9 V) species. The figure shows an approximate onset of ca. 20—
30 mV of the HER in Ar-saturated electrolyte, which is slightly
more positive {ca. 20—30 mV) compared to the thermodynamic
equilibrium potential of the HOR/HER at standard conditions
(0 V vs RHE). This is due to the absence of hydrogen in the
electrolyte, causing a potential shift according to the Nernst
equation, Therefore, impedance measurements in Ar-saturated
electrolyte were performed at potentials < 0.02 V vs RHE.

Figure 2B shows typical voltammograms characterizing the
HER in the H-saturated HCIO, electrolytes with three different
pH values, i.e, 0, 1, and 2. As known, the activity (pH-corrected
cases) of Pt electrodes toward this reaction depends on proton
concentration in the solution, being the highest for the most
acidic conditions. The origin of such a behavior is, however, still

DOI: 10.1021/acscatal 803365
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Figure 2. (A) Typical cyclic voltammogram of a Pt microelectrode in
Ar-saturated 1 M HCIO, at a scan rate of 50 mV/s. An approximate
onset for the hydrogen evolution is ~0.02 V vs RHE. (B)
Voltammograms of a Pt microelectrode in H,-saturated 1 M HCIO,,
0.1 M HCIO,, and 0.01 M HCIO, to indicate the HER activity.
Microelectrodes enable practically iR-free measurements, revealing
remarkably high intrinsic current densities. (C) Tafel plots for the
dependences shown in (B).

2,935

under debate. It is also clear from Figure 2C that at a given
electrode potential the quasi-Tafel slopes are dissimilar for the
currents measured at different pH values, and in general, the
nonlinear behavior of the current—potential dependency on the
logarithmic scale is evident from Figure 2C.

Figure 3 shows examples of impedance spectra together with
fitting results, which suggest that it is problematic to achieve
good fitting assuming only one of the well-accepted mecha-

(&Y B}
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- Firing Axsamaing ews machanian: S
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£ 15
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E .
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Re[Z] / MG

Figure 3. Typical impedance Nyquist plots (symbols) of the Pt
microelectrode spectra taken at E = —0.05 V vs RHE in Hy-saturated
(A) 1 M HCIO,, (B) 0.1 M HCIO,, and (C) 0.01 M HCIO,. The
dashed/dotted lines represent attempts to fit the spectra assuming only
Volmer—Heyrowsky and only Volmer—Tafel mechanisms, respec-
tively. Only considering both mechanisms, satisfactory fitting can be

achieved.
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nisms. Typical electrochemical admittance spectra of the Pt
microelectrodes recorded in 1, 0.1, and 0.01 M HCIO, at
different potentials are presented in Figure 4. As can also be seen

200 300 400 500 5 1o
Re[Y] /3 Re[V]/ S

=]

Am[Y] f uS

e N B @ o

2 3 4
Log(f) / Hz

Re[Y]/ pS

Figure 4. Typical admittance Nyquist plots (symbols) of the Pt
microelectrode spectra taken at different potentials in Ar-saturated (A)
1 M HCIO,, (B) 0.1 M HCIO,, and (C) 0.01 MHCIO,. (D) Examples
of the phase shifts plotted as a function of the AC probing frequency for
Pt microelectrodes in Ar-saturated 1 M HCIO,, 0.1 M HCIO,, and 0.01
M HCIO, at —0.09 V. Solid lines represent fitting to the equivalent
circuit shown in Figure 1C.

from the figure, the model shown in Figure 1C is able to
accurately describe the impedance response at all investigated
potentials: the normalized root-mean-squared deviations were
less than 2.5% in all cases. Moreover, the relative errors of the
key individual EEC elements of this work were in the
overwhelming majority of cases less than 10%, confirming the
expectations outlined in section 3.1. In other words, these low
values indicate the significance of the contributions of these
elements to the overall fitting.

Figure S shows impedance spectra obtained in the H,-
saturated electrolytes. As can be seen from the figure, it is also
possible to achieve good fitting with low root-mean-square
deviations, further supporting the idea about a possibility to
distinguish two HER mechanisms using impedance spectrosco-
py and Pt microelectrodes. Indeed, the spectra cannot be fitted
using solely the model for the Volmer—Heyrowsky or the
Volmer—Tafel mechanism, as demonstrated in Figure 3A—C.
Fitting under the assumption of just one mechanism fails, and
the combination of both mechanisms allows satisfactory fitting.

Figure 6 represents an example of the dependencies of the key
EEC parameters of the equivalent circuit shown in Figure 1C.
While the above-mentioned EEC parameters depend on
complex factors, which are often difficult to predict (surface
concentrations of H* in the Ar-saturated solutions etc.), one can,
e.g, observe the well-expected behavior of the double-layer
“capacitance” being much higher in more concentrated
electrolytes in both Hj-free and H,-saturated electrolytes
(Figure 6A,G). The differences in the “capacitance” values
between the Ar-saturated and Hj-saturated electrolytes are
caused by different exponents n (eq 19), and this difference is
likely caused by different double-layer properties due to specific
adsorption of reaction intermediates.”™"” However, further

DOI: 10.1021/acscatal 8b03365
ACS Catal. 2018, 8, 94569462
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Figure 5. Typical admittance Nyquist plots (symbols) of the Pt
microelectrode spectra taken at different potentials in H,-saturated (A)
1 M HCIO,, (B) 0.1 M HClO,, and (C) 0.01 MHCIO,. (D) Examples
of the phase shifts plotted as a function of the AC probing frequency for
Pt microelectrodes in H,-saturated 1 M HCIO,, 0.1 M HCIO,, and 0.01
M HCIO, at —0.09 V. Solid lines represent fitting to the equivalent
circuit shown in Figure 1C.

discussion regarding this is outside of the scope of this
manuscript.

The charge transfer resistances related to the Volmer—
Heyrovsky and Volmer—Tafel steps (Figure 6B,C,H,I) demon-
strate complex dependencies associated with the fact that
according to eqs 20 and 21 they are derivatives of the DC
currents related to the corresponding mechanisms. However,
even in this case, one can notice that the resistances are in
general lower in more acidic mediain accordance with the trends
depicted in Figure 2B,C. The dependences of other constituents
of the Faradaic impedance are R, and C, for the Volmer—
Heyrovsky mechanism (Figures 6D,E,],K, which according to eq
16 should in general correlate with each other, as observed) and
the Warburg parameter, Ay, for the Volmer—Tafel mechanism.
For the latter, it is clear from Figure 6F,L that the diffusion
limitations exist, but they are not process-determining within the
investigated potential range.

As stated earlier, further insight into the dominating
mechanism of the hydrogen evolution in the investigated
systems can be obtained from a simple ratio: R, ;/R,,,. Due to
the physical meaning of these parameters (eqs 20 and 21) and
the properties of the functions governing the current, this ratio
illustrates a relative contribution of the Volmer—Heyrovsky and
Volmer—Tafel pathways to the overall current due to the HER at
different pH values
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Figure 6. Dependences of the main parameters of the equivalent circuit shown in Figure 1C on the electrode potential for the Pt microelectrodes in
(A—F) Ar-saturated and (G—L) H,-saturated 1 M HCIO,, 0.1 M HCIO,, and 0.01 M HCIO, electrolytes. Dotted lines are the guides to the eyes.
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where Cify and Gy are the effective surface concentrations of
the electroactive species, which can be found at the sites where
the Volmer—Heyrovsky and Volmer—Tafel pathways take place.
For eq 22, we assume that the transfer coefficients for two
mechanisms are equal to each other and the functions, which
describe the adsorbate—adsorbate contributions, are dissimilar
(new parameter, Nyr, is the fraction of the adsorption sites
where the reaction takes place according to the Volmer—Tafel
mechanism).

The ratios R, /R, are plotted in Figure 7A as a function of
the electrode potential for the Ar-saturated and in Figure 7B for
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Figure 7. Ratio Ry,/R,, illustrating a relative contribution of the
Volmer—Heyrovsky and Volmer—Tafel pathways into the overall
current due to the HER at different pH values, as indicated in the figure.
The bold symbols designate extrema where the relative contribution of
the Volmer—Tafel pathway is maximal for the corresponding pH values.
The data obtained in (A) Ar-saturated and (B) H,-saturated electrolyte
solutions. The error bars account for only independent measurements.
Dotted lines are guides to the eyes. (C) Determination of the exchange
current densities using a “classical” approach accounting for the
situation when R, /R, = 1 (bold symbols) at the higher current
densities for each pH. The error bars in (A) and (B) refer to
independent measurements.

the H,-saturated electrolytes. While there are noticeable
differences between the H,-saturated and Ar-saturated sol-
utions, one can see that the trends at each pH are similar, and the
relative contributions of two mechanisms depend on the
electrode potential. However, it is also clear that for the majority
of the potentials in the investigated electrode potential range one
cannot consider any of the mechanisms as absolutely
dominating.

The dependences shown in Figure 7 pose several fundamental
and methodological questions particularly related to nano-
structured Pt electrocatalysts, where the surface structure is
complex. At least three of them are listed below:

(i) Would common extrapolation of any part of “linear” DC

curves shown in Figure 2C indeed give the true HER/
HOR exchange current density at 0.00 V vs RHE?

9461

(ii) If so, to which mechanism kinetics would it belong to?

(iit) Do often reported arbitrary “Tafel slopes”, which change
with the electrode potential, have some fundamental
physical meaning in light of methodical challenges in
distinguishing the two mechanisms and quantification of
the kinetics of them?

Other complications arise when considering Figure 7C. Apart
from the fact the Tafel slopes change with the electrode
potential, it is clear thatit is also different for the same ratio R,/
R, at higher and lower current densities. The most probable
reason for this is different adsorbate—adsorbate interactions,
which, unfortunately, cannot be described purely by, eg.,
Langmuir, Temkin, or Frumkin isotherms. Therefore, one can
note that consideration of HER as a “simple” reaction is only
true from a historical point of view.

Taking into account that the higher current densities are more
important for practical applications, one can consider quasi-
linear parts in Figure 7C, which correspond to the ratio R, /R,
7 1 at higher current densities. The values of ~160, ~85, and
~10 mA/cm? were obtained for pH = 0, 1, and 2, respectively.
The former is in agreement with the values presented in ref 38.
One should again notice that these values were obtained without
the influence of the iR-factor due to the use of microelectrodes.

4. SUMMARY AND CONCLUSIONS

In this work, we used electrochemical impedance spectroscopy
in an attempt to distinguish and estimate relative contributions
of the Volmer—Heyrovsky and Volmer—Tafel pathways to the
HER at polycrystalline Pt electrodes at pH = 0, 1, and 2 as a
function of the electrode potential. Pt microelectrodes were used
to facilitate EIS measurements at higher current densities and
overcome complications due to the fast kinetics of this process.
Our results show that it is possible to distinguish different
reaction pathways experimentally up to 0.1 Vvs RHE. However,
they contribute differently to the total Faradaic current at
different potentials, and at the same time, none of them can be
considered as absolutely dominating. These findings can be used
for elaboration of theoretical models and interpretation of non-
Tafel behavior of HER polarization curves in acidic media.
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