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Abstract

In modern industry, heterogeneous catalysis plays a key role, as it is essential for tackling the
global environmental and energy issues. It is known that the activity of heterogeneous
catalysts is determined by the electronic structure of specific surface sites with optimal
binding energy to the reaction intermediates. These specific surface sites are known as the
active sites (centers) of catalysts. Basic knowledge of the properties (geometry and chemical
composition) of the active centers is crucial to the fundamental understanding of
heterogeneous catalytic processes and the rational design of optimal catalysts for practical
applications. Therefore, a direct method for identification of the active catalytic centers under

reaction conditions is needed.

Herein, a novel in-situ methodology capable of direct identification of catalytically active
centers using electrochemical scanning tunneling microscopy (EC-STM) under reaction
conditions is introduced. The basic concept of this methodology is based on the fact that
fluctuations in the tunneling current caused by catalytic reactions at the active centers should
result in non-uniformly distributed noise features in the captured images correlated to the
local activity, therefore the active centers can be distinguished. The focus of this thesis is the
elaboration of this method (EC-STM noise method, denoted as ‘n-EC-STM’ in this work) using
well-studied model catalytic systems and expanding this method to other systems, where the

nature of active centers has been under debate or not clear.

To test the proposed method, catalytic systems important for future energy provision were
used: the hydrogen evolution reaction (HER) and the oxygen reduction reaction (ORR) on
platinum (Pt), palladium (Pd) and gold (Au) based catalysts. The obtained results were also in

agreement with the existing literature reports, confirming the applicability of the method.

The n-EC-STM method was then used to address the questions concerning the electrolyte
effects on the catalytic activity of Pt-based catalysts in alkaline media and identification of
active centers at the surface of other bi-metallic catalysts: Pd and Pt sub-monolayers on
Au(111). Finally, visualization and engineering of active centers on transition metal
dichalcogenide (TMD) catalysts (i.e., Molybdenum disulfide (MoS;) and molybdenum

diselenide (MoSe;)) towards HER were performed.



This developed method is expected to contribute to the fundamental research in
heterogeneous catalysis and stimulate the development of similar techniques. Additionally,

the findings reported in this thesis can be used for optimization of existing electrocatalytic

systems.
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1 Introduction

1.1 Climate Change and Heterogeneous Catalysis

Discussions on climate changes have become commonplace nowadays ! . Numerous
consequences and even conflicts have been caused by the huge consumption of conventional
energy sources, e.g., coal or oil?' 3. Attempts in different directions have been made to
decelerate and ideally stop the damage to the climate and human society. Renewable energy
sources, for instance, solar energy, wind power, and bioenergy?, and fusion power® instead of
troublesome fission power, are promising less harmful alternatives to conventional energy
sources. Also changes in the personal lifestyle can contribute to limit negative impacts on the
environment. Electric vehicles including fuel cell cars are turning to be more popular®.
Moreover, industrial processes should be improved for the sake of the environment and
economy’. A so-called ‘Hydrogen Economy’,® ° where hydrogen plays the role of a major
energy carrier, has been suggested to replace the current carbon-dominated energy economy.
In many of the aforementioned challenges and solutions, heterogeneous catalysis is involved.
It accelerates the reaction rate and reduces undesired side-products without changing the
catalyst phase'®. Basically, it makes energy-related processes more efficient. Heterogeneous
catalysis plays an important role in ~80% of chemical and energy industries!. These are key
energy consumers and providers. Therefore, research and development of heterogeneous

catalysis are crucial to a sustainable, efficient, and healthy future.

Observations of catalytic phenomena can be traced back to almost two centuries ago when
Johann Wolfgang Dobereiner discovered that platinum powders can increase the velocity of
oxidation of hydrogen into water!2. Later, in 1835 Jons Jakob Berzelius employed the term
‘catalysis’ to name this type of phenomena'2. In the 1900s, Wilhelm Ostwald systematically
investigated the fundamental principles governing chemical equilibria and reaction rates of
catalytic processes and commercialization of them!4; he was awarded the Nobel Prize in
chemistry in 1909 for this research®. Until now, these principles (e.g., chemical equilibrium,
reaction rate, introduced by Ostwald) are still used in catalysis studies. The investigation on
catalysis underwent revolutionary changes over the last two centuries. Dobereiner only

realized that Pt can be used as a catalyst, while Ostwald tried to define the fundamental



principles of catalysis. Nowadays, scientists are trying to figure out how catalysis takes place

at atomic scales and optimize the activity, selectivity and stability of catalytic materials.

One example showing the development of catalysis research is the Haber-Bosch process of
ammonia synthesis. The Haber-Bosch process permitted a production of an artificial fertilizer
on an industrial scale. It enables synthesis of ammonia from atmospheric nitrogen ®- 17
contributing to population growth in the 20% century!®. The scientists, namely, Fritz Haber and
Carl Bosch, who developed this process, were awarded the Nobel Prize in chemistry in 1918

and 1931, respectively. For this specific reaction, 20.000 catalysts candidates were assessed

by Bosch and co-workers'’. It was rather a trial-and-error procedure.

Indeed, there is an evolution of knowledge and technologies that changed the targets and
methodologies of catalysis research. Decades after the invention of the Haber-Bosch process,
Gerhard Ertl and co-workers fundamentally explained the principle of the chemical reaction
on the solid surfaces including ammonia synthesis on iron catalysts'® 2% 2122 |n the meantime,
they developed methods for surface chemical reaction studies. Because of these, Ertl got the
Nobel Prize in chemistry in 200723 There are of course other important findings in the field of
catalysis, particularly heterogeneous catalysis. In 1925, Hugh S. Taylor had already suggested
that “only a small fraction of the surface is active”’?*. Indeed, the active centers are often not
the major portion of the whole catalyst surface, but they determine the overall catalytic

activity.

1.2 Challenge: Identification of Catalytically Active Centers

Nowadays, a major focus of heterogeneous catalysis research is set on the catalytic process
taking place at the active centers of a number of selected catalyst candidates. The
fundamental understanding of the nature of the catalytically active centers is one of key
aspects and the identification of these active centers has been one of the primary tasks?> 26,
For that, experimental and theoretical works are usually combined. Model systems directly
related to processes relevant to chemical and energy industries, e.g., controlled hydrogen
evolution, oxygen reduction reactions on single crystalline catalysts, are often utilized in
laboratories'®. A wide range of different, complementary methods is applied today, and

corresponding instrumentation, e.g., potentiostats, X-ray photoelectron spectroscopy (XPS)
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equipment, (electrochemical) scanning probe microscopes ((EC-) SPMs), are commonly
employed nowadays. Particularly, the electrochemical scanning tunneling microscopy (EC-
STM) is capable of probing the electrified liquid/solid interface, where heterogeneous catalytic
reactions take place at the atomic scale?” 2%, However, EC-STM measurements were normally
performed focusing on changes in morphology, often even in the absence of reactions in order
to have an image resolution as high as possible. Even in-situ or operando EC-STM
measurements are intended to observe topographic changes just as consequences of the
reactions. Therefore, identification and evaluation processes of those active centers normally
combine ex-situ microscopic experiments with theoretical calculations and other macroscopic
studies, for instance, catalytic activity tests in electrochemical cells?® 3. This methodology is
rather indirect and time-consuming so that a direct and readily means of in-situ identifying

active centers is needed.

1.3 Identification of Catalytically Active Centers Using Electrochemical

Scanning Tunneling Microscopy (EC-STM)

In the early 1980s, the scanning tunneling microscope (STM) was invented by Binnig and
Rohrer3! and a few years later the EC-STM was introduced?’- 28, Both STM and EC-STM have
made great contributions to the research field of heterogeneous catalysis3? 33 34, Except
topographic imaging, they have been employed on the investigations of local surface
reactions3> 3¢ and the local activity/reactivity?> 3738 in different systems, where additional
signals to the tunneling current (which only correlates with the surface topography) due to
the investigated surface reactions were utilized. However, direct identification of catalytically
active surface centers under reaction conditions was not accomplished in the above-
mentioned studies. Indeed, these approaches still showed that EC-STM is a promising tool for

local activity measurements in heterogeneous catalytic systems.

In this thesis, a novel approach for the direct identification of active centers at heterogeneous
catalyst surfaces under reaction conditions is introduced and experimentally verified. It is
based on the analysis of the tunneling current noise measured using conventional EC-STM
experiments, and provides direct information on the local reaction rate. This method (denoted

as ‘n-EC-STM’) then is utilized to shed light on recent questions concerning the electrolyte

3



influence on catalyst activity, as well as to identify the active centers at bi-metallic and newly

developed non-metallic catalyst surfaces.

1.4 Aim of the Thesis

The aim of this thesis is the verification and application of the proposed methodology (n-EC-
STM) of direct identification of active centers at heterogeneous catalyst surfaces under
reaction conditions. A detailed explanation of the concept of the n-EC-STM is presented in

Chapter 3.2.

The first task is to verify the proposed methodology with well-studied model catalytic systems
where the locations of the most active centers are known. The first model system was
hydrogen evolution reaction (HER) on single crystalline Pt(111) in acidic media, where the
most active sites are the step-concavities as confirmed by both theoretical and experimental
studies®®. Moreover, catalytic hydrogen evolution at the surface of bimetallic catalysts, namely
Pt multilayers on Au(111) and Palladium (Pd) sub-monolayer islands on Au(111), in acidic
media was studied. The Pt and Pd adlayers were deposited on a Au(111) substrates via
overpotential and underpotential deposition methods, respectively. In the case of Pt
multilayers on Au(111), the contrast in the HER activity of the Pt and Au was utilized to confirm
the actual origin of the tunneling current noise. The Pd sub-monolayer islands on Au(111)
surface have a property that the most active sites towards the HER are the Pd atoms at the
boundary of Pd and Au4% 41,4243 The oxygen reduction reaction (ORR), as a ‘“‘sluggish”
reaction which highly influences the performance of fuel cells* and metal-air batteries**, was
also investigated. The difference in the ORR activity of Pt and Au(111) was used to test the
capability of this methodology for the investigation of catalytic reactions with relatively low
reaction rates. The model catalysts in the case of the ORR were Pt overlayers on Au(111) and
Pt(111) single crystal electrodes. It was reported that the most active sites on Pt surfaces
towards the ORR are located at the step-concavities?® 46:47,48,49,50 The preparation of these
model samples is presented in Chapter 3.3. The results of the n-EC-STM measurements
confirmed the findings mentioned above and thus verified the methodology proposed in this

thesis, as presented in Chapter 4.1.



The n-EC-STM was also applied to study other catalytic systems where the activity
contributions of different surface sites are not clear, namely the ORR and the HER on Pt single
crystal electrodes in alkaline media, the HER on Pt sub-monolayer islands on Au(111) and on
transition metal dichalcogenides (TMDs, namely molybdenum disulfide (MoS;) and
molybdenum diselenide (MoSe;)) in acidic media. These systems are involved in future energy
provision schemes. Interestingly, the catalytic activity of the various Pt surfaces in alkaline
media is different compared to that in acidic media®'' > >3, The activity of the Pt surfaces is
seemingly influenced by the electrolyte composition. In acidic media, the Pt sub-monolayer
islands on Au have distinctive HER activity-vs-Pt coverage trend compared with the case of
Pd/Au3® >4 The TMDs are promising non-metallic and cost-effective HER catalyst alternatives®>
6 however, only the active centers of nanoparticulate MoS, was reported to be the edge
sites®® and the location of the active centers on the bulk MoSe; is still under investigation.
Moreover, surface defects at the MoS; basal plane can play the role of new catalytic HER active
centers®’. The n-EC-STM measurements provided direct evidence of the location of the active
centers in these systems and strategies to further improve the catalytic activity of their overall
activities. The applications and results of the n-EC-STM investigation on the aforementioned

systems are presented in Chapter 4.2.



2 Fundamentals

2.1 Fundamentals of Electrochemistry

In general, catalysis is divided into three types: heterogeneous, homogeneous, and enzyme
catalysis. Reactants and the catalysts are in the same phase in homogeneous catalysis. Enzyme
catalysts are protein-based catalysts, and enzyme catalysis is often classified as a kind of
heterogeneous catalysis. Heterogeneous catalysis happens at the interface of different phases,
e.g., the solid-liquid interface, in which the solid phase side plays the role of the catalyst. After
the reaction, the catalyst can be easily separated from the reactants and products. This is
advantageous for industrial applications. Electrocatalysis is a part of heterogeneous catalysis.
The place where the electro-catalytic processes take place is the (electrified) solid-liquid

interface. In the following, the current understanding of the latter is introduced.*®

2.1.1 Electrified Solid-Liquid Interface and Electrochemical Reactions

The formation of an electrified solid-liquid interface starts with an electrode (electronic
conductor) immersing into an electrolyte (ionic conductor). To establish an equilibrium, in
which the electrochemical potentials (i) of each species in the solid and the liquid phases are
identical (see Equation 2.1.1-1), rearrangements of the “electronic charges” in the solid phase
and the “ionic charges” in the liquid phase close to the phase boundary often take place. In
some cases, the oxidation-state of certain species can be changed, and some species can

transfer between two phases.>®

1l — Equation
l _
i = K 2.1.1-1

;If and [ij are the electrochemical potentials of species i in liquid and solid phases,

respectively. The electrochemical potential of i in a phase is define as Equation 2.1.1-3.

_ Equation
a_ ,a . a

I’l’i - I’l’i + ZlF¢ 2.1.1_2

pue = (GG ) Equation
¢ ON; PTNjwi 2.1.1-3



z; is the charge of species i, F is the Faraday constant and ¢% represents the local
electrostatic potential. uf* is the chemical potential of species i in @ phase, which is the
required/released work dG to change the particle number dN; of species i at constant
pressue p, constant temperature T and constant particle numbers of other species Nj;. G is
the Gibbs free energy of the a phase. The electrochemical potential contains the chemical

potential uf and the effect of local electrostatics z; F¢* for charged species (e.g. ions).>

In 1853, Helmholtz was the first to introduce a model describing this balance, namely the
Helmholtz model of the electrical double layer (EDL). He demonstrated that at the
electrode/electrolyte interface two charged layers are formed. One layer is the polarized
electrode surface, and the other layer is the sum of rearranged electrolyte ions representing

the opposite charge in parallel with the first one.®°

The following studies suggested that the so-called EDL consists not just simply of two parallel
layers as suggested by Helmholtz, especially from the liquid side. The Gouy—Chapman-Stern—
Grahame (GCSG) model modified by Bockris, Devanathan, and Miiller is commonly
recognized®’ ®2, The total charge of two phases should be neutralized at equilibrium. First, a
water dipole layer closest to the electrode surface is oriented corresponding to the charge of
the electrode surface. Second, the remaining species together with solvation shells get
rearranged in a way that the concentration of ions with opposite charges to the surface decays
exponentially from a specific point near the surface to the bulk electrolyte. Furthermore, some
of those species, named non-specifically adsorbed ions, are accumulated in the first water
layer with their solvation shell by the unbalanced surface charge. Another type of adsorption
regardless of the charges of the electrolyte species and the surface is called “specific
adsorption”. The specifically adsorbed species lose a certain part of their solvation shell so
that they are directly in contact with the surface. The plane connecting the centers of the
specifically adsorbed ions is the inner-Helmholtz plane. Another plane passing through the
centers of the non-specifically adsorbed ions is the outer-Helmholtz plane. This plane is the
starting point of the exponential decay of the ion concentration mentioned above. The diffuse
double layer (or diffuse layer) starts from the outer-Helmholtz plane to the bulk electrolyte.
The potential grows (or drops) linearly from the surface to the outer-Helmholtz plane. It
increases (or decreases) non-linearly related to the concentration decay of the ions in the

diffuse layer.%%- 61



Based on the concept mentioned above, a typical EDL structure is sketched in Figure 1 for a
negatively charged metallic electrode where anions are specifically adsorbed in an aqueous
electrolyte. The real structure of the EDL is more complex and still under investigation. Even
the specific and non-specific adsorption phenomena cannot be applied to all interfacial

systems with different parameters, e.g., different electrode potentials or electrolyte species.®*

Specific adsorption
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Figure 1. An EDL model of a metallic negatively charged electrode in an aqueous electrolyte. The
relative concentration of cation starts from the outer-Helmholtz plane. The model does not refer to any
particular electrode material, electrolyte species or other parameters, and it is based on ref. 61, 61, 63.

An important parameter, the electrode potential, is different from the chemical or
electrochemical potentials. The potential of an electrode is an potential difference between
the electrode and the bulk electrolyte. The absolute value of the electrode potential is not
measurable, and another electrode has to be introduced into the electrolyte in order to
measure the potential of the electrode of interest. Therefore, the measured value is the
potential difference between two electrodes. The unit of the electrode potential is volt (V)
instead of J/mol. Normally a rational electrochemical system consists of three electrodes,
including a working electrode (WE), a counter electrode (CE) and a reference electrode (RE).%3

In this thesis, the electrode potential is often called ‘potential’ or represented by ‘E’.



When charges (electrons) transfer across the interface, the involved species will change their
oxidation states; this is known as oxidation or reduction of them. It results in a current flow
with a completed electric circuit. For outer-sphere reactions, a strong interaction between the
reactants/products and the electrode surface is not involved in the reaction processes. In
between the reactants/products and the electrode surface there is at least a layer of solvent
(e.g., water). However, in the case of inner-sphere reactions (including the electrocatalytic
reactions studied in this thesis), specific adsorption of the reactants, products and reaction
intermediates on the electrode surface often takes place. It is often accompanied by phase
changes of the involved species. The electron donors or acceptors are the adsorbates or
surface atoms. Consumption or production of adsorbates changes the surface concentration
of the involved species. This is coupled with the mass transfer between the surface and the

so-called diffusion layer. 6364

|
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Figure 2. General pathway of electrochemical reactions at the solid-liquid interface, based on ref. 63.
The participating species Red and Ox will be introduced in chapter 2.1.3. The surface sites binding the
adsorbates are represented as *.

As shown in Figure 2, to complete an electrochemical reaction, a system needs to go through
multiple intermediate steps including electron transfer, coupled chemical reactions (e.g.,
catalytic decomposition, complexation and disproportionation), adsorption/desorption (or
possible crystallization of the involved species), diffusion of the species (mass transfer), and
reorientation of the water molecules and solvation shells (water shell in aqueous electrolytes).
Among all these steps, the overall reaction rate is determined by the slowest one, which is the
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rate-determining step. A reaction is governed by the charge-transfer (reaction kinetics) limit
when the reaction rate is low enough that mass transfer is sufficiently fast. Otherwise, the

reaction may be in the mass transfer limited region, or under mixed control.%3

2.1.2 Three-electrode System

An electrochemical system, in which reactions can be conducted and studied, requires a
complete circuit. The current is carried by the flow of electrons in the electrodes and the
external circuit and ions in the electrolyte. Therefore, at least two electrodes immersed into
the electrolyte and external electrical connections are necessary to build up a functional
electrochemical system. This is the so-called electrochemical cell. Normally, only the interface
at one electrode, the WE, is of interest and under investigation. The other electrode is the CE
in a two-electrode system. However, even though one can directly measure the potential
difference between the WE and the CE; the CE would suffer the same current and bear a

certain potential difference to the electrolyte.®3

CE WE

Luggin capillary

Electrode in
the RE

\ Salt bridge

Electrolyte

Figure 3. Basic structure of a three-electrode system.

To address the issues mentioned above, a third electrode is introduced, which is the so-called

RE. The potential of the RE needs to be stable, so it requires a well-defined electrochemical
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environment (e.g., electrode material, electrolyte composition, and atmosphere control) and
ideally a reversible reaction. It is often placed in an independent chamber filled with
electrolyte. The RE chamber is connected to the main cell by a Luggin capillary with a salt
bridge. The current flow between the WE and the RE is minimized using a high input
impedance for voltage measurements. The CE only provides current flow to the WE. To
minimize the possible reactions at the CE, the surface area of the CE should be much larger
than that of the WE®. The potential of the WE is measured with respect to the RE and the
potential of the RE does not depend on the current between WE and CE. Based on this concept,
the schematics of a completed three-electrode cell is shown in Figure 3. The interface of the

WE, where the individual half-cell reaction takes place, can thus be studied.

2.1.3 Reaction Kinetics

A simple one-step reaction system can be used to exemplarily discuss reaction kinetics, as in
Equation 2.1.3-1.
ko

Red = Ox + ne™
k.

Equation

2.1.3-1

Red and Ox represent a redox (reduction-oxidation reaction) couple. Red is the reduced
species and Ox represents the oxidized species. The oxidation (anodic) and reduction (cathodic)
reaction rates are ko and k;, respectively. The number of electrons transferred within one
reaction is n. The reaction rate is often evaluated by measuring the current through the WE.
The reaction currents and the electrode potentials determine the electric energy of an

electrochemical reaction.

An equilibrium is established when there are still reactions taking place: the net reaction
current and changes of the substances are zero, i.e., koeq = kr,eq=k°, where k° is the standard
rate constant which depends on the nature of the reaction. The absolute value of the current
of each direction is the so-called exchange current, or exchange current density when current

is normalized by the electrode surface area.

In non-equilibrium states, the overall reaction shifts toward one side, which has the lower

Gibbs free energy G. However, in general case, the reactants cannot just transform straight
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into products, as shown in Figure 4.A. Both the reactants and products are two relatively stable
states of species. The reaction needs to overcome an activation barrier (activation energy Ea)
to move to the products side, shown in Figure 4.B. The energy released from the reaction is
described as the change of the Gibbs free energy AG. AG defines the maximum non-expansion
work from a thermodynamically closed system. To describe an electrochemical reaction, the
change of the Gibbs free energy, AG, is more practical. The reaction rate related to the
activation energy was proposed by Arrhenius®® ¢, and later developed by Eyring, Evans, and

Polanyi®® ¢ as shown in Equation 2.1.3-2.

kgT _%G: Equation
k=——e 2.1.3-2

Where kg is the Boltzmann constant, h is the Planck’s constant, and R is the gas constant.

Temperature is represented as T. AG* is the standard Gibbs free energy of activation.

(A) ®
Activation

> >
&0 | Reactants bo fenergy E,
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S S | Reactants
c =
I AG o AG
[=] [o]
a. a

Products Products

Reaction coordinate Reaction coordinate

Figure 4. Simple illustrations of reaction paths (energy diagram) without (A) and with (B) an
activation energy barrier and a transition state. AG is the change of Gibbs free energy.

For a reaction with a relatively low activation energy, the reaction direction can be changed
easily. In general, two fundamental equations describing the equilibrium and non-equilibrium
scenarios should be briefly discussed here. At the electrochemical equilibrium, the net current

is zero. The electrode potential is determined by several parameters in the case of the reaction
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mentioned above (Equation 2.1.3-1) at the electrode, as given by the Nernst equation

(Equation 2.1.3-3)%3,

Vox

RT a i
Bog = B+ ppin 2%, e
n ARed i

EY is the standard electrode potential, F is the Faradaic constant, v is the stoichiometric
coefficient. The parameter a is the chemical activity of the species, which can be in practice
replaced by the ratio of the concentrations of the solutes (or the partial pressure in the case

of gas) to their standard values.

At non-equilibrium, the relationship between current and potential without mass transfer
limitation can in the simplest case be described by the Butler-Volmer equation® 79, as shown
in Equation 2.1.3-4.
i=nFA [erOx - koCRed] .
—an(E-Eeq) (1-a)n(E-Eeq) Equation
=nFAK® (Co,e RT  — Cgeqe  RT 2.1.3-4

A is the electrode surface area, a is the charge transfer coefficient, Cox and Creq are the surface
concentrations of the electroactive species. The term (E-Eeg) is the ““added” potential to the
equilibrium potential at the electrode, which is known as so-called overpotential .

Equation
2.1.3-5

n=E- Eeq
When a reaction has a large enough k°, a small overpotential can cause a high current density.
In this case, the reaction is called a quasi-reversible reaction. Else, the reaction is named an
irreversible reaction. If k% is extremely large that the reaction is always at a state described by
Equation 2.1.3-3, the reaction is reversible. The electrode potential of a reversible reaction at

with a well-defined electrochemical environment can be easily determined and maintained.

Therefore, reference electrodes often utilize such reactions.

To have efficient reactions, for instance, higher current output at lower overpotential applied
at the electrode, one option is to increase the standard reaction rate. It requires a decrease
of the activation energy, or the standard Gibbs free energy in Equation 2.1.3-2, which can be
achieved by introducing catalysts into the system. The focus of this thesis is the kinetics of

catalytic (inner-sphere) reactions.
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2.1.4 Heterogeneous Catalysis

For (electro)chemical reactions taking place at the liquid-solid and gas-solid interface,
heterogeneous catalysts are commonly employed. A simple diagram explaining the benefit of
a catalyst to a reaction kinetics is shown in Figure 5.A. The activation energy is lowered by the
presence of the catalyst. More specifically, the catalyst participates in the reaction by binding
the reactants and facilitating the charge transfer process. Afterwards, the products will leave
the catalyst surface and diffuse into the bulk phase (e.g., electrolyte). Therefore, there is often
a series of reaction intermediate steps with different potential energies as shown in Figure
5.B. It should be noted that, in reality, the reaction pathway with a catalyst is more
complicated and in many cases some intermediate reaction steps need to go uphill (to higher

potential energy) to form the next reaction intermediates.*°

Activation energy o
without catalysts Activation energy
5 Activation energy % without catalysts
o v__with catalysts s v
h
S | Reactants S | Reactants _
w = __ Reaction
€ t intermediates
8 AG g AG
o <)
o o
( ________
Products Products
Reaction coordinate Reaction coordinate

Figure 5. Simplified explanation of the benefit of the catalyst to the reaction. (A) Reducing activation
energy. (B) Changing the reaction mechanism and Introducing reaction intermediate steps.

Considering that any electrode surface plays a similar role in electrochemical reactions, i.e.,
an electrode surface is a place where the reaction species are adsorbed on and performing
the charge transfer processes, one question can be raised: what makes the catalysts capable
of properly catalyzing certain reactions? To answer this question, several properties of a
proper catalyst should be discussed: i) a catalyst adsorbs the reactants easily, keeps them
staying on the surface to finish each intermediate step with minimized activation energies

until the final products are formed; ii) it allows the products to leave the surface quickly
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enough to keep the surface sites free for the next reaction event to take place; iii) it governs
the reaction in the desired way, so that undesired side-products can be prevented; iv) the
performance of a proper catalyst should be preserved over a reasonably long period (long
lifetime). These properties can be summarized as the activity, selectivity, and stability of a

catalyst.'0

The optimization procedure of the catalyst material for a certain reaction should be with
respect to the properties mentioned above, balanced with the material cost and availability.
There are plenty of candidates for each reaction in existence, e.g., pure metallic materials,
metal oxides, and alloys'® 71, The overall goal is to find or even design the best of them and

the process is complicated and time-consuming?°.

2.1.5 Catalyst Activity

Among the three properties of heterogeneous catalysts, activity is often the first one to be
considered and evaluated?. In order to describe the activities of all possible materials with a
limited number of descriptors, in 1911 Sabatier (Nobel Prize in Chemistry, 1912) proposed
that the bond strengths (binding energy) between the reaction species and the catalyst
surface should be optimal’2. It was named the Sabatier principle afterwards and later

illustrated by so-called ‘volcano plot’.

In 1972, Trasatti’® demonstrated the applicability of the Sabatier principle in electrocatalysis
using a volcano plot, shown in Figure 6. The investigated reaction was the hydrogen evolution
reaction (HER) catalyzed by pure metal electrodes. The descriptor utilized in Figure 6 was the
experimentally measured bond strength between intermediate hydrogen and the metal
surfaces. According to the plot, there are metals on the right side of the volcano that form
‘too strong’ binding with hydrogen and that of the others on the left side are ‘too weak’. The
best candidate for this particular reaction should be located at the top of the volcano. This

agrees with properties of a proper catalyst mentioned above.

Different pure metals have different binding energies with hydrogen atoms, and they are
either too strong or too weak. To find or even rationally design the best catalysts, the intrinsic
properties of catalysts which influence the binding energy need to be explained. One idea is

the electronic structure of catalyst surface atoms. Most of the metals that can be used as
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catalysts belong to the transition metal family. They have wide and similar s- and p-bands but
narrow and dissimilar d-bands. The coupling between the d-states of different metals and the
valence states of the same adsorbate species (adsorbed reaction intermediates) result in
different binding energies’* 7>, Based on density functional theory (DFT) calculations, the so-
called d-band model, a theoretical model describing the relationship between the metal d-

bands and their catalytic activities, was reported by Hammer et al.” 77, 78,
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Figure 6. Volcano plot of the HER activity vs the bonds strength of metal-hydrogen. Adapted with
permission from ref. 73. Copyright © 1972 Published by Elsevier B.V.

As shown in Figure 7.A, one state of the adsorbate interacts with the d-bands of the metal and
results into two major states with different energies. The lower state is the bonding state, and
the upper state is the antibonding state which prevents the adsorption. For the metallic
catalysts, it can be simply explained that the position of the bonding and antibonding states
with respect to the Fermi level is the determining factor of the interaction of the metal with
the adsorbates. In other words, if only the bonding state is occupied the interaction is
attractive, the more antibonding states are filled, the more repulsive the interaction is (weaker
binding).”® For more precisely studies, one has to take into account the so-called coupling
matrix elements and the overlap matrix elements'®. Four different metal model surfaces with
H-adsorption were calculated and the results’® are shown in Figure 7.B. Comparison and
further calculation based on the filled states of metal d-bands and H s-band can lead to the
conclusion that Pt(111) and Ni(111) are more active towards HER than the other two and
Au(111) is the least reactive among them. This approach can be applied to various reaction

intermediates with different metal surfaces and gives the volcano plot of the system’®.
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Figure 7. Schematic illustration of electronic states interaction and theoretical calculation results. (A)
Interaction between two electronic states. The left shows the case of two sharp states resulting in
antibonding and bonding states with different energies. The right shows the interaction between a
state of an adsorbate and the s-, d- bands of a transition metal. It is broadened out to a resonance
because of the interaction. The position of the antibonding state with respect to the energy of the Fermi
level determines the strength of the adsorption. (B) The density of one-electron states of atomic H
adsorbed on Ni, Cu, Pt, and Au (111)-surfaces (solid lines) and the original d-band density of states (DOS)
of the metal surfaces (dashed lines). The energy scale is normalized with respect to the Fermi level.
With all the four metal surfaces, the H 1s-d bonding states are filled. However, the antibonding states
indicated by arrows are only filled within the cases of Cu and Au. Therefore, Ni(111) and Pt(111)
surfaces form stronger binding with H atoms than Cu(111) and Au(111). Adapted with permission from
ref. 76. Copyright © 1995, Springer Nature.
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Figure 8. Updated volcano plot for the HER on single-, poly-crystalline pure metals and metal
overlayers. Pd overlayers on metals are represented as Pd*/Metal. The two dashed volcano curves are
the activity trends assuming transfer coefficients o of 0.5 and 1.0, respectively. AGy values are
calculated at 1 bar of H» (298 K) and at a surface hydrogen coverage of either 1/4 or 1/3 monolayer
(ML). Figure taken with permission from ref. 81. Copyright © 2006, Springer Nature.

However, the volcano plot discussed so far does not include all parameters as only (111)-

surfaces and pure transition metals are considered. Catalyst surfaces have a high diversity of
17



geometric structure and chemical composition. All those parameters can influence the
electronic structure of the surface atoms and vary the activity'® 2% 8, More data points can be
added into the volcano plot of HER activity by introducing geometric factors and metal
overlayers. Greeley et al. summarized related experimental and computational data and
reported an updated HER volcano plot (Figure 8)8L. The plot indicates that even the same
material but with different surface geometries (e.g., single-crystalline vs poly-crystalline) will
have different activities. The surface geometry influences the coordination number of the
metal surface atoms (i.e., neighboring atoms of the atom under investigation), and then the
bandwidth of the d-DOS of the surface. It is suggested that a higher coordination number
results in a wider band. In contrast, a lower coordination number leads to less electronic
overlap of a metal surface atom in the vicinity, and subsequently, the d-DOS distribution
becomes narrower. To maintain the number of d-band electrons the d-band center shifts up,
as shown in Figure 9. Therefore, the metal surface becomes more reactive.'® Furthermore, Pd

overlayers on different substrates demonstrate different activities (substrate effect).
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Figure 9. Schematic illustration of the shift of the metal d-band center (with more than half-filled d-
shell) and an electron band with fixed d electron number in response to the change (narrower) of the
bandwidth. The d-band center shifts up when the bandwidth becomes narrower to keep the number of
d electrons constant. Based on ref. 10.

Additionally, for instance, a complete oxygen reduction reaction (ORR) cycle involves not only
O atoms but also OH, OOH and molecular O; adsorbed on the catalyst surface. In many cases
this complication can be simplified because of a linear dependence of the binding energies of
similar adsorbates on each other®% 8384 which are the so-called scaling relations (Figure 10).

They can be divided into two types: chemisorption energy scaling relations and transition state
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scaling relations. The first describes a linear scaling relation between the adsorption energies
of related reaction intermediates. The second scaling relation is between the adsorption
energies of an initial state and the transition state. The breaking of the scaling relation
happens when the connecting atoms (of the adsorbates or the catalyst surface site atoms)

change to others.

b AG1(optimal)I_ = J/
4 Iy 2(g)

3.‘/ /O

HO*

‘ ‘IAG4(optimal)

| \~aG,
‘,/AGHO' optimal H0,)
T = T = T T ©~T°7

-0.5 0.0 0.5 1.0 1.5 2.0
AGyo« ! eV

A
0

Figure 10. Plots of binding energies (represented in terms of Gibbs free energy) of adsorption of HOO*,
HO*, and O* versus the binding energy of adsorption of HO*, respectively. All data were adapted
from theoretical calculations, filled squares represent relations for (111), (100), and (211) pure metal
surfaces, open circles represent the relations for Pt overlayers on Pt-alloys surfaces. Taken with
permission from ref. 85. Copyright © 2012, Royal Society of Chemistry.

The major contribution to the catalytic activity consists in the interaction between the catalyst
surface and the reaction species. However, the effect of the electrolyte composition on
surface processes is not entirely negligible. It has already been taken into consideration for a
long time®® 87,88 Until now, experimental studies but no theoretical analysis® have proven
the importance of electrolyte composition, for instance spectator species, in the activity of

the heterogeneous catalysts.

2.1.6 Active Centers

Heterogeneous catalysts have complex surface structures and they are often manufactured
as nanoparticles to have high surface-to-volume ratios. Therefore, different facets and edges
of the nanoparticles are exposed to the electrolyte®®. Figure 11.A illustrates a catalyst

nanoparticle supported by a substrate®. Several possible parameters influencing the activity
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of the nanoparticle are pointed out, including the surface structure mentioned above. The
facets structure and fractions of different facets also depend on the size of the particle. Two
palladium (Pd) nanoparticle models with the diameters of 3 nm and 5 nm are shown in Figure
11.B, green, orange, pink, and blue colors correspond to (100), (110), (111) facets, and the
boundary atoms, respectively®. It should be noted that the ratio of (111) to (100) is reduced
for the smaller nanoparticle (3 nm).
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Figure 11. lllustrations of catalytic nanoparticles. (A) The performance of the supported catalyst
nanoparticle influenced by several factors, (B) Facets composition depends on the size of the particle,
green, orange, pink, and blue colors correspond to (100), (110), (111) facets, and the boundary atoms,
respectively. Images adapted with permission from ref. 90, Copyright © 2013 Elsevier Inc., and 91,
Copyright © 2014, Springer Nature.

As mentioned earlier, Figure 8 indicates that the activities of (111) crystalline and
polycrystalline surfaces are not the same. Calle-Vallejo et al. reported assessing the optimal
active surface sites can be achieved by a simple calculation of the “generalized coordination
numbers” and the detailed relation between the coordination number and the activity?.
Therefore, the activity of the entire catalyst surface should be the overall contributions of all
containing structures. However, under a certain reaction condition, each structure contributes
differently. In 1925, Taylor suggested that “only a small fraction of the surface is active”’?4, i.e.,
the overall catalyst activity is determined by the active centers. The active centers should have
the optimal binding energies with respect to reaction intermediates. Identification of those
active centers is essential to the fundamental understanding of heterogeneous catalysis and

manufacturing of better catalyst materials.
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2.2 Model Reactions and Catalysts

To accomplish the verification and applications of the n-EC-STM methodology, well-studied

and economically important catalytic reactions and related catalysts are utilized.

2.2.1 Water Electrolysis and Fuel Cell Reactions

There are several reactions that are crucial for sustainable energy systems including water
electrolyzers and fuel cells, which play the key roles for the so-called “hydrogen economy’’%
93, These are the oxygen evolution reaction (OER), the oxygen reduction reaction (ORR), the
hydrogen oxidation reaction (HOR), and the hydrogen evolution reaction (HER). The current
vs potential dependencies for all four reactions can be plotted together with simplified
reaction equations as shown in Figure 12. The electrolyzers utilize water electrolysis to
produce oxygen and hydrogen through OER and HER, respectively, and the products can be
consumed electrochemically by performing spatially separated ORR and HOR in fuel cells. In
an electrochemical cell filled with an aqueous electrolyte, all four reactions can occur and form

two redox reactions as illustrated in Equation 2.2.1-1 and Equation 2.2.1-2.

2H, = 4H* + 4e” Equation
2.2.1-1

2H,0 = 0, + 4H" + 4e” Equation
2.2.1-2

2H, —» 4H" + 4e~ :
2H,0 - 0, + 4H* + 4e™

Current density
o

0, +4H" 1 4e” - 2H,0 ——OER
E — ORR
4H* + 4e~ - 2H, —HER
1 —HOR

0,00 1,23
Potential vs RHE / V

Figure 12. Fuel cell reactions, HOR and ORR, and water electrolysis reactions, OER and HER. The
equilibrium potentials of the redox couples are 0 and ~1.23 V (vs RHE) under standard conditions. The
shapes of the curves indicate the difference in the reaction kinetics, following general trends in
electrolyzers and fuel cells but not referring to any particular experimental or theoretical calculation
result.
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Ideally, the energy required to produce oxygen and hydrogen in electrolyzers should be
converted back mostly from the reactions in fuel cells. However, this would only be possible
if there was no overpotential for each reaction, regardless of other energy losses through the
whole energy conversion and material delivery processes. Indeed, there are always
overpotentials. ORR and OER normally have much higher overpotentials compared to HER and
HOR as can be seen in Figure 12. To increase the kinetic current densities at a given potential,
i.e., reducing the overpotentials needed to maintain efficient current densities, catalysts
should be employed. In the following, the basic reaction mechanisms, will be firstly discussed,

particularly that of ORR and HER, which were investigated in this work primarily.

(A) Direct ky
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4-electron 0, +4H" + 4e” = 2H,0 Acid
pathway 0, + 2H,0 + 4e~ = 40H" Alkaline
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Figure 13. ORR pathways. (A) General, simplified model of reaction pathways and table of reaction
equations in acidic and alkaline media. 2-electron and 4-electron reaction pathways are listed
separately. Adapted with permission from ref. 94. Copyright © 1976 Published by Elsevier B.V. (B) 3D
schematic representation of ORR on catalyst surface through dissociative mechanism and associative
mechanism. Red and white balls represent oxygen and hydrogen atoms, respectively. The yellow arrows
indicate electron transfer steps and the azure arrows indicate O—O bond-breaking steps. Taken from
ref. 98.

As a reaction with slow kinetics, the ORR is one of the determining factors for the fuel cell
energy losses® and even the efficiencies of other devices, for instance, metal-air batteries*
and a special type of chlor-alkali electrolyzers® where the ORR is carried out at the cathode
to reduce the operating voltage. Possible reaction pathways and a 3D schematic of proposed
reaction mechanisms of the ORR are shown in Figure 13. Apparently, the direct 4-electron
pathway is more efficient compared to the indirect 2-electron pathway. Furthermore,
peroxide (H20) has been reported to have an undesirable impact on the stability of fuel cells®®.

Therefore, catalyst materials and reaction conditions (e.g., working potentials, pH values)
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should be carefully selected or designed to have the selectivity toward the 4-electron
pathway®® %7 %8 More importantly, the catalysts should have high activities, so that the kinetic

current of the reaction can be enhanced?’.

The reaction mechanism of the HER is simpler compared to that of the ORR. Two basic reaction
mechanisms were proposed, both start with the Volmer reaction resulting in the reduction of
protons (H-species adsorbed at the electrode surface). The Volmer-Tafel mechanism involves
a combination of two adsorbed hydrogen atoms to form H; as schematically shown in Figure
14 with light blue arrows. The Volmer-Heyrovsky mechanism represents the situation when
the second proton reduces and bonds to the adsorbed hydrogen and then the H;is desorbed

from the surface®.

The state-of-the-art catalysts, for both ORR19 101,102,103 3nd HER®® taking place in acidic media,
are expensive and scarce Pt-group-based catalysts, including pure Pt-group metals and their
alloys. Recently, Molybdenum disulfide (MoS;) was reported to be a promising alternative
catalyst for HER %% . Later, more evidence was found that other transition metal
dichalcogenides are potential HER catalysts%> 19, Several model catalyst electrodes were
investigated in this work to understand the fundamentals of their catalytic activities, especially

the locations and microscopic structures of the active centers under reaction conditions.
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Figure 14. HER mechanisms, particularly in acidic media. Adapted with permission from ref. 99.
Copyright © 2014, Royal Society of Chemistry.
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2.2.2 Model Catalyst Electrodes

Nanoparticle catalysts often utilized in industries are not always suitable for experimental
investigations, particularly when SPMs are involved. Extended surfaces, particularly surfaces
of single crystals are more practical for the elucidation of some of the factors (e.g., structure
and chemical composition®) that also determine the catalytic activity of corresponding
nanoparticles. Specially manufactured single crystal surfaces were used as samples in this
work, namely single-crystalline Pt(111), palladium (Pd) sub-monolayer islands on Au(111), Pt
sub-monolayer/multilayers islands on Au(111), and TMD multilayers on Au(111) or glassy
carbon (GC) substrates. Another system worth mentioning is Pt nanoparticles on HOPG, which
was not the main focus of this work. However, the SPM measurements on this particular
system provided the first evidence of the proposed methodology in this thesis (see Chapter

3.2.2). The properties of the model catalyst electrodes will be discussed here.

To assess the proposed n-EC-STM methodology, the samples were carefully selected. Well-
studied catalytic systems involving single crystalline and bi-metallic surfaces, of which the
geometric properties of the active centers are known or reported, were among the candidates.
Therefore, Pt(111) single crystals, Pd and Pt deposits on Au(111) were used. Additionally,

different morphologies of those samples can be easily distinguished by STM.

The metallic systems studied in this work crystallize in the face-centered-cubic (fcc) structure.
The surface of a single crystal has facets that can be characterized by the so-called Miller
indices (hkl). Low-index facets including (111), (110), and (100) are the “‘basic” facets of the
fcc-metals. The (111) facet has the most closely-packed surface and is the energetically most

stable one. High-index facets with different periodic defects can also be manufactured.'®’

2.2.2.1 Single Crystalline Pt(111) Electrodes

Figure 15.B is an STM image of a clean single-crystalline Pt(111) surfacel®, It shows in fact that
even a well-prepared (111) surface has more structures than just a single (111) facet like the
one in Figure 15.A. Structures like the step edges in Figure 15.B separate the (111) surface into
flat but irregularly shaped terraces. Consequently, any characterization of a single-crystalline

(111) surface contains contributions from step edges and other structures, for instance, other
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high-index facets and defects'®’. Therefore, studies on a Pt(111) electrode can investigate the

properties of various surface structures simultaneously under the same conditions.

Step edges

Terraces l

Figure 15. Pt(111) surfaces. (A) A ball model of an ideal (111) surface. (B) STM image of a real-world
Pt(111) surface and the height profile along the red line in the image, adapted with permission from
ref. 108.
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Figure 16. An illustration of the O binding energy on the Pt(111) concavity, convexity and (111)
terrace sites and the ORR activity. The ball model shows the typical structures of a Pt(111) surface,
e.g., the (111) terrace, the step-concavity (blue) and the step-convexity (green).Based on ref. 109.

The importance of Pt(111) for investigations on ORR should be discussed here. The results
from DFT calculations suggested that the binding energy between the Pt(111) facet and the
hydroxyl species (*OH) is about 0.1 eV (2.3 kcal/mol) stronger than the predicted optimal
value®> 110 Therefore, surface sites with slightly higher coordination numbers should have

better activities (weaker binding) according to the d-band model® 76 77: 78 ' An illustration of
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the O binding energy on the Pt(111) concavity, convexity and (111) terrace sites and the ORR
activity is depicted in Figure 16. As shown in Figure 17.A, a summary of experimental data
from different Pt single-crystal surfaces and near-surface alloys (specific activity vs estimated
*OH binding energy) in 0.1 M HCIO4 confirmed the higher activities of wide-terrace (n>2) step-
edge sites compared to that of the (111) terraces®°. Interestingly, following this argument, the
most active sites of a Pt(111) with step-like defects are located at the bottom of the steps
(step concavities), where the binding energy to the O-species is slightly weaker than that of
(111) terrace and more close to the top of the volcano plot. This is very well explained by a

newly introduced parameter, the generalized coordination number.?°
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Figure 17. Volcano plots involving different facets of Pt-based single crystal model catalysts. (A)
Experimental results (ORR activity vs estimated *OH binding energy at 0.9 V vs RHE) of Pt(111), Cu—
Pt(111) near-surface alloys with different sub-surface Cu coverage, Pt[n(111) x (111)] and Pt[n(111) x
(100)] stepped surfaces in 0.1 M HCIO,, taken with permission from ref. 50. Copyright © 2014, Royal
Society of Chemistry. (B) ORR kinetic currents measured at 0.80 V vs RHE for the different electrodes vs
the angle of the surface with respect to the (111) plane, adapted with permission from ref. 53. Copyright
© 2013, Royal Society of Chemistry.

However, all the investigations mentioned above were done in acidic media without
considering the electrolyte species effects. The influence of the electrolyte species should also
be taken into account as mentioned in Chapter 2.1.5. Particularly, considerable effects of the
alkali metal cations exist when reactions are performed in alkaline media. ORR activities of a
series of Pt single crystalline surfaces of different orientations have been tested in 0.1 M NaOH,
and the resulting kinetic current densities are plotted according to the angles of the surfaces
normal with respect to the (111) plane in Figure 17.B.>3 The Pt(111) surface has the best
activity toward the ORR in NaOH compared to the other tested surfaces, which is opposite to
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the observations in acidic media. The descriptor of the plot, the angle of the surface to (111)
plane, is only a preliminary attempt to explain the phenomenon, which is limited to explain

the actual reason for the different activity trend in alkaline media.

It is unclear, whether the statement made for ORR in acidic media, for instance, steps are
normally more active, can be applied in the case of alkaline media. Considering the activity
comparison of Pt(111) and stepped single-crystalline Pt(221) in acidic and alkaline electrolytes
in Figure 18.A, the presence of the alkali metal makes a positive impact on the ORR activity of

Pt(111) but inhibits that of Pt(221) with more step structures!*’,
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Figure 18. ORR and HER activities of Pt single crystals in different media. (A) The iR-corrected RDE-
voltammograms (currents normalized to the diffusion-limit currents, respectively) for the Pt(111)
electrodes ORR activities in Oz-saturated 0.1 M HCIO, and 0.1 M CsOH and that of Pt(221) electrodes
in Oz-saturated 0.1 M HCIO, and 0.1 M KOH electrolytes. Adapted with permission from ref. 111.
Copyright © 2018 American Chemical Society. (B) RDE-voltammograms with iR-correction of Pt(111)
and Ni-based cluster on Pt(111) for HER in H,-saturated 0.1 M KOH and 0.1 M HCIO, electrolytes. Data
taken with permission from ref. 113. Copyright © 2011, American Association for the Advancement of
Science.

Like in the case of ORR, Pt is on the stronger side of the HER volcano plot shown in Figure 6.
More studies reported that in acidic media the polycrystalline (pc) Pt has higher HER activity
than single-crystalline Pt(111) electrodes, indicating the structure sensitivity of HER on Pt
surfaces and different contributions of steps, defects, and (111) terraces® 12, However,
Pt(111) has lower HER activity in alkaline media compared to the case of HCIO4 (Figure 18.B,

red and black curves)'!3, suggesting a considerable influence from the pH value or the alkali
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metal cations. The non-covalent interactions between the alkali metal cations and the

reaction intermediates have drawn attentions recently>% 114,

Therefore, the identification of active sites of Pt single-crystalline surfaces, or simply Pt(111)
with steps and defects, is crucial for the fundamental understanding of ORR and HER

electrocatalytic processes in both acidic and alkaline media.

2.2.2.2 Palladium (Pd) Sub-monolayer Islands on Au(111)

A small amount of nano-structured active catalyst material deposited on inert substrates can
significantly increase the activity of the electrodes. For instance, Pd monolayers on Au
enhance the HER activity by about two orders of magnitude compared to the bare Au, and Pd
sub-monolayer islands decorated Au surfaces demonstrate even higher activity.*! The Pd-sub-
monolayers/Au-substrate system has attracted great attention because of its good capability
of catalyzing not only HER but also other reactions, e.g., formic acid oxidation*% 1>,
Additionally, the property of hydrogen absorption in Pd bulk materials is no longer

pronounced in nano-structured Pd islands®!.
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Figure 19. Model of a Pd sub-monolayer island on Au(111). The Pd atoms of the island rim (highlighted
by red circles) are supposed to be more active than the other Pd atoms.

To optimize the activity of this system, experimental*® %2 and theoretical*® approaches that
evaluate the size-effect (particularly Pd coverage and sub-monolayer islands size) and the
effect of the Au substrate were reported. The results showed that the activity of the entire
surface is not directly proportional to the size of Pd islands and the rim of an island is probably

the most active part of it*> 43, as illustrated in Figure 19. The confirmation of this hypothesis
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will strongly contribute to the rational design of certain catalytic systems. Therefore, Au(111)
decorated with Pd sub-monolayer islands was selected as a good model system for the
proposed active sites identification method validation (see Chapter 3.2). Cyclic
voltammograms (CVs) of single crystalline (111) surfaces of both Pd!® and Au!’ are plotted

in Figure 20 as references for the Pd islands on Au(111) system.
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Figure 20. CVs of single crystalline Pd and Au samples. (A) Pd(111) in 0.1 M H,SO. at a scan rate of 10
mV/s and (B) Au(111) in Ar saturated 0.1 M HCIO, at a scan rate of 50 mV/s. The dotted trace is enlarged
20 times. Data adapted with permission from ref. 116 (Copyright © 2006 Elsevier Ltd.) and ref. 117
(Copyright © 2011, Royal Society of Chemistry), respectively.

2.2.2.3 Pt Sub-monolayer/Multilayers on Au(111)

The importance of the system consisting of the Pd sub-monolayer islands on Au(111) was
discussed above. However, as an even better catalyst material in many aspects, Pt is also
immobilized on inert substrates to tune the catalytic performance of the substrate surface'®
119,120 |nvestigation on a similar model, i.e., Pt sub-monolayer islands on Au(111), would also

be beneficial.

Multilayer Pt deposited on Au(111) can be utilized in a particular case which will be discussed
later in Chapter 3.3. The electrochemically deposited Pt covered Au(111) surface should have
approximately the same surface roughness compared to the bare Au surface but have catalytic

properties of Pt for many reactions including HER.

29



2.2.2.4 Transition Metal Dichalcogenide Multilayers on Au(111)/Glassy Carbon (GC)

Nanosheets of transition metal dichalcogenides (TMDs), e.g., molybdenum disulfide (MoS)
and molybdenum diselenide (MoSe3), have been reported to be promising cheap and stable

non-metallic alternative HER catalysts in acidic electrolytes®.

Most Mo dichalcogenides (MoX;) are semiconductors, which are potential solar cell and
photocatalytic materials®. The approximate lattice constants of MoS; and MoSe; with
different structures are shown in Figure 21 together with a 3D illustration and 2D top view
(only for the 2-H phase, which is more stable than the 1-T phase) of the TMD atomic
structure>> 121,122,123 Note that slightly different values of the lattice constants and layer
thickness were obtained from different measurements. Sub-monolayer and multilayer films
have different properties'?4. For multilayer or bulk TMDs, different phases, namely 2-H and
3-R were found, especially in MoS,. The digits 2 and 3 indicate the number of layers in a
crystallographic unit cell, and letters H and R represent the type of symmetry exhibited: H for

hexagonal (Dsn group), and R for rhombohedral (Cssy group).?®

Side view Top view

. Transition metal

) Chalcogenide

Dichalcogenides -S, -Se;
Bandgap: Bandgap:
Electronic characteristics Monolayer: 1.8 eV Monolayer: 1.5 eV
Bulk: 1.2 eV Bulk:1.1eV
Mo
Lattice constants and a=0.315nm a=0.33 nm
thickness b=0.6-0.7nm b=0.6-0.7nm

Figure 21. Schematics of the TMD structure (2-H phase) and the electronic characteristics, lattice
constants, and thickness of MoS; and MoSe;. Image adapted with permission from ref. 55 (Copyright
© 2012, Springer Nature), and data taken from ref. 121, 122, 123.

As they are promising catalyst materials, the identification of active sites of the TMDs is
important. It was reported that the active centers for hydrogen evolution are located on the

edge of MoS; nanoparticles. The MoS; edge site could be adapted into the HER volcano plot
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and sits on the weak-binding side of the volcano3C. Bulk materials of MoS; as HER catalysts
should be manufactured with more exposed edge sites!?®. More parameters can influence the
activity, for instance, the layer thickness. Activity test for exfoliated MoS; flakes (shown in
Figure 22.A, bare substrate graphenic carbon (GrC) and Pt electrodes are references) towards
solar driven HER resulted in the activity trend of the monolayer > bilayer > bulk material*?4. A
recent study suggested that sulfur-vacancies on the terrace of MoS; increase the HER activity
significantly by creating more active sites and changing the binding energy to H-species®’, as

shown in Figure 22.B.
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Figure 22. HER activity of monolayer (1L)-, bilayer (2L)-, and bulk-MoS; flakes deposited on graphenic
carbon (GrC) compared with the activity of bare GrC and Pt, and the optimization of the activity of
MoS;. (A) Polarization curves in 1 M H>SO,4 at a scan rate of 20 mV/s. Data adapted with permission
from ref. 124. Copyright © 2017 Elsevier Ltd. (B) Activation of MoS; basal plane. Activities of bare Au
substrate, Pt electrode, as-transferred MoS; (strain: 0% and S-vacancy: 0%), strained MoS, without S-
vacancies (S-MoS;, strain: 1.35 + 0.15% and S-vacancy: 0%), unstrained MoS, with S-vacancies (V-MoS,,
strain: 0% and S-vacancy: 12.5 + 2.5%), and strained MoS; with S-vacancies (SV-MoS,, strain: 1.35 +
0.15% and S-vacancy: 12.5 + 2.5%). Taken with permission from ref. 57. Copyright © 2015, Springer
Nature.

2.2.3 Aspects Related to Model Catalyst Electrodes Preparation

2.2.3.1 Single Crystal Electrode Preparation

A single crystal electrode should have a well-oriented surface and ideally its overall surface
properties should be identical for each electrochemical and microscopic measurement.
Therefore, a rather simple and reproducible preparation method of noble metal single crystal
electrodes was introduced*. If necessary, prior to the preparation procedure the surface of
the electrode is cleaned in aqueous electrolyte by electrochemical polishing'?’. Once a cleaned

electrode surface is obtained, the single crystalline surface structure needs to be restored. The
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electrode is heated up by the flame-annealing method and subsequently cooled down to room
temperature in well-controlled gas atmosphere. The gas atmosphere is suggested to be O;
free and contains CO. Due to the CO poisoning (a monolayer of CO adsorbed at the metal
surface), the electrode surface is turned out to be well-oriented single crystalline surface. This
method is successfully utilized for the preparation of noble metal samples, for instance, Pt and
Pd single crystals. In the case of Au single crystals, cooling down in CO atmosphere after flame-

annealing is not required.*!

2.2.3.2 Electrochemical Deposition of Sub-monolayer Amounts of Metals on Single Crystal

Electrodes

For the preparation of model catalysts, suitable techniques to make samples with defined
amounts of catalytically active materials on inactive substrate materials are required.
Electrodeposition of metals follows the basic electrochemical reaction process at the solid—
liquid interface. Metal ions diffuse to the electrode and adsorb onto the surface. Then,
adsorbed ions are reduced to the neutral oxidation state and possibly undergo a crystallization
process. Typically, the required electrode potential is more negative than the equilibrium
potential of the metal/metal™ redox couple. This type of deposition is the so-called
overpotential deposition (OPD). It is a continuous process if a new equilibrium is not
established. However, in many cases, deposition can occur on a foreign metal substrate when
the electrode potential is more positive than the equilibrium potential of the redox couple,
namely the underpotential deposition (UPD). It is suggested that UPD is only possible when
energetically adsorbate-substrate interaction is stronger than that of substrate-substrate in
the bulk material. Therefore, UPD stops when the substrate is totally covered by a monolayer

of deposited metal.53 128

OPD is capable of 3-dimensional structure deposition. The deposition process can be divided
into two steps, nucleation and growth. Metal particles nucleate preferably at step sites or
other types of defects, depending on the strength of metal/substrate interaction. Nucleation
typically is correlated with an additional overpotential, the nucleation overpotential.
Afterwards, the nuclei grow even at reduced overpotential, depending on the applied

potential and time.
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Figure 23. Single pulse deposition of Pt nanoparticles on HOPG in 0.5 mM KPtCls + 1 M HCIO,. (A)
Potential vs time, initial and final potential: 860 mV vs NHE, deposition potential: 100 mV vs NHE (10s).
(B) Resulting current vs time dependence, and (C) current vs a different time scale (s°°). Data taken
with permission from ref. 129. Copyright © 2009 Elsevier B.V.

One application of OPD is the controlled deposition of metallic nanoparticles via a potential
step method. In the electrolyte containing deposition precursors (M or other compounds),
the potential of the substrate is switched from a potential where no reduction of M"™ is
possible to a potential which is (much) more negative than the equilibrium potential. This is
the so-called single pulse deposition. An example can be seen in Figure 23. Pt nanoparticles
were successfully deposited in 0.5 mM K;PtCls + 1 M HCIO4 electrolyte on highly oriented
pyrolytic graphite (HOPG) by the potential control (Figure 23.A). Figure 23.B shows the
resulting current. Under the deposition potential, the current starts with a peak followed by a
more stable value over time (slightly decreases as shown in Figure 23.C). Figure 23.C shows
the current in the peak region (current vs t2°). The rapid drop is caused by the mass transfer

limitation.1??

To better control the size and distribution of the metal particles, double pulse deposition is
preferred, in which nucleation and growth are controlled separately with different potentials.

A lower overpotential leads to a more gradual growth of the particles and to prevent new
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nucleation from taking place.'?® Figure 24 shows a typical Pt double pulse deposition froma 5
mM K2PtCle + 0.1 M H,SO4 electrolyte on a diamond-based substrate. Potential and current vs
time are shown in Figure 24.A and B. Details of the nucleation pulse can be seen next to the
curves. The nucleation pulse is much shorter, so that only nuclei with relatively small sizes can
be created. Figure 24.C is the AFM image of the deposited particles. Tip broadening effects

can be seen around the particles.3°
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Figure 24. Double pulse deposition of Pt nanoparticles on diamond-based substrate in 5 mM K,PtCls
in 0.1 M H,S0,. (A) Potential vs time (solid line) with respect to the equilibrium potential (dash-line).
Initial and final potential: 860 mV vs NHE, nucleation potential: -340 mV vs NHE (10 ms), and growth
potential: 260 mV vs NHE. (B) Resulting current vs time dependence. (C) AFM image of the deposited
particles. Adapted with permission from ref. 130. Copyright © 2011, Royal Society of Chemistry.

UPD is suitable for monolayer deposition, for example to form a Cu monolayer on Au(111)
substrates that is commonly carried out in electrolytes containing Cu?*. EC-STM
measurements were reported on Au(111) substrates in 0.05 M H,S04 +1 mM CuS04.13! CV was
done with a very low scan rate, 1 mV/s, before EC-STM imaging. All results are shown in Figure
25.A and B. Three regions can be seen in the CV including two adsorption/desorption coupled
peaks (2 and 3) and the bulk deposition (i.e., OPD, 1). Images of the surface were taken at the
potentials of 0.55 V vs SCE at which no Cu UPD happens (Figure 25.B1) and 0.15 V vs SCE where
adsorbates are present (Figure 25.B2).13! The larger lattice structure of the latter was
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explained by the model in Figure 25.C. Figure 25.C1 and C2 are top- and side-view of the
surface with Cu and adsorbed sulfate.'3? However, the surface coverage is not 1 but about
2/3131.132 To obtain a Pt monolayer on Au, UPD deposited Cu can be replaced by a layer of Pt
via galvanic displacement. The morphology of the Pt layer strongly depends on the oxidation

state of the Pt-complex in the electrolyte.®3
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Figure 25. Cu UPD in 0.05 M H2S04 +1 mM CuSO4on Au(111) electrodes. (A) CV of Au(111) in 0.05 M
H»S04+ 1ImM CuSO, at a scan rate of 1 mV/s. Bulk deposition and two UPD regions are labeled by 1, 2,
and 3, respectively. (B) EC-STM images of Au(111) at the potentials of (B1) 0.55 V and (B2) 0.15 V vs
SCE. Tip potential is 0.6 V vs SCE. The tunneling current was 10 nA. Scan speed was (B1) 20 ms/line and
(B2) 50 ms/line. CV and EC-STM images are adapted with permission from ref. 131. Copyright © 1991
Published by Elsevier B.V. (C1) and (C2) Top- and side-view of the structure in B2, showing the

adsorption of the sulfate. Reprinted with permission from ref. 132. Copyright © 2014, American
Chemical Society.

Recently, a self-terminating deposition of Pt monolayer films on Au substrates was reported.
As shown in Figure 26.A, RDE-cathodic scans were done in two electrolytes, Ar-saturated 0.5
M NaCl and 0.5 M NaCl + 3 mM KzPtCls. Pt deposition was observed in the presence of PtCls?".
However, the deposition is terminated by hydrogen UPD, which has been proven by the
electrochemical quartz crystal microbalance (EQCM) measurement independently. This
suggests that hydrogen adsorption on Pt atoms limits the normal growth of the Pt layer on Au,
schematically represented in Figure 26.B. Therefore, Pt monolayer deposition on Au is possible

by the single pulse method, initial and final potential: 0.4 V vs SSCE, pulse potential: -0.8 V vs
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SSCE (hydrogen UPD takes place on Pt). At the pulse potential, clean Au surface is available for
Pt deposition. However, all Pt atoms adsorb hydrogen atoms and the deposition stops, when
almost the whole Au surface is covered by a monolayer of Pt. The amount of deposited Pt is
independent of the length of the deposition pulse time once a nearly complete monolayer has

been formed.133
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Figure 26. Self-terminating growth of platinum films on an Au substrate. (A) RDE-cathodic scan of Pt
with respect to sodium-saturated calomel reference electrode (SSCE) in Ar-saturated 0.5 M NaCl and
0.5 M NaCl + 3 mM K,PtCl, and the corresponding change of the mass (derivative of the mass as a
function of time) in Ar-saturated 0.5 M NaCl + 3 mM K,PtCl, independently obtained by EQCM. All
measurements have a scan rate of 2 mV/s. Pt growth stops in the region where hydrogen UPD on Pt
starts. (B) An illustration of the deposition mechanism. Data and image are adapted with permission
from ref. 133. Copyright © 2012, the American Association for the Advancement of Science.

2.3 Fundamentals of Quantum Tunneling

The STM and EC-STM have been contributing to the surface-science related research for
decades since Binnig and Rohrer demonstrated that the quantum tunneling phenomenon can
be applied as a distance-sensitive signal between a sharp tip and a conductive surface3? 134

135 Firstly, the underlying concept of quantum tunneling will be discussed here.

2.3.1 Background and Concept of Quantum Tunneling

In the late 19t century, F. Paschen reported in his study about the breakdown voltage in gases
as a function of parameters including pressure and gap length!3®. His observations inspired a

series of investigations later summed up as the so-called Paschen’s law'3’. One of them was
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the experiment made by R. F. Earhart. The experimental setup consisted of a spherical and a
planar surfaces with very small distance from a few to hundreds of micrometers. The resulting
breakdown voltage vs separation distance curves had two regions. At small distances, the
breakdown voltage decreased dramatically.*® However, the reason was not discussed

correctly back then (when ether was believed to exist!3).

By the late 1920s, the concept of field emission was introduced by R. H. Fowler and L.
Nordheim based on experimental and theoretical studies??, It explains the electron emission
phenomena (e.g., breakdown behavior at small distances in Earhart’s and other similar
experiments3® 141,142) in 3 quantum mechanical way'*°. In parallel, the so-called tunneling
effect, which was originally found in the field of radioactivity research, was recognized as a

common explanation for other phenomena, including also the electron field emission.#3

Figure 27. Field electron emission through a rounded barrier g (work function), from solid metal to
(A) vacuum and (B) a field with a strength of F.. based on ref. 140. (C) Schematic of the so-call metal-
vacuum-metal (MVM) tunneling. The work functions of both side are considered. The electron is
represented as its possible wave function. The voltage bias is V.

The basic concept of electron field emission (or field electron emission) is schematically shown
in Figure 27. Figure 27.A describes the situation when under an electrostatic field an electron
with energy W passing through a finite energy barrier of ¢ (work function of the material, that

needed to emit an electron from it), from a solid surface to vacuum or other dielectrics.
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Classically, the latter is impossible for an object if ¢ is higher than W. However, from the point
of view of quantum mechanics, it is possible. The answer is a calculable value of ‘probability’
represented as a current flow. Here, the current or current density normalized by the surface
area is commonly used to represent the probability of electron emission.'#? The tunneling
effect through a gap which is in the range of angstroms (A) allows the electrons to arrive
directly at the second electrode, as illustrated in Figure 27.C. The highest initial and final

energies are the Fermi-levels of the two electrodes.**

Young et al. reported a voltage bias (between two electrodes) vs distance curve at a fixed
current density of 50 A/cm? as shown in Figure 28.A. A linear part can be seen, where the
distance is larger than ~30 A. When the distance is smaller than ~10 A (MVM), the voltage
drops exponentially with the distance. If one extends the Fowler-Nordheim part to shorter
distances and compares the calculated current density to that of the MVM tunneling, the
difference is clearly visible in Figure 28.B. It suggested that, the MVM tunneling effect is

potentially a high-resolution microscopic tool.}4*
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Figure 28. (A) Required voltage to have a current density of 50 A/cm? as a function of metal-metal
distance. Three regions are the MVM region, the transition (intermedia) region, and the Fowler-
Nordheim region. (B) Calculated ratio of tunneling current density to the value from Fowler-Nordheim
calculation for a fixed voltage at the first electrode of 0.3 V/A. Adapted with permission from ref. 145.
Copyright AIP Publishing.

The wave equations (time-independent Schrédinger equation) Equation 2.3.1-1 and Equation
2.3.1-2 are employed to solve the emission through the energy barriers shown in Figure 27.A
and B. The emission current is calculated as shown in Equation 2.3.1-3. ¥(x) is the wave

function of the electron as a function of the distance x from the emitter, and it is equivalent
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to the thermodynamic partial potential of the electron'??. The mass of the electron is m, the
energy of the electron is W, the energy barrier is ¢ and the field strength is F;. Another
constant k is defined in Equation 2.3.1-2, where h is the Planck constant. There are still open
questions and uncertainties in these calculations'#?, but the applications of it were already

reported, however, mainly as spectroscopic tools'44,

d*P(x) Equation

—gxz TEW =+ Fyp(x) =0 x>0 2.3.1-1

d®p(x) +IWP(x) = 0, and k2 = 8m2m/h? X <0 Equation

oz TEWP(x) = 0,and x° = 8m"m 2.3.1-2
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In the case of MVM tunneling (Figure 27.C), electron tunneling happens from the occupied
states of the electrode | to the unoccupied states of electrode Il. The barrier can be roughly
approximated by taking the average of the work functions of the two electrodes or simply the
work function of electrode I. The wave function decays exponentially in the vacuum (see
Equation 2.3.1-5). Note that, the tunneling process through a vacuum gap is considered as an

elastic process, so that the energy of the tunneling electron will not be changed.4¢

_ P1+e2 _ Equation
p="5 or¢=¢1 2.3.1-4
_2ma[Zm(¢-W) Equation

Y(a) =9(0)e z 2.3.1-5

The tunneling current depends on the DOS of the electrode Il at the Fermi edge pu(Er). The

tunneling current can be written as in Equation 2.3.1-6.

_4ma [2m(p-W) Equation
I <Vp;(Ep)e h 2.3.1-6

More theoretical investigations have been performed to quantify the tunneling current with
all possible factors. Even though there is no exact precise equation reported, existing models
are already clear enough to point out the dominating factors. One of them is the Tersoff-
Hamann Model'*”- 148 based on the Bardeen approach!®. The current is a function (Equation
2.3.1-7) of the DOS of both sides and the probability of passing through the vacuum gap. In
that equation f is the Fermi function which is defined in Equation 2.3.1-8. M is the so-called

tunneling matrix element given by Equation 2.3.1-9. It is calculated as the surface integral of
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the wave functions of region | and Il ({); and ;) across the tunneling gap. The variable of the

energy is €, and the local density of states is p 146150

® Equation

I x f [f(Efz + 3) - f(Efl + 8)]pII(Ef2 + g)pI(Efl + £)M2d£ 2.3.1-7
Equation
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For low voltage bias, Equation 2.3.1-7 can be simplified as

eV Equation

he -fo pu(Epz + €)pi(Epy + £)M?de 2.3.1-10

For both Equation 2.3.1-6 and Equation 2.3.1-7, factors that determine the tunneling current
are the local energy density of both electrodes (or applied bias potential), the DOS of them,
the property of the gap (dielectric media), the surface area where tunneling is possible, and

also the distance of the electrodes.46 150

2.3.2 Quantum Tunneling in Electrolytes

Electrochemical STM is capable of in-situ and operando measurements®! in the presence of
electrolytes. Here, tunneling current in liquid phase will be further discussed. Equation 2.3.1-6
and Equation 2.3.1-9 will result differently or have different forms in case of electron tunneling
through the electrolyte-filled gap, which is suggested to be an indirect process. First, the
energy barrier is reduced due to multiple intermediate states in the gap. Those states are

related to the dipole resonances of the well-oriented water dipoles modeled in Figure 29.A.

A simplified calculation of the effective barrier is shown as Equation 2.3.2-1. The number of

intermediate states is n.1>?

_ 2 Equation

Therefore, the tunneling current decays in an oscillatory way instead of exponentially.
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The model is confirmed by both experimental and theoretical studies. The effective barrier

can be calculated by the measured tunneling current (I) and tunneling distance (x).1>3 5%

155, 156

h*  dlnlI, Equation
Perr = 357m Tox 2.3.2-2

Characterizations of the effective barrier have been achieved by performing distance
tunneling spectroscopy (DTS) with EC-STM setups. The DTS measurement is conducted by
scanning a sharp electrode (EC-STM tip) normal to another electrode (EC-STM sample) surface
in the electrolyte with constant voltage bias. The current is measured as a function of distance.
Neglecting the water dipoles, the current vs distance curve will result as the gray line in Figure
29.B based on Equation 2.3.1-6. The red curve is the measured data. It starts with a rather
constant value when tunneling is barely possible, and only Faradaic contributions can be
measured, as the leakage current. 0 nm distance means the two electrodes reach a jump-to-
contact point, which is defined as the zero-point of the DTS measurements. An oscillation
contribution around the calculated value can be seen. It is due to the changes of the tunneling
barrier with distance. The effective barrier (blue) can be determined from the current

difference (orange) by Equation 2.3.2-2. This is in agreement with the reported explanation®2.

Further studies proposed that not only water dipoles but also other dipolar species in the
tunneling gap, e.g., sulfate (SOs) and hydronium (H30%), contribute to the oscillation of the
effective energy barrier. Figure 29.C combines the side view of co-adsorption of sulfate and
hydronium ions (left), determined effective barrier (middle) as a function of distance from the
DTS measurements according to Equation 2.3.2-2, and DFT results of the distribution of
negative and positive charge density on the electrode surface (right). Sulfate and hydronium
ions play considerable roles in the effective barrier, similar to the water dipoles. The effective
barrier oscillates directly related to the physical location and distribution of charge (dipoles)

of the ions/water dipolar.>®

In summary, at the solid-liquid interface, electron tunneling is strongly influenced by the local
dipolar substances in the electrolyte-filled gap. The tunneling is no longer straightforward, but
an process through the effective tunneling barrier. The resulting current will exhibit
“oscillating” features. When fixing the position of the tip or scanning it parallel to the sample

surface (for instance, topographic imaging), these “oscillating’”’ features should not appear
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(considering a laterally homogeneous double layer structure). However, when there is a
reaction (for instance, an electrocatalytic reaction) taking place at the surface, the local
structure and the lateral homogeneity of the double layer are disturbed. This will also lead to
the oscillations of the tunneling barrier and subsequently cause noise signals in the resulting
tunneling current or topographic image. The noise should be higher over the active sites, and
therefore these active sites can be distinguished. This is the main idea of the proposed n-EC-

STM methodology in this thesis. More details will be discussed in Chapter 3.2.
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Figure 29. Tunneling current through the electrolyte-filled gap, tunneling barrier is reduced. (A)
Water dipoles in the gap as the proposed reason for decrease of tunneling barrier. Based on ref. 152.
(B) Red, in situ measurements on an Au(111) electrode surface with Au STM tip in N -saturated 0.02 M
HCIO,. Voltage bias is +100 mV. Current starts becoming constant at large distances, since electron
tunneling is inhibited and only background current can be seen (details will be discussed in
Chapter3.1.2). Gray: calculated tunneling current according to Equation 2.3.1-6. The measured current
oscillated around the calculated value, the difference between logarithms of them is represented as an
orange curve. Blue: effective barrier determined from the orange curve according to Equation 2.3.2-2.
Adapted with permission from ref. 153. Copyright © 2003 Elsevier B.V. (C) Investigation on the influence
of other electrolyte species on the effective barrier on Au(111) in Ar-saturated 0.1 M H,SO.. Left: side
view of co-adsorption of sulfate (SO4) and hydronium ion (H30*). Middle: effective barrier vs distance
based on the DTS according to Equation 2.3.2-2. Right: distribution of negative and positive charge
density on the electrode surface from the DFT calculations. Adapted with permission from ref. 156.
Copyright © 2007, John Wiley and Sons.
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3 Instruments and Experimental Procedures

In this chapter, details of all experimental procedures performed in this thesis are described.
It is structured as follows: In Chapter 3.1, the main instruments used in this thesis are
described. Chapter 3.2 discusses the concept of the n-EC-STM methodology and shows the
experimental details of the n-EC-STM measurements. Chapter 3.3 deals with catalyst sample

preparation processes and characterization of prepared samples.

3.1 Experimental Instruments

3.1.1 Electrochemical cell and Potentiostat

3.1.1.1 Basics of Electrochemical Cell and Potentiostat

Electrochemical cells based on the three-electrode configuration (Chapter 2.1.2) can be
designed differently to fulfill special experimental requirements. One example of the cell
design is shown in Figure 3, which can also be adapted to use with other instruments, for

instance, SPMs.

According to Equation 2.1.3-3 and Equation 2.1.3-4, temperature and concentrations
(pressures) of participating substances influence the reaction behavior. In a rigorous
electrochemical measurement, comparison of different catalysts toward the same reaction is
normally conducted under exactly the same conditions. Therefore, the design of a proper
electrochemical cell should take all possible factors into account. Figure 30.A is an example of
an electrochemical cell for measurements at single crystals consisting of four parts, a main cell,
a preconditioning cell, a RE chamber, and the WE holder®’. The preconditioning cell has gas
inlets and outlets for degassing the electrolyte prior to measurements. The preconditioned
electrolyte flows to the main cell which also enables the atmosphere control. In the main cell,
the single crystal WE contacts the electrolyte in a so-called hanging meniscus configuration,
so that only the crystal face of interest is investigated. The WE holder can be connected to a
rotating disc electrode (RDE) motor to control the mode of the mass transfer. This is crucial
for the precise evaluation of catalytic properties of single-crystalline electrodes. The RE stands

in an independent chamber connected to the main cell by a salt bridge. The whole setup also
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provides good cleanliness for the measurements inside.’® One example where the
atmosphere control is critically important is activity studies for HER as the presence of O;

would lead to undesired current contribution from the ORR.

In an EC-SPM system, the electrochemical cell must compromise with the design of the SPM,
particularly the space constraints. As can be seen in Figure 30.B, the electrolyte is kept inside
the cell by a sealing ring pressed on the planar WE, RE is a quasi-reference electrode made of
metal wire. Additionally, the SPM tip needs to pass through the electrolyte and interact with
the sample surface within a microscopic scale. No built-in atmosphere/temperature control is

available in most commercial off-the-shelf systems.?8

(A) gas in g = out ( B) Tip
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Figure 30. Schematic drawings of electrochemical cells. (A) A versatile cell consisting of 1) the
electrochemical compartment (main cell) with atmosphere control, 2) a high frequency inductive heater
(IH) for temperature control and a rotating disc electrode (RDE) motor for reducing the mass transfer
influence on the WE, 3) electrolyte preconditioning compartment and a RE chamber. Taken with
permission from ref. 157. Copyright © 2013, Royal Society of Chemistry. (B) Configuration of an EC-
SPM cell. Several compromises can be seen, e.g., the RE is a quasi-reference electrode made of metal
wire and atmosphere/temperature control is absent. Adapted with permission from ref.28. Copyright
© 1988 Published by Elsevier B.V.

A reliable RE is the basic requirement of any electrochemical measurement. For a cell like the
one shown in Figure 30.A, for instance, the normal hydrogen electrode (NHE), an Ag/AgCl
electrode in KCl saturated aqueous solution (SSC), or a Hg/HgS04 electrode in K;SO4 saturated
aqueous solution (MMS) are often employed. The NHE consists of a platinum electrode dipped
in pH = 0 acidic media with 1 bar H, and pure hydrogen gas purging. Theoretically, for a Pt
electrode under the condition of 1 atm H; and H* activity a = 1 (1 M H*) at 25°C, the electrode
potential is defined as 0 V in electrochemical systems, and the electrode is the so-called
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standard hydrogen electrode (SHE). Both SSC and MMS have stable potential differences with
respect to the NHE, respectively®3. Equilibrium potentials of electrocatalytic reactions are
often pH-dependent, e.g., HER and ORR. A pH-independent reference scale is therefore often
preferred in practice, for instance, the reversible hydrogen electrode (RHE) which uses a
configuration as the SHE, but operates in the same electrolyte in which the catalytic reaction
is studied, i.e., at pH # 0. Resulting from calculations based on the Nernst equation, the
potential applied on WE with respect to RHE is taken as WE (vs RHE) = WE (vs RE) + RE (vs SHE)
+0.0591 V x pH.%3

Both the current and potential of the WE can be controlled to study electrochemical
phenomena or recorded as consequences of electrochemical processes. For the studies
covered in this thesis, the WE potential is often controlled and varied to shift the
electrochemical equilibrium and tune the targeted reactions. Consequently, the current is
recorded as a function of time or potential (or both). This is done using a device called
“potentiostat”, with the measurement scheme shown in Figure 31.A. The potentiostat
controls the potential and current of the WE according to the principle of the three-electrode
configuration explained in Chapter 2.1.2. Two basic operation modes of a potentiostat, i.e.,
the potential step method and the potential sweep method, are often represented by their
typical potential input and current response as a function of time and potential, respectively
(Figure 31.B and Figure 31.C). Commonly used techniques based on these modes are pulse
voltammetry, linear sweep voltammetry (LSV) and cyclic voltammetry (CV), depending on

whether the potential is manipulated stepwise or linearly from one value to another one.®?

Normally in a pulse voltammetry experiment, the WE is forced to jump from its steady-state
to a non-steady state value and often arrives in the mass transfer limitation region of the
targeted reactions. The system will need a certain time to reach a new equilibrium if it is
possible. The resulting current transient is commonly a decay curve. The magnitude of the
current depends on the extent of the potential change (and thus the applied overpotential),
the bulk concentrations of the participating electrolyte species, and the kinetic and
thermodynamic parameters of the electrode reaction(s). When the potential is switched back
to the initial value, an opposite current can usually be observed indicating the reverse reaction,

at least for reversible or quasi-reversible reactions.%3
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LSV and CV sweep the WE potential linearly at a constant speed (scan rate: v = dE/dt).
During one scan, the WE can experience several reactions in different potential ranges, but
there may be also potential regions where no Faradaic reaction takes place (so-called double
layer region). When the scan goes across the equilibrium potential of a specific (outer-sphere)
reaction, not only the approximate starting point but also effects of different overpotentials
can be determined, as shown in Figure 31.C. Current peaks can be seen in the current vs
potential plot (the cyclic voltammogram, also abbreviated as ‘CV’) due to the mass transfer
limitation, which is strongly influenced by the scan rate. If there are adsorption/desorption or
deposition processes of electrolyte species, corresponding features will appear at the right

potential range on the recorded plot.53 128

With an electrochemical cell and a potentiostat, many electrochemical investigations and
processes on catalyst materials can be performed successfully, including surface cleaning,
activity tests, and sample preparations and characterizations®. Details of all applications

utilized in this thesis will be discussed in the following chapters.
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Figure 31. Potentiostat and its basic operations. (A) Experimental arrangement for potential-
controlled measurements using a potentiostat; (B) A plot of a step potential control and characteristic
measured current flow with time; (C) Waveform for a sweep potential control and typically resulting
current vs potential curve with direction indicators (black arrows). Adapted with permission from ref.63.
Copyright © 2000, John Wiley and Sons.

As mentioned above, CV is often used as a characterization tool for electrode materials in
defined electrolytes®3. Some examples of cyclic voltammograms for Pt single-crystals studies

are shown in Figure 32. In Figure 32.A, CVs of Pt(111) in Ar-saturated acidic and alkaline
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solutions (0.1 M HCIO4 and NaOH) are shown. The voltammograms reveal adsorption and

desorption of H, OH, and O species (corresponding peaks are designated in the figure).

As shown in Figure 32.B, in the same electrolyte (0.1 M HCIOa), H adsorption and desorption
have peaks with similar shape (peak 1) around 0.15 V vs RHE on Pt(110), and another pair of

peaks (peak 2) disclose the adsorption of OH-species.

CV can also trigger changes in the electrode surface structure. One example is shown in Figure
32.C for sulfuric acid, where the Pt(111) electrode response is “stable” and characteristic in
the range where the CV is taken (black curve). However, when the potential is scanned
between 0.06 and 1.4 V vs RHE, thus too much more positive potentials, (111)-associated
features disappear gradually while new peaks appear and grow (red curves, blue curve: last

cycle).

Figure 32.C also shows how cyclic voltammogram reflects damages introduced to the single-
crystal surface made by anodic polarization of the electrode. However, damaged electrode
surfaces can be restored by flame-annealing treatment in reducing atmosphere (carbon

monoxide (CO) /Ar or Hy/Ar mixture).1>®

Figure 32.D compares CVs of Pt(111) electrodes in O,-saturated and Ar-saturated electrolytes.
The CV in oxygen-saturated 0.1 M HCIO4 is shifted down to more negative currents as a result
of the oxygen reduction reaction (ORR). In principle, for many reactions, for instance, in the
case of HER and ORR, CV can approximately point out the ‘onset’ potentials, where the
reactions start. Additionally, the current increase with increasing overpotentials and the mass
transfer limitation of the current also can be seen in the CVs (Figure 32.D). In other words, CV
experiments can be used to acquire “fingerprints” of the Faradaic processes taking place at

the electrode surface.1>? 160

The specific surface area estimation can also be done using CV experiments performed in
certain electrolytes. For example, integration of hydrogen adsorption peaks in Figure 32 in Ar-
saturated electrolytes can help in the estimation of the true surface area of Pt electrodes. The
charge density associated with adsorption/desorption of a monolayer of hydrogen atoms
corresponds to ~210 puC cm2 for polycrystalline Pt, and ~241 uC cm2 for single crystalline
Pt(111) and ~200 uC cm for single crystalline Pt(110) (measured values, differ from

calculated values).53 161,162,163, 164
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Figure 32. CV characterizations of Pt single-crystalline surfaces. (A) CVs of Pt(111) in 0.1 M HCIO4 and
NaOH electrolytes with different vertex potentials. Adsorption/desorption of species results in different
features at corresponding potentials. The beginning of HER can be seen in case of HCIO, (red) at more
negative potentials. (B) Comparison of Pt(111) and Pt(110) in 0.1 M HCIO,. Peak 1 corresponds to the
adsorption of H-and peak 2 of OH-type species. When H,50, is added, Peak 3 appears, indicating the
adsorption of (bi)sulfate (Sulfate with hydronium). (C) Continuous CV of Pt(111) in 0.5 M H,SO,. (D) CVs
of Pt(111) electrodes in Oz-saturated and Ar-saturated 0.1 M HClO,. Scan rate: 50 mV/s. Data are

adapted from ref. 159, and with permission from ref. 160. Copyright © 2004, American Chemical
Society.

3.1.1.2 Experimental Setup and Preparation

In this thesis, macroscopic electrochemical measurements were conducted using a
potentiostat (VSP-300, Bio-logic) and electrochemical cells. The electrochemical cells were
manufactured according to the design shown in Figure 30.A. However, the RDE and IH
compartments were not equipped since they were not necessary. The specific atmosphere
was controllable in the cells by purging required gases, for instance, Ar (Westfalen, Ar 5.0) for
0O-free atmosphere and Ar/CO mixture (Westfalen, Ar 5.0 + 1000 ppm CO) for reducing

atmosphere required for cooling down the single crystals after flame-annealing treatment.
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Both the MMS and the SSC electrodes (+0.664 V and +0.196 V vs SHE, respectively, both SI
Analytics) were used as reference electrodes. Caro’s acid, roughly 70% H,S04 (96%, Suprapur®,
Merck KGaA) and 30% H,0; (30%, Suprapur®, Merck KGaA), was used for cleaning the cells
and other glassware. Afterwards, all glassware was cleaned by ultrapure de-ionized water
(18.2 MQ cm, Evoqua, Germany) by boiling it several times. The working electrode contacted
the electrolyte using a hanging meniscus configuration so that a well-defined geometric

surface area of the working electrode was maintained.

The electrochemical characterization methods were used in all sample preparation and
activity evaluation processes, to complement the EC-STM measurements and the
interpretations of the recorded images. CV measurements were utilized when the surface
chemical composition and structural information was required, especially after metal

deposition processes and for single crystal surface quality assessments.

3.1.2 (Electrochemical-) Scanning Tunneling Microscopy

3.1.2.1 Working Principle of (Electrochemical-) Scanning Tunneling Microscopy

The working principle of the STM, depicted in Figure 33.A, did not change much since Binnig
and Rohrer invented it31. A zoom-in schematic to the tunneling gap is illustrated in Figure 33.B.
It consists of a sharp metallic electrode as the tip and another electrode as the sample. The
tip is positioned by rectangular piezo systems to scan it over the sample surface. One piezo
actuator approaches the tip close to the sample surface at angstroms (electron tunneling is
possible) and adjusts the height (z-direction) of the tip, if it is necessary during scanning. The
other two axes of movement (x, y-direction) are also controlled individually to scan the tip

over the area of interest of the sample surface.!

Piezo elements position the objects (i.e., tip, or the sample is moved in some STM devices) by
physical deformation of the piezoceramic material with the applied electrical field, the
converse piezoelectric effect'®. The piezoelectric effect and its reverse phenomenon were
discovered by Jacques and Pierre Curie in the early 1880s%% 167,168 |t js caused by the electric
dipole moments in certain materials. Electric charges can be generated in response to external
mechanical stress, and a reversibly applied voltage can change the lattice structure of the

material.
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Figure 33. Working principle of STM. (A) Schematic of STM setup and (B) a zoom-in at the interaction
between tip apex and sample surface. Based on the principle presented in ref. 135.

There are two operation modes of STM that are commonly used. Those are the constant
height mode (Figure 34.A) and the constant current mode (Figure 34.B). In constant height
mode, the height of tip is fixed. The tip current varies during scanning due to the change of
the surface topography or surface density of states, which determine the tunneling probability.
It is suitable for measuring on atomically flat surfaces. Due to the small size of the tunneling
gap, any large surface height change will crash the tip. However, high-resolution imaging can

be achieved within this mode, since the tip can be forced to stay close to the sample surface.

The constant current mode maintains the tunneling current constant (current setpoint) by
adjusting the tip height, i.e., the tip-sample surface distance. A feedback loop combines the
current read-out and the piezo control. The surface topography is imaged by recording the
height of the tip over the scanned area. Basically, constant height mode generates a current
map with mixed topographic and conductivity (surface density of states) information, the
constant current mode produces a height map but is also influenced by other surface

properties (e.g., electronic structure).

Note that in both Figure 34.A and B, the curve of the current (or height) does not exactly match
the surface profile. The reason is that the tip is not only one atom but a sharp apex with
numerous atoms, as shown in Figure 34.B. Each atom in the range of the tunneling distance

contributes to the total tip current. When the tip is approaching closer to higher parts of the
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surface (like the step in Figure 34), likely the side atoms of the apex instead of the actual last
atom of the tip will firstly generate tunneling current. Therefore, a broadening effect caused
by the geometry of the tip (e.g., tip curvature radius) is common in many STM images. An
oscillation of the tunneling current in the constant current mode can be observed because of

the feedback-loop adjustment.*°
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Figure 34. Operation modes of STM. (A) Constant height mode. (B) Constant current mode.

Before approaching the tip towards the sample, a background current caused by the internal
electronics and leakage currents (normally in EC-STM), the so-called offset current, already
exists at the tip. To have a reasonable resolution, a current setpoint at least a few times larger

than the offset is recommended.

As shown in Figure 35.A, EC-STM performs the STM measurement in an electrolyte under
potential control. Like in normal EC cells, RE and CE are employed. STM tips are often made of
metal wires including Au and Platinum/Iridium (Pt/Ir) alloy. An insulating coating is necessary
to make sure that the majority of the tip current is from electron tunneling but not from
Faradaic processes at the tip. Faradaic currents at the whole surface of a bare tip in contact
with an electrolyte can be orders of magnitude larger than tunneling current, since those tip
materials are likely active or reactive in electrochemical environment. Even double layer
charging/discharging is noticeable. Tip and sample potentials are controlled individually by a
bipotentiostat with respect to the RE. The potential bias is the potential difference between
the tip and the WE (Esp — Ewe). While imaging topography, the potentiostat can perform

electrochemical measurements at the sample. First, topographic changes related to
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electrochemical processes can be simultaneously (in-situ) observed, and the obtainable
resolution of it is comparable to that of STM in air. Moreover, EC-STM can detect surface
adsorbates as an additional signal in the topography or current imaging, depending on the

operation mode.46

Figure 35.B represents a cross-section of an insulated tip. It is not completely covered by the
coating. A tiny apex is exposed to the electrolyte to allow electron tunneling but avoid large
undesired Faradaic currents. Therefore, the tip potential is normally kept in the double-layer

region of the system.

(A) (B)

—
Position
control
|
Controller Quasi-RE wire “
and N
feedback tip
loop

/

Insulation '\
Exposed apex

Potentiostat

Figure 35. Schematic of an EC-STM setup. (A) A potentiostat controls the potential of the tip and the
WE with respect to the quasi-RE and measures the currents. The potential bias is the potential
difference between tip and WE. The tip is insulated by a chemical- and electrochemical-resistant
material, and only a tiny apex is exposed to the electrolyte. (B) Cross-section of an insulated tip.

The quasi-RE can be a pure or coated metal wire, for instance, Pt or Ag/AgX, where X stands
for ClI or Br. The potential of the metal wire is the equilibrium potential of the
metal/electrolyte interface (reactions determine the potential at this interface), for instance,
the equilibrium potential of the redox reactions of the metal when O; presents in the
electrolyte. The Ag/AgX quasi-reference electrode is a silver wire fully coated with silver
chloride. In X free electrolytes (for instance, 0.1 M HCIO4, which is used in this thesis), the
potential is defined by the dissolution of AgX (Equation 3.1.2-1)%°. Both AgCl and AgBr are

170

hardly soluble in water!’?, and the potentials of the AgX quasi-reference electrodes are stable
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when there is no metallic Ag exposed to the electrolyte®®. In halide solutions, the potential of
Ag/AgX is directly determined by the concentration (activity) of X" in the electrolyte.

Equation

RN + —
AgX(s) = AgT+X 3.1.2-1

3.1.2.2 (Electrochemical-) Scanning Tunneling Microscopy Setup and Preparation

The (EC-) STM setup (Figure 36.A and B) is a Multimode EC-STM/EC-AFM instrument (Veeco
Instruments Inc.) equipped with a Nanoscope IIID controller. It is capable of (EC-) STM, (EC-)
AFM, and scanning electrochemical potential microscopy (SECPM) measurements. The
software used for operating the microscopes was Nanoscope 5.31r1. All recorded microscopy
data were analyzed by WSxM software!’!, Details of the sample cell are shown in Figure 36.C
and D, depending on the shape of the samples. The Teflon® ring presses the sample on aniron
plate and is tightened by four screws. The Teflon ring provides a liquid-tight hole for the
electrolyte and other electrodes including the tip. A conductive and ferromagnetic iron plate
is attached to the piezo system. For samples without z-direction conductivity, for instance, Au
on glass chips, a clean gold wire connects the Au side and the iron plate to ensure the

conductivity.

For the STM tip preparation, a platinum/iridium alloy wire (Pt80/Ir20, @ = 0.25 mm,
GoodFellow) was mechanically sheared and pulled apart using a wire cutter (Knippex) and a
holder (Figure 37.A). All prepared tips were tested by performing normal STM measurements
in air. EC-STM tips require insulation to prevent any leakage current. The insulation procedure
is described in Figure 37.B. The very end of the tip apex is still exposed to have the tunneling
current signal. Typically, the leakage current should be less than 10% of the current setpoint
in order to have an acceptable resolution. Freshly prepared EC-STM tips were characterized

by CV and SEM.

Pt or Au wires (both MaTecK, @ = 0.5 mm) were used as CE. Only quasi-reference electrodes
were available for EC-STM. In the case of HCIO4 electrolytes, Pt or Ag/AgCl wires served as RE
(further designated as Pt and Quasi-SSC, respectively). Ag/AgCl wires were freshly prepared
by applying 5V for 30 s to a Ag wire (MaTecK, 2 =0.5 mm) in concentrated HCI (37%, technical

grade) prior to each experiment. In H,SOs electrolytes, Pt and oxidized Au wires were the
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alternative options. The Au wires (AuOx) used as REs were electrochemically oxidized in ~1 M
H2S04 by applying 5 V for 30 s. All REs and CEs were cleaned with ultrapure water and treated
with flame-annealing, except the Ag wires. All the REs were assessed by performing CV of the
samples before EC-STM measurements, so that potentials at which targeted reactions are

taking place can be determined.

Insulated tip

.

CE

Electrolyte

(C) (D)

j Teflon ring

| i

Sample
Iron plate

Figure 36. Multimode microscope instrument equipped with (EC-) STM head settled on a damping
stage and an air table (Newport). (A) A photograph of the setup with (EC-) STM mounted on top of the
piezo system. (B) Insulated tip, sample cell and the electrodes. The tip position is fixed, and the sample
is scanned by the piezo system. All electrodes are immersed in the electrolyte which is exposed to air.
(C) The investigated plate-shaped samples are tightly pressed onto a conductive iron plate with a
Teflon® ring. (D) In case of cylinder-shaped or similarly shaped single-crystal samples, a similar
configuration was used.
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The home-made quasi-reference electrodes were less stable relative to the commercial ones.
Hence, the actual potentials were slightly different compared to other literature values,
particularly if it needs to be in well-controlled atmosphere. Since the cell was exposed to the
air, roughly 5 mM O3 was dissolved in the electrolyte!’2. Additionally, electrolyte evaporation
and rapid reactions at the sample surface can change the electrochemical environment (e.g.,
electrolyte composition) in the cell. Therefore, the actual potentials applied to the samples

were not converted with respect to RHE or other standard reference values in this thesis.

7
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Figure 37. Tip preparation. (A) STM tip sheared mechanically by a wire cutter and a holder. (B) Tip
insulation procedure with wax and a fork-like tip fixed on soldering iron.

Routinely, (EC-) STM instruments were used to measure conductive sample surface
topography with high resolution. Prepared samples including single-crystalline electrodes and
a various sub-monolayer catalyst material on different substrates were investigated in order

to obtain their topographic properties.

The EC-STM cell used in this thesis was exposed to air and the electrolyte was slowly
evaporating during the experiments. The electrolyte concentration can thus be changed
influencing the reactions at the sample surface. Occasionally, due to the evaporation of the
electrolyte, more electrolyte was added to the cell using a pipette during all measurements.
Reaction products formed at the sample and the CE can also change the electrochemical
environment in the cell. For instance, the reference potential of a Pt wire quasi-RE can be

strongly influenced by the H; dissolved in the electrolyte. To tackle this issue, CV of the sample
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was performed frequently to ensure that the right potential was applied to the sample and to

check if maintenance of the electrolyte was needed.

3.1.2.3 Characterizations of the Tips

Before the EC-STM measurements, the prepared EC-STM tips were characterized
electrochemically. CVs were measured for freshly prepared insulated tips in Ar-saturated
0.1 M HCIO4in the electrochemical cell using a Bio-logic potentiostat, and in the EC-STM cell.
The typical CV (Figure 38.A) of the EC-STM tips obtained by the EC-STM potentiostat can be
used to determine the exposed metallic area of the tip by calculating the total charge of the
hydrogen desorption peak. Therefore, the peak current was integrated over time, and
converted using the common value of 210 pC cm= into the surface area’. The surface area
value varies for different homemade tips. However, they are of the order of 107 cm?, which
is enough to have considerable faradaic current at the tip. The value is in agreement with that
determined from CVs of multiple tips shown in Figure 38.B in the electrochemical cell with

atmosphere-control.

The geometry of the insulated EC-STM tip was measured using scanning electron microscopy
(SEM). SEM was performed on freshly cut tips (Figure 38.C) and insulated ones (Figure 38.D)
afterwards. The apex of the non-insulated tip has irregular edges. This is common in
mechanically cut tips. Additionally, SEM provided a closer look at the exposed part of the
insulated tip. A clear boundary (marked by the red dashed line) between wax and rough metal
surface can be seen on the insulated tip. The width and height of the exposed part are of tens
of um. Both CV and SEM characterizations were designated to evaluate the exposed surface

area of the metallic tip and the extent of a Faradaic current at the tip.
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Figure 38. Characterizations of (EC-) STM tips. (A) CV of an EC-STM tip obtained in the EC-STM cell at
a scan rate of 50 mV/s. (B) CV of five EC-STM tips (five tips connected to the sample holder in parallel
as one WE) measured in Ar-saturated electrochemical cell at a scan rate of 50 mV/s and a current-vs-
time plot (the hydrogen desorption peak marked in blue). (C) and (D) SEM images of freshly cut and
insulated tips. Different materials are distinguished by color contrast. A red dashed line acts as a guide
to the eyes for the metal/wax boundary.

For the proposed n-EC-STM, the tip will be scanned over the sample surface under reaction
conditions. The tunneling current noise should play the major role in the observed overall
noise features. In order to estimate the contributions of tunneling and Faradaic currents,

characterizations of the EC-STM tips were performed while changing the reaction conditions

of the sample.

Single crystalline Pt(111) was chosen as the sample. Prior to measurements, the tip was
approached to the sample and then retracted, and a distance of about 21.8 um between

sample and tip was kept for further measurements. CVs and potentiostatic potential holds
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were carried out at the tip; Figure 39.A and B are the resulting CV and current transient,
respectively. In both cases, the tip current was shifted to more positive values when HER is
‘on’ at the sample due to the HOR at the tip. Therefore, a sample-generation-tip-consumption-
loop is built up between the sample (HER) and the tip (HOR). The tip current is therefore likely
to be influenced by reactions at the sample. However, the current from the oxidation of
hydrogen at the tip is about 20 pA which is at least one order of magnitude less than the typical
current setpoint (2200 pA) of EC-STM measurements in this thesis. This suggests that
approximately the overall Faradaic current at the tip is minor compared to the overall tip
current during topographicimaging under HER ‘on’ conditions. Taking into account the surface
area of the tip determined from the CV methods, the current density at the tip is

approximately 20 pA cm™. Therefore, only some of the evolved hydrogen will be re-oxidized

at the tip.
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Figure 39. Characterizations of EC-STM tips combined with Pt(111) sample behavior. (A) CV of a tip
measured when the Pt(111) sample was evolving H, and in contrast, when HER on the sample was
stopped. Scan rate: 50 mV/s. (B) chronoamperometric current transient of a tip recorded with different
sample potential steps. The Pt(111) sample potential was 0 mV vs quasi-SSC in the case of HER ‘off’ and
changed to -350 mV to start the HER.
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3.2 Direct Identification of Catalytically Active Centers Using

Electrochemical Scanning Tunneling Microscopy

3.2.1 Electrochemical Scanning Tunneling Microscopy on Heterogeneous Catalysis

3.2.1.1 Topographic Imaging of (Electrochemical-) Scanning Tunneling Microscopy

Topographic mapping can provide indications for other processes. Besides structural changes
directly caused by surface reactions'’4, surface atom mobility'®” and adsorbates (Figure 40)'7>
can be visible in EC-STM images. It was reported that atoms of a Ag(100) step are unstable in

0.05 M H2S04 + 1 mM CuSOs at 0.04 V vs SCE, while the terrace atoms are relatively steady?’.

[
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Figure 40. EC-STM image containing information of surface adsorbates. An EC-STM image of iron-
phthalocyanine (FePc) monolayer on Au(111) in Oz-saturated 0.1 M HCIO, at different WE potentials,
0.35 Vand 0.05 V vs SCE. The white square (9 nm x 9 nm) shows a high-resolution image together with
a cross-section profile along the white dotted arrow across the potential change line (yellow). Blue and
red line in the profile indicate the average height of the peaks of different potentials. Potential bias =
-0.3V, current setpoint = 1.0 nA. Adapted with permission from ref. 175. Copyright © 2016, American
Chemical Society.

Figure 40 is an EC-STM image of an iron-phthalocyanine (FePc) monolayer on Au(111) in O»-
saturated 0.1 M HCIO4 at two different reaction states of oxygen reduction. The sample
potential was started at 0.35 V vs SCE at which O-species (ORR intermediates) adsorb on the
sample, but no ORR is possible. Then, it was switched to 0.05 V vs SCE where ORR takes place.

A high-resolution image and the cross-section profile along the white arrow compare the

59



height change of the surface, indicating the O-species adsorption before ORR and
consumption of them during ORR. The active surface sites (where adsorption occurs) are

located at the center of the FePc.17>

3.2.1.2 Additional Information in Images

EC-STM is capable of imaging phenomena related to electrochemical reactions’* 175, As
shown in Figure 40, EC-STM can observe the topographic changes due to the adsorption or
desorption of the reactions intermediates. Other attempts were made by STM under
atmosphere-control for gas phase reactions. Imaging of intermediate species at the surfaces
directly locates the corresponding active sites where catalytic reactions take place?. The
tunneling electrons can be used to activate a catalytic reaction at the sample surface3 36,
Well-developed STM systems with gas and temperature-control have been elaborated?!’.
However, as shown in Figure 41.A, typical measurements described in literature require
relatively steady surface adsorption or oxidation states, so that (EC-) STM can capture the
“frozen” reaction-related species or consequences®. The dynamic processes under real

reaction conditions (for instance, under industrially relevant conditions) are not fully revealed.

Figure 41. Reactions captured by STM. (A) Oxidation of a CO molecule from a CO-poisoned STM tip by
an O-atom adsorbed at the sample surface. (A1) CO-poisoned tip scans over two O atoms adsorbed on
Ag surface. (A2) After a sample bias pulse of 470 mV to oxidize the CO with one O atom from the sample
surface, resulting CO; has been released from the tip and one O atom is left at the sample surface.
Image size: 0.25 nm x 0.25 nm. STM performed at 13 K. Adapted with permission from ref. 35, Copyright
©2001, American Physical Society. (B) Reduction of 0.25 monolayer V-oxide on Rh(111) surface in 1 x
10 mbar H; at 400 °C. Noisy boundary of V-oxide can be seen. Reaction times: 2470 s, image size: 80

nm x 80 nm, voltage bias =0.75 V, | = 0.1 nA, image recording time 70 s. Adapted with permission from
ref. 179. Copyright © 2005, Springer Science Business Media, Inc.
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The presence of a noise signal is characteristic for any measurement technique, and noise has
been observed before in the measured tunneling current. It has been indeed suggested that
noise features in the tunneling current are potentially distance-sensitive and can be used to
observe local reactions in electrolytic environments, even though the presence of noise limits
the performance of STM.'”7: 178 |n gas phase environment, local noise in STM has been
revealed during imaging of a 0.25 monolayer of vanadium (V) oxide on a Rhodium (Rh) (111)
surface in H, atmosphere. Reduction of the V-oxide phase leads to a topographic change and
noise features on the oxide boundary (Figure 41.B), which are caused by rapidly moving ad-

particles and diffusion of material at the surface.'”®
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Figure 42. lllustration of catalyst particle activity measurement by EC-STM. (A) EC-STM tip and particle
form coupled redox reactions (HER and HOR) under reaction conditions, while the tip stays over the
particle. (B) Merged diffusion front of produced H, from multiple particles close to each other, and
spherical shape of that from single particles. Adapted with permission from ref. 37, Copyright © 2002,
Royal Society of Chemistry.

Since typical EC-STM tips are made of metals, in certain tip potential regions Faradaic current
noises at the tip cannot be avoided. The Faradaic contribution can be useful if the reactants
are generated by catalytic reactions at the sample surface, corresponding to one of the main
principles of scanning electrochemical microscopy (SECM)8°. An example from literature

concerns the HER catalytic properties of active nanoparticles that were investigated under
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reaction conditions while an EC-STM tip was positioned above the particles at constant
distance. Faradaic contributions (HOR) to the tip current directly reflect the activity of the
particle underneath.3” 38 However, in this experiment the tip was not scanning but staying at
fixed x,y position a few nanometers above the sample (Figure 42.A), so that lateral resolution
was impossible. Even z-direction resolution is questionable, since the tip is collecting Hz in the
diffusion layer of the sample surface (Figure 42.B), which is far away from the actual place of

reactions®’.

Even though tunneling noise and Faradaic noise features are undesired when perfect
topographic imaging is needed, these features can nevertheless be informative for catalysis
investigating purposes particularly under reaction conditions. This will be discussed in the next

section.

3.2.2 Concept of Direct Identification of Catalytically Active Centers Using

Electrochemical Scanning Tunneling Microscopy (EC-STM)

As mentioned above STM tunneling noise can indicate the “location of reactions” under
specific conditions. Integrating this phenomenon with the concept of the effective tunneling
barrier in electrolyte discussed in Chapter 2.3.2, EC-STM can be capable at revealing local
electrocatalytic processes at the surface in-situ. First, adsorption/desorption of reaction
intermediates changes the tunneling distance continuously. Second, the local work function
(density of states) is being altered by changing of the surface adsorbates or the “recovery” of
the bare surface. Additionally, the effective tunneling barrier is altered by reactants and

products passing through (mass tranfer) the tunneling gap.&!

Figure 43 sketches the basic idea of how reactions at the catalyst surface determine noise in
the tunneling current. In case of constant current mode, any tip current variation will be
converted to a corresponding change of the tip z-position. As shown in Figure 43.A and B,
when no reaction (reaction ‘off’) takes place at the surface, the tip current stays relatively
constant over time independent of the activity of the surface sites underneath. Under reaction
conditions (reaction ‘on’), the tunneling current is still undisturbed over a non-active site
(Figure 43.C). However, a large fluctuating noise should be observed over an active site (Figure
43.D) due to the reactions.
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Figure 43. An illustration explaining the proposed concept to use EC-STM in order to “visualize
electrocatalytically active sites. Active sites are marked as red atoms. (A) and (B) In case of no reaction
taking place, the tip current is steady without noticeable noise, independent of the catalytic properties
of the surface sites. (C) When the reaction is turned on, the current remains steady over non-active sites.
(D) Large fluctuating signals recorded over time over an active site under reaction conditions. In
constant current mode, the tip z-position is directly adjusted to counter-act current changes, thus
resulting in a noise in the z-height.

In reality, (EC-) STM systems suffer from thermal drift at room temperature 182 183, 184
Recording the current on top of a selected site over a long time is thus challenging. Therefore,
letting the tip scan across the surface containing both non-active and active sites, i.e., simply
performing EC-STM imaging under reaction conditions, is an alternative option. In constant
current mode, noise features should be seen as additional signals to the topographic profile
while the reaction is proceeding, as shown in Figure 44. An EC-STM image under reaction
condition will have non-uniformly distributed noise features. The locations of these features

indicate where the active sites (centers) are.

63



(A) Constant curreﬂf E\‘lOde

Tip Z position
Tip current

Reaction ‘off’

Scan direction Scan direction

Tip current

Tip Z position

Reaction ‘on’

Scan direction

Figure 44. Combining the EC-STM noise measurements with constant current mode EC-STM imaging.
(A) Tip scans across the surface with both non-active and active sites in constant current mode. (B) and
(C) Resulting current and the tip z-position under (B) no-reaction and (C) reaction conditions.
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Figure 45. Additional Faradaic current at the exposed metallic part of the tip when the reverse
reaction (to the process catalyzed at the surface) is possible at the tip potential.

The products of some reactions taking place on the sample surface, for instance, H; in case of
HER, can in principle be oxidized at the tip, if the tip potential is positive enough (Figure 45).
This Faradaic contribution can therefore contribute to the tip current, which is not
pronounced when the reaction does not take place. This is an extra noise coming from active

sites that can in many cases simplifies their identification. However, the resolution under
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these circumstances is supposed to be worse than that of tunneling noise, as the Faradaic
reactions can take place at any spot of the exposed metallic part of the tip in the diffusion

region of Ha.

The methodology of direct instrumental identification of active centers using EC-STM under
reaction conditions (n-EC-STM) is the main theme of this thesis. Noise features in normal
topographic images under reaction conditions are the key for identification of
electrocatalytically active centers. The focus of this thesis is on the verification and

applications of the proposed concept.

3.2.3 Experimental Details of n-EC-STM

The n-EC- STM measurements were carried out as the conventional EC-STM imaging, however,
the potentials applied to the samples were shifted into the potential regions where reactions
take place (reaction ‘on’). To make sure that the noise features appearing over the active
centers are not caused by undesirable instrumental artifacts, which are not related to the
reactions at the sample surface, another image of the same location without reactions taking

place (reaction ‘off’) was normally captured as a reference.

Prior to each EC-STM experiment, the quality of the tip insulation was assessed by reading out
the current offset, which indicates the leakage current and exposed metallic surface at the tip.

Only those tips with minimized current offset (typically 30 to 60 pA) can be employed.

Faradaic currents at the tip can be beneficial to the measurements of for instance, HER on
Pt(111). Consequently, the oxidation of the hydrogen at the tip contributes a Faradaic current
to the overall tip current and additionally increases the noise level over the active centers. The
overpotentials should be carefully chosen, so that the HOR current at the tip is not comparable
to the tunneling current: The tunneling current must still remain dominating and the tip must
not retract from the sample surface completely. To additionally ensure this, particularly under
HER ‘on’ conditions, the current setpoint was set to be higher than in regular EC-STM
measurements to make sure the tunneling current is much higher than the HOR current at the
tip. During the EC-STM measurements under the ORR ‘on’ conditions, an additional Faradaic

current due to the ORR at the tip lowers the overall resolution of the resulting images. This
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can be solved by applying more positive potentials at the tip. In the meantime, oxidation of

the tip (Pt/Ir alloy) must be prevented at the applied tip potentials.

Some reactions, for instance the HER, have gaseous products. The possible bubble formation
at the sample surface and the CE can affect the measurements at sufficient overpotentials.
Therefore, the sample surface and the CE were frequently checked to avoid the formation of
hydrogen bubbles during the measurements. Relatively low overpotentials were applied in
the case of the HER to prevent excessive hydrogen production. Moreover, the typical size of
hydrogen nanobubbles produced by electrochemical reactions is in the range of 45-1000

nm?8>, which is much larger than the noise features in the EC-STM images.

To obtain a statistical evaluation of the level of the expected noise features in the resulting
EC-STM images, a derivative frequency analysis was introduced. Along the fast scan direction
(x-axis of the images), the derivative of the recorded tip height in constant current mode (or
tip current in constant height mode) was calculated over the width (x-scan direction). A lager
derivative value indicates a stronger disturbance in the tunneling current. The frequency of
the resulting derivative values was counted separately for selected surface regions (for
instance, defined terraces, step edges regions) with identical width and number of lines (i.e.,
identical number of data points). Then the count from each region was plotted as a function
of the derivative value. The regions, where the active centers were, resulted in wider
histograms compared to the other regions (no active centers) of the surface under reaction

conditions.

3.3 Sample Preparation

3.3.1 Single Crystal Preparation

Au(111) samples utilized in this thesis were Au chips (Au coated glass chips, arrandee™,
square: 1.1cmx 1.1cmor 1.2 cm x 1.2 cm) and two Au(111) single-crystal samples (=5 mm,
MaTecK and @ = 2.5 mm, Icryst). Two single crystalline Pt(111) and Pt(110) samples (both @ =
5 mm, MaTecK) were also employed. The single-crystal samples were additionally cleaned by
the CV method up to O, evolution potentials to remove possible residuals from previous

experiments before the flame-annealing treatment. Subsequently, all samples were prepared
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with the flame-annealing method using a gas burner filled with butane gas (Leifheit Proline)
to restore the (111) surface and then thoroughly rinsed with ultrapure de-ionized water.
Afterwards, the samples were characterized by STM and CV to confirm the predominance of
(111) facets. This process was repeated several times until the desired clean single-crystalline

surfaces were obtained.

A typical CV of freshly prepared Au(111) samples in 0.1 M HCIO4 is shown in Figure 46.A.
Directly after the flame-annealing treatment, the (111) facet’s oxidation peak is most
pronounced (red curve). An STM image (Figure 46.B) recorded after flame-annealing shows
the (111) terraces and the steps of the Au(111) surface. The height of a step edge is around

2.3 A. These results are in agreement with the literature07. 186
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Figure 46. Typical CV and STM characterization of freshly prepared Au(111) samples. (A) CV in Ar-
saturated 0.1 M HCIO, at a scan rate of 50 mV/s. Red: Initial cycle, blue: last cycle, gray: intermediate
cycles. Arrows show changing direction of most pronounced peaks. (B) STM image of Au(111) after
flame-annealing, 500 nm x 500 nm. Scan rate: 0.5 Hz, potential bias: 100 mV, current setpoint: 0.2 nA.
The inset is the height profile across a one-atom step edge as indicated by the black line in the image.

As can be seen in Figure 46.A, during continuous potential cycling, surface defects were
created, causing the appearance of two more anodic peaks (see upward arrows) at more
negative potentials, which indicates the generation of defects or steps on the (111) surface.
This potential cycling procedure was used to clean the surfaces. However, the surface was

restored by a flame-annealing treatment.
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Figure 47. Preparation of single crystalline Pt(111). (A) CV treatment of Pt(111) in Ar-saturated 0.1 M
HCIO, after initial flame-annealing in Ar/CO atmosphere. The large peak around the potential of 0.7 V
vs RHE belongs to oxidation of CO adsorbed on the Pt surface. During the cleaning potential cycling,
the surface gradually degraded to polycrystalline by reaching the final cycle. (B) STM image of a fully
prepared single crystalline Pt(111) after cleaning and repeated flame annealing treatments. A sample
was ready to use after flame-annealing when STM revealed approximately a 2 nm step-height layer
structure and the obtained CV (inserted in the image) shows the typical butterfly shape.

The preparation of single crystalline Pt(111) is described in Figure 47, which was repeated
several times before each further investigation. Figure 47.B shows an STM image of a cleaned
Pt(111) surface restored by flame-annealing. The (111) surface had (111) terraces and step
edges or step-like defects. All these structures are desired in the following studies because

their activities are expected to be different under the same conditions.

3.3.2 Pd Sub-monolayer Deposition on Au(111)

Pd island deposition was started with the UPD of Cu sub-monolayer islands on single crystal
Au(111) electrodes from 0.5 M H;S04 and 0.05 mM CuSO4 (EMSURER, Merck) electrolytes.
The Cu UPD procedure, including the CV of Au(111) in the deposition electrolyte and the

deposition transient, is shown in Figure 48.A.

Afterwards, Pd islands were deposited by galvanic replacement of the Cu islands in a Pd(NO3);
solution (palladium(ll) nitrate hydrate, 99.95% metals basis, MaTecK). Note that the galvanic

replacement precursor was chosen to be a Pd?* solution in order to replace each Cu atom with
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one Pd atom, so that the deposited Pd islands were fully packed with a minimum amount of
vacancies. Before performing further measurements, the samples were cycled in 0.5 M H,SO4
between 0.42 V and 1.02 V vs RHE at a scan rate of 20 mV/s to remove possible Cu residues.
After the galvanic replacement, the surface contained Pd, which was confirmed by the CV
(Figure 48.B) obtained in the EC-STM cell, in which the ORR and HER features of Pd sub-
monolayer can be seen. There are noise features (oscillating features) in the CV and the reason
is still unknown. Possible sources of the noise are the external electrical field and current
oscillation caused by system electronics, therefore, a better Faraday shielding and a good
grounding of the EC-STM instrument are needed. Additionally, the use of the quasi-reference
electrode can influence the measurements. However, it is still clear enough to distinguish

between the potential ranges of reaction ‘on’ and ‘off’ on the CVs recorded in the EC-STM cell.
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Figure 48. Pd sub-monolayer islands deposition on Au(111). (A) Sample preparation in 0.05 M CuSO,
+ 0.5 M HSO.. The deposition pulsed potential, —-0.32 VV vs MMS, was determined from the CV inset.

The pulse time was 4s. (B) CV of the as-prepared sample in air-saturated 0.1 M H,SO, measured in the
EC-STM cell at a scan rate of 50 mV/s.

3.3.3 Pt Deposition on Au Substrate

Pt nanoparticles were electrochemically deposited on Au(111) substrates in Ar-saturated
0.1 M H3S04 + 4 mM H3,PtCls (Chloroplatinic acid hydrate, 299.9% trace-metals basis, Sigma-
Aldrich). For the Pt nanoparticle deposition, the single pulse deposition method was employed.
Before the deposition, pulse potentials were determined with CV measurements on bare Au

substrates in designated deposition electrolytes. The deposition transient is shown in Figure
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49.A, and the inset displays a closer look at the deposition-pulse current. The CV of the sample

(Figure 49.B) shows the HER and HOR peaks suggesting the presence of Pt nanoparticles.
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Figure 49. Deposition of Pt nanoparticles on Au(111). (A) Current transient of Pt nanoparticle single-
pulse deposition on Au(111) at 0.473 V vs RHE for 0.05 s in Ar-saturated 0.1 M H,SO4 + 4 mM H2PtCls.
(B) CV obtained in 0.1 M HCIO, after the deposition.

Pt multilayers on Au(111) were prepared in Ar-saturated 0.5 M NaCl + 3 mM K;PtCls
(Potassium hexachloroplatinate(IV), 299.99% trace metals basis, Sigma-Aldrich) using the self-
terminating growth method?'33. Note that only one half of the Au electrode was immersed into
the deposition electrolyte, in order to have a bare Au surface on the other half of the electrode.
Five deposition pulses were applied to fully cover the immersed Au surface with
approximately 5 Pt layers and reduce the influence from the Au substrate on the activity
properties of the Pt surface atoms, as shown in Figure 50.A and B. The CV of the prepared
sample shown in Figure 50.C is similar to typical Pt CVs, thus enough Pt atoms must have fully
covered one half of the Au(111). XPS results confirmed that as shown in Figure 50.D and E,
where orange and blue indicate the data recorded over the Au and Pt sides, respectively. Most
importantly, no Pt was found on the bare Au side from the XPS analysis according to the
analysis of the peaks belonging to different elements. Comparing the peaks in Figure 50.D and
E, the peaks belonging to Pt are not pronounced on the Au side. It should be noted that the
shoulder around 72.0 eV (Au side) in Figure 50.E most likely originates from scattered Pt at
the Pt/Au boundary. The EC-STM measurements for the bare Au surface should be perfomed

far away from the boundary region.
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Figure 50. Pt multilayers on Au(111), sample preparation and characterizations. (A) CV of the Au(111)
in the deposition electrolyte to determine the deposition potential. (B) Deposition current transient. The
same procedure was repeated 5 times only on one half of the whole Au(111) surface. (C) CV of the
prepared sample in Ar-saturated 0.1 M HCIO, measured in the electrochemical cell at a scan rate of 50
mV/s. (D) and (E) X-ray photoelectron spectroscopy (XPS) of the sample on the Pt-coated and bare Au
part separately, where (D) shows the Pt 4d 5/2 (~314.5 eV) peak on Pt and Au and (E) presents Pt 4f
5/2 (~74.4eV)and Pt 4f 7/2 (~71.0 eV) and Au 5p 1/2 (~74.0 eV) peak on both Pt and Au. Note that the
Pt 4f 5/2 peak and the Au 5p 1/2 peak have similar binding energy.

Another method used to deposit a thick Pt overlayer on one half of the Au substrate was CV
performed on one half of the substrate in 0.1 M H,SO4 and 4 mM H;PtCls (Chloroplatinic acid
hydrate, 299.9% trace metals basis, Sigma-Aldrich). The potential was cycled from -0.05 V to
0.93 V vs RHE at a scan rate of 20 mV/s for 10 cycles, as shown in Figure 51. After 10 cycles,
half of the surface became silvery, showing that a thick layer of Pt (polycrystalline) had been

deposited.
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Figure 51. Deposition of Pt overlayers on Au by the CV method in Ar-saturated 0.1 M H;SO; + 4 mM
H:PtClsat a scan rate of 20 mV/s. Half of the Au sample surface was immersed into the electrolyte. Pt
was deposited and grew to a thick layer that totally covered the immersed Au surface.

Pt sub-monolayer islands deposition on the Au(111) substrates was accomplished by the
galvanic replacement of the UPD Cu sub-monolayer islands (UPD method, see chapter 3.3.2)
in H2PtCls solutions. After the galvanic replacement, the CV was performed for each sample in
order to remove possible Cu residuals and other contaminations from the deposition solutions.

Figure 52 shows one cycle from the resulting CV after several cleaning cycles in 0.1 M HCIOa.
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Figure 52. CV characterization of the deposited Pt sub-monolayer islands on Au(111) in 0.1 M HCIO,
at a scan rate of 50 mV/s. The CV was recorded after several cleaning cycles and shows the typical
features of polycrystalline Pt.
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3.3.4 Preparation of Transition Metal Dichalcogenide Multilayers on

Au(111)/Glassy Carbon

TMD samples were provided by the scientific partners E. Mittereiter and M. Golibrzuch of Prof.
Holleitner’s group in the Walter Schottky Institute (WSI), Center for Nanotechnology and
Nanomaterials (ZNN). TMD flakes were prepared with the micro-mechanical cleavage
method'®” using an adhesive tape. Afterwards, the flakes were transferred to a poly (dimethyl-)
siloxane (PDMS) stamp to measure the morphology and quality. Finally, the selected flakes
were deposited on the substrates, namely Au(111) and GC electrodes, using viscoelastic
stamping. All samples were cleaned with acetone and isopropanol prior to the (EC-) STM and
the activity measurements. The helium ion microscope (HIM) was originally designated to
measure the geometric properties of the TMD flakes, but in this work the HIM was used to
introduce point-like defects in the samples, particularly at the surface. The defects can be
generated as a result of scattering at electrons and nuclei by ion beam penetration into the
sample. The Raman spectra shown in Figure 53 correspond to an inter-defect distance of
about 2 nm. In order to create the same amount of point-like defects, the intensity of the
helium ion beam used for the MoS; flakes supported on GC was ~4 times of that on Au(111).
After rational ion beam treatments, the sample was expected to be more active towards the
HER. The focus of n-EC-STM was on identifying active centers of non-HIM-treated and HIM-

treated TMD flakes and assessing the benefit of HIM treatments.
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Figure 53. Raman spectra of a MoS, sample before and after the HIM treatment. (A) Raman spectra
of MoS; flakes supported on Au(111) before (light blue) and after (red) 14 ions nm? helium ion
treatment. (B) Raman spectra of MoS; flakes supported on GC before (light blue) and after (red) 56 ions
nm helium ion treatment.
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4 Results and Discussion

4.1 N-EC-STM - Verification of the Proposed Concept

The capability of the proposed n-EC-STM methodology in identifying electrocatalytically active
sites has been verified by using well-studied catalytic systems. The HER and the ORR were
chosen as model reactions. The HER was studied on single crystalline Pt(111), Pd monoatomic
islands and Pt multilayers on single crystalline Au(111) and the ORR was investigated on Pt
multilayers on single crystalline Au(111) and single crystalline Pt(111). The locations of the
active sites identified by the n-EC-STM directly validate hypotheses from literature that had

before only been based on indirect evidence and theoretical considerations.

4.1.1 HER on Pt(111) in Perchloric Acid (HCIO.)

Figure 54 shows a typical CV of the single crystalline Pt(111) in 0.1 M HCIO4 recorded in the
EC-STM cell. It should be noted that the CV of the prepared Pt(111) is slightly tilted due to the
dissolved O in the electrolyte from air, which can be reduced on Pt at sufficiently negative

potentials. The potential range where the HER or the ORR are able to take place can be seen

in the CV.
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Figure 54. Typical CV of Pt(111) in 0.1 M HCIO, recorded in the EC-STM cell at a scan rate of 50 mV/s.
The red arrows indicate the potential range where the HER or the ORR can take place.
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Figure 55. The n-EC-STM measurements of the Pt(111) surface in 0.1 M HCIO,. (A) 3D view of line scans
over a step-like structure while the potential was shifted from HER ‘on’ to HER ‘off’ (-350 mV to -200
mV vs quasi-SSC). The tip potential was changed from 150 mV to 0 mV vs quasi-SSC to maintain the
potential bias. (B) Statistics (derivatives of height over width) of the noise level from four regions of (A).
(C) A line scan resulted from the EC-STM measurement performed on a Pt(111) surface with several
steps of different heights. Sample and tip potentials were -300 mV and 0 mV vs quasi-SSC. The 3D ball
model is a guide to the eyes. It visualizes a stepped Pt crystal as a possible structure corresponding
roughly to the line scan.

Figure 55.A shows the EC-STM line scans measured over the Pt(111) surface in constant
current mode. Under the HER ‘on’ condition, the noise features systematically appeared on
the step-like structure and significantly less noise was observed on the terrace (red line scans
in Figure 55.A). Afterwards, the HER was turned ‘off’ and the noise features disappeared; in
the meantime the surface topography was recorded (blue line scans in Figure 55.A). The
structure of the step-like defect was not well-resolved likely due to the tip broadening effect.
However, this defect was about 10-atoms high and it probably was composed of a number of
smaller steps. The HER ‘on’ scans exhibited significantly pronounced noise features (peaks) on

the step-like defect compared to the HER ‘off’ ones.

75



Figure 55.B introduces a statistic analysis of the line scans noise level in Figure 55.A.
Derivatives of height over width were calculated along all selected square regions in the 3D
inset (representation of Figure 55.A) in Figure 55.B. These four regions were selected from
four areas, namely step-like defect (step) under HER ‘on’, step-like defect (step) under HER
‘off’, (111) terrace under HER ‘on’ and (111) terrace under HER ‘off’ areas. All selected regions
have the same number of lines and data points. The frequency of the derivative values was
independently counted for each region and the number of counts is plotted as a function of
the derivative value. Only in the case of HER ‘on’, there is a broadened frequency curve (lower
peak maximum and more counts at extreme derivative values) at the step, which indicates
that at the step the line scan is “noisy’”’ under the HER ‘on’ condition, i.e., the step is

electrocatalytically more active towards the HER than the (111) terrace.

To confirm the reproducibility of this finding, the same measurement was repeated many
times over different Pt(111) surfaces. Figure 55.C exhibits an exemplary line scan over
different step-like defects under the HER ‘on’ condition. The same phenomenon was observed
that the noise features appeared only on the step-like defects. Interestingly, the noise features
on every step are approximately 15-atoms wide, which is presumably related to the width of
the active center around the step edge, or in other words, the amount of the atoms at which
the activity is promoted by the different electronic structure around the step edge.
Additionally, a tip broadening effect related to the geometry of the tip should be taken into

account when analyzing the width of the noise features.

These noise features suggest that there were processes between the tip and the sample
surface changing the effective tunneling barrier continuously. Under HER ‘on’ conditions, all
surface reaction steps, e.g., diffusion of reactants and products, adsorption/desorption of
reaction intermediates and changes of the local density of states, are likely among these
processes. As mentioned in Chapter 2.3.2, even steady dipolar substances (e.g., water dipoles)
introduce oscillations to the tunneling current®3 3¢, Under reaction conditions, those
substances are much more dynamic, particularly near the active centers. Therefore,
noticeable noise features are expected to appear at the active centers of the catalyst surface.
The heights of some peaks are in the order of nanometers, which is beyond the tunneling
distance, indicating the contribution of inevitable faradaic currents at the tip. However, the

tip stayed close to the sample surface (not retracted completely) during the EC-STM
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measurements even under reaction conditions. Note that the contribution of Faradaic current
plays a minor role in the noise features and the dominant contribution comes from the

tunneling current noise.

The results of HER on Pt(111) in aqueous 0.1 M HCIO4 electrolyte are the first evidence of
successfully using the n-EC-STM method. Even though a sub-nanometer resolution was not
reached, the results are in agreement with literature suggesting that the active centers of
Pt(111) towards the HER are located at the bottoms of steps (so-called step-concavities). This

is a well-known fact confirmed by indirect experiments and theoretical studies.3 12

4.1.2 HER on Pt Multilayers/Au(111) in Perchloric Acid (HCIO4)

The fluctuation in the level of tunneling current noise originated from the difference in the
catalytic activity (not the structure) of the surface sites, as noticeable noise features only
appeared on the active centers when there were catalytic reactions taking place. To exclude
surface structure factors and other instrumental or experimental artifacts, specially prepared
Pt multilayers/Au(111) samples, where the Pt multilayers (approximately five layers deposited
by the self-terminating growth method*33, see Chapter 3.3.3) covered one half of the Au(111)
substrate, were used. The Pt side was much more active towards the HER compared to the Au

side under the same conditions.

A series of measurements following the n-EC-STM methodology were performed on both the
Pt and Au sides with the same experimental parameters. For all the EC-STM measurements,
the tip potential was kept at 200 mV vs quasi-SSC. At first, the sample potential was 0 V vs
quasi-SSC (HER ‘off’) to avoid HER at the surface. Then the sample potential was changed
to -350 mV vs quasi-SSC (HER ‘on’) which can trigger HER on Pt but not on Au. The potential
was shifted between HER ‘on’ and HER ‘off’ during all scans. Two series of EC-STM images
were recorded on approximately equally large surface areas on the Pt and the Au sides,

respectively.

On the Pt side (Figure 56.A-F), the noise features covered the whole scanned area under HER
‘on’ condition and disappeared immediately when the HER was switched ‘off’ on each image,
no matter when or where the potential was changed. However, only the ‘clear’ Au surface can

be seen in each image shown in Figure 56.G-J. No noise feature can be seen even though the
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applied potentials were the same as on the Pt side. The results were obtained as expected,

since the Au is much less active towards the HER than the Pt.
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Figure 56. Constant current mode EC-STM images on Pt multilayers coated Au(111) in 0.1 M HCIO,.
Two series of EC-STM images (scale bars inserted) of approximately the same surface areas belong to
the Pt-coated and bare Au(111) sides, respectively. The sample potential was shifted between that of
the HER ‘on’ (-350 mV vs quasi-SSC) and the HER ‘off’ (0 mV vs quasi-SSC) as labeled in the images. (A-
F) Images obtained on the Pt side. (G-J) Images taken on the Au side. Black dashed lines mark the
location where the potential was changed.

Figure 57 presents 3D views of the EC-STM images in Figure 56, where the difference in the
noise level can be recognized easily. On the Pt side, noise “spikes’”’ can be seen all over the
surface under HER ‘on’. The boundary between HER ‘off’ and ‘on’ regions can be recognized
in each image. However, on the Au side, such a boundary is not visible because both sample
potentials (-350 mV and 0 mV vs quasi-SSC) resulted in almost no noise features, even on large

defects.

This study can be considered as an assessment of the n-EC-STM methodology. There was no
noticeable difference in the surface morphologies of the Pt and Au sides. Moreover, the
measurement procedure was the same on both surface sides. All results confirmed the

methodological approach that the appearance of the noise features is directly correlated to
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the local activity (or reactivity) of the sample surface, not structural, instrumental or

experimental factors or artifacts.

13.8 nm

Figure 57. 3D views of the images shown in Figure 56. Dashed black arrows indicate the sequence of
the recorded EC-STM images. Scan directions are indicated by solid black arrows. The sample potential
was switched halfway through all the images between that of the HER ‘on’ (for Pt) and the HER ‘off’".
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4.1.3 HER on Palladium (Pd) Islands Covered Au(111) in Sulfuric Acid (H2S04)

As shown above, the n-EC-STM is able to identify active centers towards the HER. However,
atomic resolution, which would be of great benefit in fundamental research of electrocatalysis,
was not achieved so far. In the previous examples, a sub-nanometer resolution was not
necessary to distinguish the active centers from the rest of the surface, for instance, in
distinguishing the step-like defects from the terraces at Pt(111) surface, particularly as in this
case the findings were already predicted by literature3® 12, However, in the next examples, n-
EC-STM was studied for catalytic systems where the active centers have dimensions in the
sub-nanometer scale. For this, as model system HER on Pd sub-monolayer islands covered
Au(111) in 0.1 M H,SO4 was selected. It is known that Au is much less active than Pd towards
the HER. Figure 58.A is an STM image recorded in air of the deposited Pd islands on a typical
triangle-pattern Au(111) surface. The height profiles of the selected line scans show the

monoatomic height of the Pd islands.

Under the conditions where HER is possible on Pd (-750 mV vs Pt), an EC-STM image (Figure
58.B) of a boundary between a Pd island and the Au substrate was obtained in constant
current mode in 0.1 M H;S0a. In the image, the (111) orientation on the Au (with FFT filtering)
and bright edges around the Pd island can be seen. As can be seen in the inserted height profile
of the selected line scan in Figure 58.B, the highest noise features appeared at the Pd/Au

boundaries.

To have a closer view on the noise features at the Pd island edge, one section of the sample
at the boundary indicated by the dashed blue box was selected, and the line scans inside this
area are shown as a 3D plot in Figure 58.C (also a 2D plot in Figure 58.D). The 3D plot can be
divided into three parts with identical width, the Au substrate, the Pd/Au boundary and the
Pd island surface. The Pd/Au boundary continuously shows the largest noise features in every
line scan. There is less noise on the Pd island surface, but it is still more “noisy’”’ than the Au

substrate. The derivative frequency analysis in Figure 58.E provides the same conclusion.

In this case, the Pd/Au boundary sites are the most active ones towards the HER compared to
those in the center of the island. Interestingly, the width (along the x-axis) of these large noise
features is about 1 nm as can be seen in Figure 58.C. Considering the tip broadening effect of

(EC-) STM measurements, the highest active center located on the Pd/Au boundary contains
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approximately 3 or even less Pd atoms. An explanation is that the electronic properties of the
Pd atoms are influenced by their coordination (for instance, island edge atoms vs atoms in the
center of the island) coupled with the influence from the Au substrate (strain and ligand

effects), and only the Pd atoms on the edge of the island turn out to be the most active centers

towards the HER.
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Figure 58. Active center identification of a Pd sub-monolayer island on Au(111). (A) Constant current
mode STM image of the sample obtained with a current setpoint of 0.5 nA. The heights of randomly
selected islands are all around 0.2 nm, which is the typical height of a Pd monolayer. (B) EC-STM of a
Pd island measured in constant height mode in 0.1 M H,SO, at a scan rate of 10 Hz and a current
setpoint of 4 nA under HER ‘on’ condition, and the feedback is minimized. The potentials of the sample
and tip were -750 mV and -100 mV vs Pt, respectively. The profile measured along the white line is
shown in the inset. (C) Line scans in the blue dashed box in (B). The ball model underneath the plots is
a guide to the eyes. (D) 2D projection of all line scans of (C). (E) Frequency analysis of the derivatives of
line scans on Au, Pd and the boundary with equal size and data point numbers. The distribution from
the boundary region is most broadened.
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The (EC-) STM instrument captures the conductivity map of the sample surface, so that the
atomic resolution is not always available. It is difficult to clarify exactly how many Pd atoms
contribute most to the HER activity. However, a sub-nanometer resolution was achieved, and

the active centers of nanostructured catalytic systems can be successfully distinguished.

Additionally, the results suggest a strategy to optimize the HER activity of this catalytic system.
For Pd monoatomicislands supported on a Au(111) electrode, rather than simply covering the
Au substrate with more and more Pd deposits, increasing the total length of the Pd islands
edge can sufficiently increase the overall HER activity of the electrode. Indirect experimental

evidence?®® 41 423nd theoretical calculations*® support this conclusion.

4.1.4 ORR on Pt Overlayers/Au in Perchloric Acid (HCIOa)

Hydrogen evolution on a Pt (or Pd) surface in acidic media is one of the fastest catalytic
reactions with a relatively simple reaction mechanism. However, there are many significantly
slower reactions important for energy provision, for example ORR, which have more
complicated reaction mechanisms. Additionally, the solubility of O; (as the reactant of the ORR)
in aqueous electrolytes was reported to be only few mM at room temperature!’2. To test the
applicability of the n-EC-STM for the identification of the catalytically active centers for ORR,
a Pt overlayers/Au sample prepared by CV method (see Chapter 3.3.3), namely thick Pt
overlayers coated on one half of a less active Au substrate, was used in air-saturated 0.1 M

HClOg.

To compare the tunneling noise level of the Pt (active) and the Au (less active) sides under
ORR ‘on’ condition, the tunneling current was recorded in constant current mode while the
tip was approached and kept at a constant x and y position on both sides, separately. During
recording, the tip was possibly slightly shifting in the lateral direction due to unavoidable drift.
Therefore, the recording time was relatively long to have an average noise level of the current

over time and to minimize the influence of the surface structure.

Figure 59 shows the distribution of the current data on the Pt and the Au sides recorded within
1200 s which are divided into three equal parts (each part is 400 s). The current distribution
was approximately the same in all three periods for each side, and is directly correlated with

the noise level of the tunneling current. In fact, the noise level on Pt was drastically larger than
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that on Au. This result is not surprising, considering that Pt has much higher activity towards

the ORR compared to Au.

Even though the ORR is much more “sluggish’”” compared to HER and the O, concentration
very low, the tunneling noise obtained under ORR ‘on’ conditions does still reveal the local
activity of the sample surface, particularly in the absence of noticeable Faradaic reactions (e.g.,
HOR) at the tip. It should be noted that the oxygen close to the sample surface was not
depleted during measurements and the ORR at the sample surface was stable. At the same
time, the noise level of the tunneling current (directly correlated with the oxygen reduction

reaction rate) stayed roughly the same over a rather long time.
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Figure 59. Frequency analysis of tip current recorded over time without scanning the tip over (A) the
bare Au(111) and the (B) Pt multilayer parts of the sample in 0.1 M HCIO,. Current setpoint: 0.5 nA,
sample potential: 100 mV vs quasi-SSC (ORR ‘on’), tip potential: 200 mV vs quasi-SSC.

4.1.5 ORRon Pt(111) in Perchloric Acid (HCIO4)

The n-EC-STM methodology was utilized for investigating the ORR in 0.1 M HCIO4 on a Pt(111)
single crystal sample where both (111) terrace and step-like structures were present. The
applied potentials for ORR ‘on’ and ‘off’ conditions on Pt(111) were chosen according to the
CV obtained in the EC-STM cell, as shown in Figure 60. To prevent the Pt surface degradation,
particularly surface oxidation, EC-STM images in the case of ORR ‘off’ were captured at the
potentials around 0 mV vs the quasi Pt reference electrode. Apparently, the Faradaic
contributions at the tip should play a minor role in the tip current signal, because there were

no reaction products from the sample surface like Ha that can react at the tip in the case HER.
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Figure 60. Cathodic scan of a CV for a single crystalline Pt(111) in 0.1 HCIO, in the EC-STM cell. Scan
rate: 20 mV/s.

To make sure that the presence of the noise features is caused by the ORR rather than
artefacts, the n-EC-STM was firstly performed on a (111) terrace. Figure 61. A-C show the 3D
plots of line scans taken from three successively recorded EC-STM images at approximately
the same position, while the sample potential was switched halfway through each image
between one where ORR can occur (‘on’) and one where ORR cannot take place (‘off’). 2D plot

of these line scans are shown in Figure 61.D-F, respectively.

When the sample potential was set to stop the ORR, the Pt(111) terrace displayed no
noticeable noise features. In contrast, in each image, when the sample potential was shifted
to have ORR taking place, the noise level increased significantly. The heights of the noise
features (constant current mode) are around 1 to 2 nm which is smaller than those in HER ‘on’
images. This can be explained by the absence of Faradaic currents (e.g., HOR) at the tip under
ORR ‘on’ conditions, and the slow kinetics of the ORR. Moreover, the most active sites are

suggested to be the step concavities®® *° not the surface sites on the (111) terrace.

Afterwards, the ORR activities of the (111) terraces and the step-like defects on Pt(111) were
compared. An EC-STM image (Figure 62.A) containing both structures was obtained under
ORR ‘on’ condition. The line scans in the selected area in Figure 62.A are plotted as a 3D view
(Figure 62.B) and in a 2D plot (Figure 62.C) showing clear contrasts of the noise level. Figure
62.D presents the derivative analysis of the current signal in the marked areas in Figure 62.B

and C.
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Figure 61. EC-STM (constant current mode) measurements of the ORR on a Pt(111) terrace in air-
saturated 0.1 M HCIO,. (A-C) Line scans on a Pt(111) terrace taken from 3 successively captured EC-
STM images, with potentials of -300 mV vs Pt (ORR ‘on’) and 0 mV vs Pt (ORR ‘off’). Tip potential:
-150 mV (the sign of the value of the potential bias changed between ORR ‘on’ and ‘off’), current
setpoint: 0.2 nA. (D-F) 2D plots of (A-C).

In this case, noise features can be seen all over the Pt surface, because oxygen can be reduced
on both the terrace and the step at the applied potential. However, the step had relatively
larger noise features indicating that the active centers should be located in its vicinity. This
result confirms the findings2® 46 47,48, 49 that the step concavities are the active centers at a

Pt(111) surface towards the ORR in acidic media.

Even though the ORR is a relatively slow reaction compared to the HER, n-EC-STM is still able
to distinguish ORR active centers at electrode surfaces, e.g., single crystalline Pt(111) with

noticeable defects.
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Figure 62. Constant current mode EC-STM measurement on Pt(111) under ORR ‘on’ condition in air-
saturated 0.1 M HCIO,4. Sample potential: 200 mV vs SSC, tip potential: 500 mV vs SSC, current setpoint:
1.5 nA, scan rate: 0.5 Hz. (A) recorded image. (B) and (C) The line scans in the black dashed box in (A).
The line scans are divided into three parts, namely terrace 1, step, and terrace 2. (D) Derivative analysis
of the defined three parts.

4.1.6 Verification of the Proposed Concept — Summary

The n-EC-STM was tested with aqueous catalytic systems including the HER and the ORR on
nanostructured samples. It has been proven that the n-EC-STM is capable of identifying
catalytically active centers under reaction conditions. For certain systems, for instance, the
HER on Pt(111) in 0.1 M HClO4, the location of the active centers (for example, the concavities
of step-like defects) can be directly revealed. Moreover, a proper analysis of the noise features

can show the dissimilarity of different active sites, for instance, the different activity of the
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edge atoms and center surface atoms of Pd monoatomic islands on Au(111) in 0.1 M H2SOa4

towards the HER. All these results confirmed knowledge and expectations from the literature.

During all the EC-STM measurements, the experimental parameters were carefully controlled.
The lateral width (particularly in the x-direction) of most of the noise features in the captured
HER ‘on’ images are less than the length of 15 atoms (just a few nanometers) which is much
less than the critical size (45-1000 nm) of the electrochemically generated hydrogen
nanobubbles at the electrode surface!®. Therefore, the possibility of hydrogen gas bubble
formation under reaction conditions causing the noise has been excluded. The resolution of
the n-EC-STM is dependent on the investigated catalytic systems, e.g., the surface morphology,
the diffusion of the species that participate in the studied reactions, experimental parameters
(e.g., current setpoint, applied potential), and the quality of the tip. Both catalytic reactions
producing electroactive species (for instance, H, of the HER) and others that have relatively
inert products (for instance, H.0 of the ORR) can be studied. All the reactions that can affect
the effective tunneling barrier will lead noise features to the resulting images or line scans. In
the case of ORR, the adsorption of oxygen followed by the different reaction intermediates
and their disappearance as well as the diffusion of species in the gap between tip and sample
might be decisive. Comparing the n-EC-STM analysis of the HER and ORR, the faster reaction,
i.e., HER, resulted in larger (in height or tip current) noise features, especially in the presence
of the additional Faradaic contribution (the HOR at the tip). This methodology can be easily
utilized in different laboratories for the studies of other catalytic systems, particularly the

systems where the nature of the active sites is still under debate or remains unknown.

4.2 N-EC-STM — Other Applications

The verification of the n-EC-STM methodology was conducted with well-studied catalytic
systems. Subsequently, other systems where the nature of the electrocatalytically active
centers still is unclear were studied using the verified n-EC-STM methodology. The studied
systems are the ORR and HER on Pt(111) in alkaline media, the HER on Pt sub-monolayer
islands supported on a Au substrate and transition metal dichalcogenides (TMDs) in acidic

media.

87



4.2.1 ORRon Pt(111) in Alkaline Media

This section shows the n-EC-STM results from the investigation of the ORR on a single
crystalline Pt(111) surface in three aqueous alkaline media, 0.1 M KOH, LiOH, and CsOH. The
results reveal the ORR activity of different active centers at Pt(111) surface in alkaline media.
Each sub-chapter contains the results obtained in one alkaline medium, including the CV of
the Pt(111), the EC-STM images under reaction conditions, and the derivative analysis of the

recorded noise features.

4.2.1.1 ORRon Pt(111) in Potassium Hydroxide Electrolyte (KOH)

Figure 63 shows a typical CV of Pt(111) in 0.1 M KOH, and the potential region where the ORR
is enabled (ORR ‘on’) can be seen. Similar to the experiments conducted in acidic media
(Chapter 4.1.5), the applied potential in the case of ORR ‘off’ was chosen to be around 0 V
with respect to the quasi Pt reference electrode. The two current peaks around -0.1 V vs Pt
indicate the adsorption and desorption of the O-species. The HER ‘on’ potential range is also

present in the CV and was used in the HER studies (Chapter 4.2.2).
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Figure 63. Typical CV of Pt(111) in 0.1 M KOH at a scan rate of 50 mV/s measured in the EC-STM cell.

Successively recorded EC-STM images for approximately the same surface area (minor drift)
on the Pt(111) are shown in Figure 64. The sample potential was switched between ORR ‘on’
and ‘off’ halfway through each image. During the EC-STM measurement, the noise features

immediately covered the surface when the ORR was turned on and disappeared when ORR
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was eliminated. Interestingly, in each image, there are no obvious dissimilarities in the level
of the noise at the step-like defects and on the (111) terraces. It seems that no particular
surface sites are more active than other sites at the surface. This finding stands in contrast to
the results in 0.1 M HCIO4 where the step-concavities of Pt(111) have clearly a higher activity
towards the ORR than the (111) terraces.

Figure 64. Constant current mode EC-STM images of Pt(111) in 0.1 M KOH under ORR ‘on’ and ORR
‘off’ conditions. Scan rate: 0.5 Hz, current setpoint: 1.5 nA. The sample potential was -50 mV vs Pt for
the case of ORR ‘off’ and the ORR ‘on’ potential was varied in different images. The ORR ‘on’ potentials
were (A) -250 mV vs Pt, (B) -200 mV vs Pt, (C) -100 mV vs Pt, and (D) -150 mV vs Pt, respectively. The
tip potential was the halfway potential between the sample potentials of ORR ‘on’ and ‘off’. The white
dashed lines indicate the position where the potential was changed.

To have a closer look at the noise level on the step-like defects with higher lateral resolution,
the EC-STM images over one monoatomic step at the Pt(111) surface were taken and are
shown in Figure 65.A and B. The image in Figure 65.A was obtained while oxygen reduction
was taking place. The noise level throughout the whole image was roughly the same. Most
importantly, the step was again not more active than the (111) terraces. As shown in Figure
65.B, when switching the sample potential repeatedly, the noise stayed on the same level at
the potential of ORR ‘on’ and disappeared when ORR was turned ‘off’, regardless of the

surface structure.

The height profiles (2D projection in Figure 65.C and 3D plot in Figure 65.D) of equidistant line
scans taken from the EC-STM image in Figure 65.B show that almost no noise features
appeared when ORR was eliminated. Therefore, the noise features at sufficient potentials
(ORR ‘on’) are directly correlated with the ORR. Moreover, in the line scans of ORR ‘on’ (in
both Figure 65.C and D), these noise features have approximately the same height, indicating
that the ORR activity at the step-like defect sites is not higher than the (111) terrace sites at

the Pt(111) surface in 0.1 M KOH.
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Figure 65. Constant current mode EC-STM images of a Pt(111) surface in 0.1 M KOH. (A) Image (90
nm x 90 nm) of a monoatomic step and neighboring terraces under ORR ‘on’ condition (-250 mV vs Pt).
(B) Image (80 nm x 80 nm) over approximately the same area under the conditions of ORR ‘on’ (-250
mV vs Pt) and ‘off’ (-50 mV vs Pt). Dashed black lines show the position where the sample potential was
changed. Tip potential: -150 mV vs Pt, current setpoint: 0.8 nA, scan rate: 1 Hz. Equidistant line scans
(blue dashed lines in ORR ‘off’ region and red dashed lines in ‘on’ region, respectively) are taken for
further analysis. (C) and (D) The 2D and the 3D view of the chosen line scans in (B).

Another EC-STM image, obtained under the ORR ‘on’ condition, further compares the ORR
activity of the step-like defects and the (111) terraces at the Pt(111) surface in 0.1 M KOH, as
shown in Figure 66.A. Flat (111) terraces and two monoatomic steps can be seen in the EC-
STM image. It seems that these two steps did not contribute higher noise signals compared to
the (111) terraces. Three line scans across both steps are shown in Figure 66.B with different

colors.

It is well-known that differently-coordinated surface sites at a Pt surface can have different
electrocatalytic activities. For instance, on Pt(111), the step-concavities are much more active
than the (111) terraces towards the ORR in acidic solutions?®. However, the results obtained

with Pt(111) in 0.1 M KOH demonstrate that these step-concavities are not more (or even less)
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active than the (111) terraces, and the reason should be the presence of the alkali metal

cations (K*).
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Figure 66. Constant current mode EC-STM images of Pt(111) in 0.1 M KOH under ORR ‘on’ condition.
(A) EC-STM image of Pt(111) at -250 mV vs Pt (ORR ‘on’). Current setpoint: 0.8 nA, tip potential: -150
mV vs Pt, scan rate: 1 Hz. (B) Height profile of line scans taken from (A) with different colors. Dashed
black lines are drawn to guide the eyes to the position of the (111) terraces.

To confirm the reproducibility of the n-EC-STM results, a series of EC-STM images (Figure 67),
over approximately the same area with three step-like defects, was successively recorded. The
potential of the sample was switched to enable the ORR (‘on’) and stop the ORR (‘off’) in each
image. Again, the noise features covered the whole surface when the ORR was enabled,

regardless of the surface structure.

Each three equidistant and parallel line scans along the x-direction (considering the drift) are
chosen from both the ORR ‘off’ and ‘on’ regions in Figure 67.D and are plotted together in
Figure 67.E. The level of the noise on the upper terrace is approximately the same compared
to that on the lower terrace. However, the step-like defect, particularly the part where the

height changes roughly from ~7 A to ~0 A (a 2-atom step), is less “noisy”’.

Derivative frequency analysis was performed on the scan lines belonging to the defined step
and terrace 2 with an identical number of data points, as shown in Figure 67.F. The comparison
of the noise levels reveals that this 2-atom step-like defect was less active compared to the

(111) terrace towards the ORR, in 0.1 M KOH.
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Figure 67. Successive constant current mode EC-STM images of Pt(111) in 0.1 M KOH and the
derivative frequency analysis of selected line scans. (A-D) A series of EC-STM images over
approximately the same area (minor drift) when sample potential was switched between -250 mV (ORR
‘on’) and -50 mV (ORR ‘off’) vs Pt. Dashed light blue lines indicate the position of the step-like defects.
White dashed lines mark the location where the potential was changed. Tip potential: -150 mV vs Pt,
current setpoint: 1.5 nA, scan rate: 0.5 Hz for all images. (E) Height profile of lines scans selected from
(D), labeled in blue (ORR ‘off’) and red (ORR ‘on’). The profile is divided into three parts: terrace 1, step,
and terrace 2. (F) Derivative frequency analysis for tunneling current on the step and on terrace 2 at
the potential of ORR ‘on’.

4.2.1.2 ORRon Pt(111) in Lithium Hydroxide Electrolyte (LiOH)

The experiments conducted in 0.1 M LiOH electrolyte were similar to those in KOH. The ORR
‘on’ and ‘off’ potentials applied to the Pt(111) electrode were selected according to the CV of

the Pt(111) in 0.1 M LiOH obtained in the EC-STM cell, as shown in Figure 68.

Figure 69.A-D show a series of EC-STM images obtained while the sample potential was
switched between that of the ORR ‘on’ and ORR ‘off’. Analogous to the results in 0.1 M KOH,
no inhomogeneity in the noise level is visible in the EC-STM images over relatively large surface
areas. It should be noted that each image contains several step-like defects. However, none
of these defects contributed larger noise features when the ORR was taking place, as

compared to the (111) terraces.
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Figure 68. Typical CV of Pt(111) in 0.1 M LiOH at a scan rate of 50 m\V/s obtain in the EC-STM cell.
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Figure 69. Constant current mode EC-STM images of a Pt(111) surface in 0.1 M LiOH. (A-D) EC-STM
images captured when sample potential was switched between -225 mV (ORR ‘on’) and -25 mV (ORR
‘off’) vs Pt. White dashed lines mark the location where the potential was switched. Tip potential: -125
mV vs Pt, scan rate: 0.5 Hz for all images. Current setpoint: (A) 1 nA, (B and C) 1.2 nA, and (D) 1.4 nA.
(E) and (F) Lines scans over a monoatomic step selected from (A).
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Figure 69.A and B are represented as 3D images in Figure 70.A and B. The blue and red arrows
point out the scanned areas when the ORR was ‘off’ and ‘on’, respectively. The boundaries
between the areas captured at different overpotentials are clear, as the noise features are
dense spikes only covering the ORR ‘on’ regions. Again, no protruding noise features can be

seen on the step-like defects under the ORR ‘on’ condition.

ORR ‘off’

Figure 70. 3D representations of the constant current mode EC-STM images of a Pt(111) surface in
0.1 M LIiOH. (A) and (B) 3D representations of the EC-STM images shown in Figure 69.A and B,
respectively. The ORR ‘off’ (-25 mV vs Pt) and ‘on’ (-225 mV vs Pt) regions are indicated by the blue and
red arrows, respectively. The black arrows show the y-scan directions for each image.

So far, the n-EC-STM study has been focused on the comparison of the ORR activity of sub-
nanometer step-like defects and (111) terraces on Pt(111) in alkaline media. However, due to
the broadening effect of the EC-STM measurement, the noise features generated on the sub-
nanometer-size defects were potentially submerged in the noise from the terraces. Therefore,
large-size defects, where the density of step-concavities and step-convexities are much larger
compared to that of single sub-nanometer steps and (111) terraces, were also investigated by

the n-EC-STM.

Figure 71.A and B show two EC-STM images over a large defect (~4 nm in height) at the Pt(111)
surface in 0.1 M LiOH. When comparing the level of the noise observed on this large defect
and on the (111) terraces at the potential of ORR ‘on’, no obvious difference can be seen. The
line scans taken from the image in Figure 71.A, as shown in Figure 71.C and D, confirm the fact
that even such a relatively large defect cannot contribute major noise features under ORR ‘on’

condition. This suggests that, on Pt(111), large defects containing numerous step-concavities
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and step-convexities are not more active than the (111) terrace sites towards the ORRin 0.1 M
LiOH.
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Figure 71. Successive constant current mode EC-STM images of a Pt(111) surface area containing a
large defect in 0.1 M LiOH. (A) and (B) EC-STM images over approximately the same area (minor drift)
when the sample potential was switched between -275 mV (ORR ‘on’) and -25 mV (ORR ‘off’) vs Pt.
White dashed lines mark the location where the sample potential was changed. Current setpoint: 0.5
nA, tip potential: -150 mV vs Pt, scan rate: 0.5 Hz. It should be noted that the height scale starts from
2 nm to compensate the loss of the color-contrast caused by the deep defect in the middle of the images.
(C), (D) 2D and 3D height profiles of line scans over the defect, taken from the image in (A).

4.2.1.3 ORRon Pt(111) in Cesium Hydroxide Electrolyte (CsOH)

Figure 72 shows a typical CV of the Pt(111) electrode in 0.1 M CsOH at a scan rate of 50 mV/s

obtained in the EC-STM cell. The potential parameters required for the n-EC-STM

measurements were selected accordingly.
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Figure 72. Typical CV of Pt(111) in 0.1 M CsOH measured in the EC-STM cell at a scan rate of 50 mV/s.
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A series of EC-STM images, as shown in Figure 73, were captured while the sample potential
was switched between that of the ORR ‘on’ and the ORR ‘off’ conditions in each image. A
similar phenomenon can be seen, compared with the EC-STM images (with large image sizes)
captured in the KOH and the LiOH electrolytes, that the noise features covered the whole
surface without noticeable dissimilarities, regardless of the surface structure, while the ORR

was taking place at the Pt(111) surface.

orR ‘of’| Sl "% ORR ‘off’

Figure 73. Constant current mode EC-STM images of a Pt(111) surface in 0.1 M CsOH. The sample
potential was switched between -250 mV (ORR ‘on’) and -50 mV (ORR ‘off’) vs Pt halfway through each
image. White dashed lines mark the location where the potential was switched. Current setpoint: 0.8
nA, tip potential: -150 mV vs Pt, scan rate: 0.5 Hz.

Figure 74.A depicts an EC-STM image measured under the same conditions as for the images
in Figure 73. The resolution of Figure 74.A is higher, so that one can have a closer look at the
noise features on the step-like defects. The equidistant line scans taken from Figure 74.A
reveal a monoatomic step and two (111) terrace regions, as shown in Figure 74.B. It appears

that noise features around the step edge are not higher than those on the (111) terraces.
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Figure 74. Constant current mode EC-STM image of Pt(111) surface in 0.1 M CsOH and line scans. The
sample potential was switched between -250 mV (ORR ‘on’) and -50 mV (ORR ‘off’) vs Pt halfway
through the image. White dashed lines mark the location where the potential was switched. Current
setpoint: 0.8 nA, tip potential: -150 mV vs Pt and scan rate: 0.5 Hz.

96



4.2.1.4 ORRon Pt(111) in Alkaline Media — Summary

The n-EC-STM has been employed to find the active centers for the ORR at single crystalline
Pt(111) surface in alkaline electrolytes, including 0.1 M KOH, 0.1 M LiOH and 0.1 M CsOH
electrolytes. Interestingly, there are no extraordinarily ““noisy”’ spots at the Pt(111) surface
under the ORR ‘on’ conditions in alkaline media. This means that the step-like defects (or step-
concavities) do not act as enhanced active centers as compared to the (111) terrace sites for
the ORR in alkaline electrolytes used in the measurements. In the case of KOH and CsOH (e.g.,
Figure 67 and Figure 74), the step-like defects are seemingly even less active than the (111)

terraces.

Considering the inevitable broadening effect in (EC-) STM measurements, the n-EC-STM
cannot sufficiently distinguish the noise contribution from the sub-nanometer step-like
defects if the (111) terraces surround the step-like defects are more active. The noise features
on the step-like structures, if they are less active towards the ORR, can be submerged by the
broadened higher noise features generated from more active terraces in the vicinity of the

defects.

The macroscopic data already reported that the ORR activity of stepped Pt single crystal
electrodes in alkaline media decreases with increasing density of step-like defects®3.
Additionally, a recent study showed that the ORR activity of single crystalline Pt(111) at 0.9 V
vs RHE in KOH and CsOH electrolytes is at least two times higher than that in HCIO4*'!. The n-
EC-STM results indicate that the activity of the (111) terrace sites certainly governs the overall
ORR activity of the single crystalline Pt(111) surface in alkaline media. This finding is in contrast
to the well-known fact that the active centers in acidic media are the step-concavities at the
Pt(111) surface. To find the reason why the defect sites, e.g., step concavities, are not the
active centers for the ORR on Pt(111) in alkaline media, further investigations and other
research methods are required. However, the influence of the electrolyte spectator ions
should be taken into account, and the presence of the alkali metal cations in the alkaline media

can be a promising answer.

The recently mentioned non-covalent or quasi-covalent interaction between the alkali metal
cations and the adsorbed reaction intermediates®? 88 are likely to be the reason. The alkali
metal cations can affect the ORR activity of the Pt electrode by changing the binding energy

of the reaction intermediates. The n-EC-STM analysis results indicate that the alkali metal
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cations excessively weaken the binding energy of the Pt(111) surface sites to the adsorbed O-
species. Therefore, the concavity site, which is located close to the top of the “volcano”
without considering the effect from the electrolyte or the spectator ions, moves over the
optimal point and ends up on the weak side of the ““volcano” in alkaline media, as shown in
Figure 75. However, the (111) terrace site, which is less active towards the ORR than the
concavity site in acidic media (Figure 16), becomes more active (Figure 75). Consequently, the
geometrically optimized step-concavities in the case of acidic media become less active
towards the ORR due to the effect of the alkali metal cations, and the (111) terrace site

dominates the overall ORR activity of the Pt(111) electrode in alkaline media.
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Figure 75. An illustration of the effect of the alkali metal cations on the O binding energy on the
Pt(111) concavity and (111) terrace sites in alkaline media. The ball model shows the typical structures
of a Pt(111) surface, e.g., the (111) terrace, the step-concavity (blue) and the step-convexity (green).

However, the n-EC-STM does not quantitatively compare the effect of different alkali metal
cations (changing the electrolyte from one alkaline medium to another one was not possible
during EC-STM measurements) or differentiate how much the alkali metal cations affect the
O-species binding energy on the step-concavities and on the (111) terrace sites. The obtained
results have already indicated a general effect of the alkali metal cations on the ORR catalytic
activity of the Pt electrode surface. This conclusion can be tested with other catalyst materials
using various investigation methods, and it is expected to impact the rational design of

catalytic systems involving alkali metal cations.
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4.2.2 HER on Pt(111) in Potassium Hydroxide Electrolyte (KOH)

The applied potentials in the case of HER ‘off’, which were not negative enough to enable the
HER, can still start the reduction of oxygen at the Pt surface. Therefore, the n-EC-STM
investigation for the HER on Pt(111) in the 0.1 M KOH electrolyte was not as straightforward
as that for the ORR. Except for that, all HER measurements followed the same strategy that
was used for the ORR studies in alkaline media. The HER ‘on’ and ‘off’ potential parameters
were selected according to the CV shown in Figure 63. The HOR taking place at the tip
increased the tip current offset. Consequently, the measurements in the case of the HER

normally required a larger current setpoint than in the case of the ORR.
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Figure 76. Successive constant current mode EC-STM images of the Pt(111) surface in 0.1 M KOH. (A-
C) EC-STM images over approximately the same surface area (with a minor drift) when the sample
potential was switched between -890 mV (HER ‘on’) and -700 mV (HER ‘off’) vs Pt halfway through each
image. Dashed white lines indicate where the potential was changed. Dashed blue lines mark roughly
the locations of the step-like defects. Current setpoint: 0.8 nA, tip potential: -740 mV (HER ‘on’) and -
550 mV (HER ‘off’) vs Pt (constant potential bias), scan rate: 0.5 Hz. (D) Line scans taken from (A), blue
(HER ‘off’) and red (HER ‘on’).

In 0.1 M KOH, as shown in Figure 76.A-C, no matter whether there was hydrogen evolving or
not, noise features covered the whole electrode surface. However, the noise level in the case
of HER ‘on’ was much higher than in the case of HER ‘off’, as shown in Figure 76.D (line scans
taken from Figure 76.A). This is likely due to the fact that catalytic reactions (ORR or HER) were
taking place during the whole imaging time, but the current density at the potential of the
HER ‘on’ was higher than that in the case of HER ‘off’ (as can be seen in Figure 63). Additionally,

the oxidation of the evolved hydrogen at the tip also contributed extra noise signal.
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Taking a closer look at the HER ‘on’ regions in Figure 76.A-C, there is no noticeable dissimilarity
between the level of the noise obtained on the (111) terraces and on the step-like defects.
This is analogous to the n-EC-STM results of the ORR on Pt(111) in alkaline media (Chapter
4.2.1). This leads to the assumption that the alkali metal cations affect the HER activity of the
Pt(111) surface in the same way they influence the ORR activity of the Pt(111) surface in

alkaline media.
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Figure 77. Constant current mode EC-STM images of a Pt(111) surface in 0.1 M KOH. (A-C) EC-STM
images obtained over approximately the same surface area when the sample potential was switched
between -910 mV (HER ‘on’) and -800 mV (HER ‘off’) vs Pt in (A, C) and between -890 mV (HER ‘on’)
and -790 mV (HER ‘off’) vs Pt in (B), respectively. Current setpoint: 2 nA in (A) and 2.2 nA in (B-C),
constant potential bias (tip potential - sample potential): 100 mV, scan rate: 1 Hz. (D) and (E) 3D and
2D line scans taken from (A). The “steps” region (0-50 nm) contained several step-like defects, and the
“terrace” region (50-100 nm) had a (111) terrace with minor defects. (F) Derivative frequency analysis
for the defined “steps” and “terrace” sides (data point of every 4™ line scan) in the case of HER ‘on’
and ‘off’.
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To further compare the HER activity of the defects and the (111) terraces, EC-STM images
were captured over an area on Pt(111) with several step-like defects (left side) and a (111)
terrace (right side, with minor defects), as shown in Figure 77.A-C. The same phenomenon
that large noise features immediately covered the defects and terraces whenever and
wherever the HER was enabled, regardless of the structure of the Pt(111) surface, can be

observed in all images (Figure 77.A-C).

Figure 77.D and E exhibit the height profile of the line scans taken from Figure 77.A. The
scanned surface can be divided into two regions with the same width in the x-direction, the
“step”’ region and the “terrace” region, respectively. The same level of noise can be seen on
both the “step’”” and the “‘terrace” regions under the HER ‘on’ condition. Additionally, the
derivative frequency analysis (Figure 77.F) reinforces the even noise level from both sides.
Therefore, this defective (“step”) region of the Pt(111) surface did not contain such active

sites which contributed noticeably higher HER activities compared to the (111) terrace sites.

In summary, on Pt(111), the step-like defects are at least not more active than the (111)
terrace sites towards the HER in 0.1 M KOH, in contrast to the finding obtained in acidic media
(Chapter 4.1.1). It seems that the alkali metal cations affect the ORR activity and the HER
activity of the active sites of the Pt(111) surface similarly. Consequently, the (111) terrace sites
dominate the overall HER activity of the Pt(111) in 0.1 M KOH. The surface sites around the
step-like defects, e.g., step concavities, play minor roles in the activity. The reason could be
that the non-covalent or quasi-covalent interactions between the alkali metal cations and the
adsorbed H-species, weaken the H-binding energy on the Pt electrode, as it was suggested
elsewhere!'*, The mechanism is similar to the one mentioned in the ORR studies, as shown in

Figure 75.

4.2.3 HER on Pt Islands/Au(111) in Perchloric Acid (HCIOx)

As shown in Chapter 4.1.3, the geometrical factors and the foreign (Au) substrate can
significantly influence the HER activity of the active sites of monoatomic Pd islands. However,
nanostructured Pt-based materials are still among the best candidates for HER catalysts. The
nanostructured Pt on an inert Au substrate, as a comparison to the Pd islands on Au, should

be of interest to investigate. Therefore, the n-EC-STM was employed to study the HER activity
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of Pt sub-monolayer islands on single crystalline Au(111) in 0.1 M HCIO4, and particularly

compare the activity of the Pt/Au boundary and the Pt island surface.

Fully-packed monoatomic thick Pt islands on the Au(111) substrate can be seen using STM in
air, as shown in Figure 78.A. The inserted height profile of the line scans over the selected
islands show that the average height of the islands is about 0.25 nm, which is approximately
the typical height of a Pt monoatomic layer. However, the captured shape of the Pt islands
was influenced by the drift and the STM broadening effect. Figure 78.B exhibits a typical CV of
the sample in 0.1 M HCIO4 measured in the EC-STM cell. The potential region in which the HER

is enabled can be seen in the CV.
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Figure 78. Constant current mode STM and typical CV of the deposited Pt sub-monolayer islands on
Au(111) in the EC-STM cell. (A) An STM image of the sample surface after Pt sub-monolayer island
deposition and inserted height profile of the selected line scans. Current setpoint: 0.4 nA, scan rate:
0.5 Hz. (B) Typical CV of the sample in air-saturated 0.1 M HCIO, obtained in the EC-STM cell at a scan
rate of 50 mV/s. The HER ‘on’ potential range can be seen in the CV.

EC-STM images were taken over one of the deposited Pt islands with different sample
potentials. The sample potential was first set to a value at which no HER can take place (HER
‘off’) and then switched to a more negative potential to enable the HER on Pt (HER ‘on’), but
not negative enough to start the HER on the Au substrate. Figure 79.A and B show two EC-
STM images captured before and after switching the sample potential, respectively. The shape

of the Pt island changed slightly between the images because of the drift. The HER ‘on’ image
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exhibits strong noise features only on the Pt island, and the level of noise is approximately the

same all over the whole Pt island.

Figure 79.C compares the lines scans across approximately the same position in Figure 79.A
and B. In the case of the HER ‘on’, the noise features are much larger and appear to be
homogeneously distributed on the island. This indicates that the HER activity of all surface
sites on the Pt islands supported by Au(111) was roughly the same. The Pt atoms located at

the Pt/Au boundary were not more active than those in the middle of the Pt island.
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Figure 79. Constant current mode EC-STM images in 0.1 M HCIO, over a Pt island on Au(111) with
different sample potentials. Sample potential: (A) -250 mV (HER ‘off’), (B) -790 mV (HER ‘on’) vs Pt,
constant potential bias: 190 mV, current setpoint: 0.8 nA, scan rate: 0.5 Hz. (C) Comparison of the
selected line scans from (A) blue and (B) red.

To precisely compare the HER activity of the edge and the surface of the Pt islands, EC-STM
images focused on the Pt/Au boundary were measured. Figure 80.A and B show two EC-STM
images of the Ptisland captured at the potential of the HER ‘off’ and the HER ‘on’, respectively.
Substantially, the noise features on a Pt island became stronger when the sample potential
was switched from -250 mV (HER ‘off’) to -790 mV (HER ‘on’) vs Pt. Figure 80.C compares three
equidistant line scans taken in approximately the same region from Figure 80.A and B,

respectively, and Figure 80.D exhibits all the line scans extracted from the region marked by a
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white rectangle (6 nm X 90 nm) in Figure 80.B. The Pt/Au boundary seems to be as ““noisy” as

the Pt island surface, in the case of the HER ‘on’.
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Figure 80. Constant current mode EC-STM images of Pt islands on Au(111) in 0.1 M HCIO, and the
derivative frequency analysis. (A) and (B) EC-STM images over approximately the same surface area
when the sample potential was switched between (A) -250 mV (HER ‘off’) and (B) -790 mV (HER ‘on’)
vs Pt. Current setpoint: 1 nA, constant potential bias: 190 mV, scan rate: 2 Hz. (C) Comparison of the
selected line scans marked in different colors in (A) and (B). (D) All line scans in the white rectangle in
(B). (E) Derivative frequency analysis of the noise features from the defined boundary and the
neighboring regions (each 6 nm x 6 nm) in (D).
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The study of the HER activity of Pd islands on Au(111) in 0.1 M H,SO4 had proven that the most
active sites are located on the Pd/Au boundary. However, the width of such active centers is
not larger than ~1 nm. Therefore, in order to determine the level of noise at the Pt/Au
boundary, the width of the boundary should also be of the order of nanometers. As shown in
Figure 80.D, the width of the boundary is chosen to be 6 nm, and the derivative frequency
analysis was performed for noise features in the defined boundary region, and in the
neighboring regions, namely the Au(111) surface (region 1) and the Pt island surface (region
2), with the same width, as shown in Figure 80.E. Except for Au(111), which is much less active
towards HER, the noise levels on the Pt island surface and at the Pt/Au boundary are

approximately the same.

Unlike the case of the Pd sub-monolayer islands on Au(111) in 0.1 M H,SOg4, the n-EC-STM
study of the HER on Pt sub-monolayer islands supported on Au(111) in 0.1 M HCIO4 indicates
homogeneously distributed HER activity all over the Pt islands. The activity of the Pt atoms at
the Pt/Au boundary is at least not higher than that of the Pt atoms located in the center of the
Pt islands. This result suggests that the total HER activity of this catalytic system simply
depends on the Pt coverage or mass loading on the Au substrate. However, the effect of
anions in the electrolytes, e.g., the SO4% in the case of Pd islands and the ClO4 in the case of
Pt islands, had been neglected during the investigations. Indeed, the SO4? adsorption on Au
and Pt electrode surfaces have a considerable impact on the electrochemical or
electrocatalytic properties of the electrodes!® %0 Therefore, the anion effect should be

considered in further investigations.

Besides the effect of the anions (e.g., the SO4%> and ClOs), the electronic structure of the
catalyst should be considered. In the case of Pd islands on Au, the Au substrate influences the
electronic properties of the Pd atoms differently and the most active centers towards the HER
are located at the island edge. However, in the case of Pt islands on Au, such phenomena were
not observed. It seems that the electronic properties of the Pt atoms at the island edge and
at the island surface supported on Au are very similar that no difference in the HER activity
was pronounced. This interpretation is in line with the hypothesis in literature® 191 192 that
most likely the strain effect (lattice difference between the Pt adlayers and the Au substrate
leads to the change of the Pt interatomic distance) plays a major role in the case of Pt islands,

however, both strain and ligand effects are important in the case of Pd islands.
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4.2.4 HER on Transition Metal Dichalcogenides (TMDs) in Perchloric Acid (HCIO4)

The TMDs are semiconducting electro(photo)catalysts and can be oxidized irreversibly at
sufficiently anodic potentials in aqueous electrolytes'®® %4 |n order to enable the (EC-) STM
measurements on the semiconducting TMDs, a relatively high potential bias was used to
generate the tunneling current®> 1% Additionally, to prevent the oxidation of the TMDs, the
applied potential to the TMD samples was kept in the region where no anodic current can be
seen, according to the CV recorded prior to each EC-STM measurement. The HER activity of
the MoS; and the MoSe; flakes supported on less active (e.g., Au) substrates were investigated.
Moreover, point-like defects were generated by the helium ion beam using a HIM instrument

in order to activate the inert basal plane of the MoS; flakes towards the HER.

4.2.4.1 HER on Molybdenum Disulfide (MoS;) Flakes in Perchloric Acid (HCIO4)

Figure 81.A shows an STM image of the boundary of a MoS; flake and the GC substrate. The
MoS: flake had a layered structure with a total thickness of ~15 nm. The high-resolution image
in Figure 81.B provides the atomic structure (considering drift) of the MoS, top surface.
Interestingly, the captured patterns at the MoS; surface seem to be the combinations of
several Mo and S atoms (see the inserted atomic configuration in Figure 81.B) instead of single
S or Mo atoms. Using this ““atomically-resolved” image as a reference, performing similar (EC-)
STM measurements can distinguish the TMD flakes from the flat substrates, e.g., Au(111), of

which the atomically-resolved STM image was already accomplished.

The rough surface of the GC substrate is not ideal for recognizing noise features caused by the
HER. Therefore, single crystalline Au(111) was chosen to be the substrate for the following n-
EC-STM investigations. First of all, it is necessary to locate the MoS; flakes on the Au substrate
by taking high-resolution STM images. The imaged structures on the MoS; flake should be in

a good agreement with the image shown in Figure 81.B.

In 0.1 M HCIQg4, the CV of a sample of MoS; flakes supported on Au(111) was performed in the
EC-STM cell as shown in Figure 82. The potential region where the HER can take place can be
seen in the CV. To minimize the HER and avoid the oxidation of the MoS: for the case of HER
‘off’ in the EC-STM measurements, the sample potentials were chosen to be around (but not

significantly more positive than) the actual zero-current point in the CV. Because the EC-STM
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cell is exposed to air, there was O dissolved in the electrolyte, and the ORR at MoS; should
not be totally ignored. However, for the EC-STM measurements in this thesis, the
concentration of dissolved O, from the air was much lower compared to the one of protons
in acidic media, and the ORR is more “sluggish”” at MoS,. Moreover, the active centers of MoS;
towards both the HER and the ORR are the Mo-edge sites!®’. Therefore, the contribution from

the ORR should be considered as a minor factor in the identification of the HER active centers.
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Figure 81. STM images of a MoS; flake supported on glassy carbon (GC). (A) Constant current mode
STM image with an inserted height profile of the white line scan. Current setpoint: 0.5 nA, potential
bias: 1 V, scan rate: 0.5 Hz. (B) Constant height mode STM image on the MoS; basal plane with an
atomic configuration (yellow/black balls represent S/Mo atoms). Current setpoint: 1 nA, potential bias:
1V, scan rate: 60 Hz.
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Figure 82. Typical CV of a sample of MoS: flakes supported on Au(111) in 0.1 M HCIO, measured in
the EC-STM cell at a scan rate: 50 mV/s.
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Once the 0.1 M HCIO4 electrolyte was introduced into the EC-STM cell and the potential of the
HER ‘on’, e.g., -900 mV vs Pt which is not sufficient to enable the HER on Au, was applied to
the sample, the tunneling current noise features appeared on the MoS; flakes in the captured
EC-STM images. These noise features are likely to be correlated with the HER on the MoS;
flakes, and this is also a strategy to locate the MoS; flakes in the presence of the electrolyte.
After ensuring that the observed objects were the MoS; flakes, the EC-STM measurements
were focused on differentiating the activity of various surface structures of the flakes, namely
the MoS,/Au boundary, the step-like defects in the MoS; basal plane and the MoS; basal plane
without defects. While performing EC-STM imaging, the sample potential was gradually
changed from -600 mV vs Pt, where the HER was minimized (HER ‘off’), to -900 mV vs Pt (HER
‘on’). Two typical results over a MoS,/Au boundary and a step-like defect in the MoS; basal
plane are shown in Figure 83.A and B (3D representations in Figure 84 and Figure 85),

respectively.

Figure 83.A exhibits a series of EC-STM images recorded at the boundary of the Au substrate
and an ~8 nm thick MoS; flake with a minor drift. At -600 mV vs Pt, no noticeable noise
features were observed, and the edge of the flake can be seen clearly. When the HER
overpotential was increased stepwise, the noise features started appearing at the Au/ MoS;
boundary (starting with the potential from -650 mV vs Pt). Comparing all the EC-STM images
in Figure 83.A, the noise level increased and the noise features extended towards the Au side
when the HER overpotential was increased. The comparison of the line scans (approximately
at the same position for all potentials) represents the growth of the noise features with the
increasing of the HER overpotential, as shown in Figure 83.C. The growth of the noise features
seems to be correlated with the increase in the HER reaction rate. This result indicates that
the active centers for the HER were located on the edge of the MoS; flakes in 0.1 M HCIOa.
Figure 84 shows the 3D representations of EC-STM images in Figure 83.A. It can be seen that
the noise features covered the edge of the flake completely when sufficient HER

overpotentials were applied.

The same trend was observed on a step-like defect in the basal plane of the MoS;, as shown
in Figure 83.B. The noise features were generated from the edge of the step and grew with
the increase of the HER overpotential. Figure 83.D compares the lines scans taken from all EC-

STM images and indicates the same conclusion that the level of noise increased when higher
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HER overpotential was applied. However, the noise features only appeared around the edge
of the defect. Therefore, the step-like defect seems to be another type of active centers of the
MoS; flake towards the HER in 0.1 M HCIO4, confirming the observation in the images. Figure
85 presents the 3D versions of the EC-STM images in Figure 83.B, where the approximate

positions of the edge of the defect are marked with blue arrows.
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Figure 83. Two series of constant current mode EC-STM images of a MoS,/Au(111) boundary and a
step-like defect in the MoS; basal plane in 0.1 M HCIO, and selected line scans. (A) EC-STM images of
a MoS;/Au(111) boundary when the sample potential was switched from -600 mV (HER ‘off’) to -900
mV vs Pt stepwise. Current setpoint: 3 nA, tip potential: -200 mV vs Pt, scan rate: 0.5 Hz. (B) EC-STM
images of a step-like defect in the basal plane when the sample potential was switched from -600 mV
(HER ‘off’) to -900 mV vs Pt stepwise. Current setpoint: 3 nA, tip potential: -200 mV vs Pt, scan rate: 0.5
Hz. (C) Selected line scans across approximately the same area (white dashed line in every image, drift-
effect corrected in y-direction) in (A). (D) Line scans of the top line of each image in (B).
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Figure 84. 3D representations of images in Figure 83.A. Blue arrow points out approximately the

location of the edge of the MoS; flake.
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Figure 85. 3D representations of images in Figure 83.B. Blue arrow points out the location of the step

edge.
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Another analysis was carried out in order to evaluate the level of noise at different potentials
without the influence of the surface topography, as shown in Figure 86. For the line scans in
Figure 83.C and D, Figure 86.A and B present the topographic change by subtracting the line
scan at -600 mV vs Pt (surface topography) from each line scan under HER ‘on’ conditions,
respectively. The resulting height profiles directly reveal the increased reaction rate of the
hydrogen evolution on the flake edge and on the step-like defect in the basal plane, with the
increasing of the HER overpotential. Particularly, the oxidation of the evolved H; at the tip

(additional Faradaic contribution) should be taken into account.
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Figure 86. Height profile of the line scans in Figure 83.C and D with the line scan taken at -600 mV vs
Pt subtracted. (A) and (B) Resulting height profiles from Figure 83.C and D after subtracting,
respectively. Black arrows indicate the extension direction of noise features.

It should be noted that there were no noticeable noise features generated on the basal plane
of the MoS; flake at any potential in Figure 83. It seems that the basal plane was not active
towards the HER under the measurement conditions. Therefore, the obtained result is one of
the first direct evidence of the active centers of the MoS; flakes supported on Au(111) for the
HER in 0.1 M HCIO4 being located on the flake edges and the step-like defects in the basal
plane. Interestingly, the noise features were mostly generated on the ““edge-plane” instead
of the top sites of the flake edge and the step-like defect, regardless of the sample potential.
It has been suggested that the as-prepared basal plane of TMD 2D materials has a lack of
sulfur- (S-) vacancies due to the diffusion of S atoms that heals the S-vacancies®® 1%,
Additionally, the H binding energy of the basal plane sites is further away from the optimal
value compared to that of the Mo atoms of the flake edge®’. Considering all the facts
mentioned above, the active centers of the MoS; flakes towards the HER in acidic media are

likely the sites where the Mo atoms are coordinatively unsaturated, for instance, the flake

edge and the S-vacancies.
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4.2.4.2 HER on Molybdenum Diselenide (MoSez) Flakes in Perchloric Acid (HCIO4)

The MoSe; was reported to have higher activity towards the HER compared to the Mo0S;2°% 201,
However, like in the case of MoS,, there is a lack of direct evidence of the nature (e.g., location,
structure) of the active sites on MoSe; towards the HER. The active centers of the MoSe; flakes
were also studied using the n-EC-STM in 0.1 M HCIOg4. Prior to each EC-STM measurement,
CVs of the MoSe; flakes on GC and on Au(111) were measured in the electrochemical (Hz-
saturated) and the EC-STM cells (air-saturated), respectively. As shown in Figure 87.A and B,
the CVs confirmed that the MoSe; flakes have a similar HER activity compared to the MoS;
flakes and the oxidation of the MoSe; flakes can take place at the potential of ~0.45 V vs Ptin
the EC-STM cell (in the presence of O3).
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Figure 87. Typical CVs of the MoSe; flakes coated GC and Au(111) substrates. (A) CV in H>-saturated
0.1 M HCIO, recorded in an electrochemical cell. (B) CV in air-saturated 0.1 M HCIO, measured in the
EC-STM cell. Scan rate: 50 mV/s.

The STM was employed to measure the morphology of the MoSe; flakes on GC. Figure 88.A
shows an STM image of the boundary of a ~7 nm thick MoSe; flake and the GC substrate. The
basal plane of the flake was flat and had no noticeable defects. A high-resolution image on the
basal plane was captured, as shown in Figure 88.B, revealing the “atomic-structure’” of the
basal plane. However, similar to the case of MoS,, each bright spot in Figure 88.B is more
correlated with a “circle” consisting of three S atoms and three Mo atoms. This was crucial to
afterwards locating the MoSe; flakes on the single crystalline Au(111) surface, which was also

atomically flat.
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Figure 88. STM images of a MoSe: flake on GC. (A) Constant current mode STM image of the boundary
of a MoSe; flake and GC substrate and height profile of the white line across the MoSe,/GC boundary.
(B) High-resolution constant height mode STM image captured on the basal plane. The ball model
(vellow/black balls represent Se/Mo atoms) is guide to the eyes visualizing the atomic structure.

The goal of the n-EC-STM was to compare the HER activity of the step-like defects and the
basal plane on the MoSe; in 0.1 M HCIO4. Figure 89.A shows a series of EC-STM images across
approximately the same position (y-axis scan was disabled), where a larger step-like defect
(indicated by black arrow) with three smaller step-like defects (indicated by blue arrows) on
the MoSe; flake can be seen. During the EC-STM measurements, a potential of -500 mV vs Pt
was first applied to the sample, and the resulting image shows no noticeable noise features
on the MoSe;. Afterwards, when the sample potential was changed stepwise to more negative
values, noise features started to appear around all the defects. At the same time, the size and
the number of those noise features were growing with increasing HER overpotential. The
surface of the basal plane, where no defects can be seen, contributed no noise features at any
applied potential. Finally, the noise features covered the surface around the defects at a

potential of -800 mV vs Pt, and the tip retracted completely at a potential of ~-850 mV vs Pt.

Figure 89.B compares the height profile of the line scans taken from each image. It can be seen
that the level of noise increased with increasing HER overpotential. At higher overpotentials,
the noise features are of the order of nanometers, which is probably due to the additional
Faradaic contribution (HOR at the tip). According to the n-EC-STM results, the step-like defects

of the as-prepared MoSe; seemed to be more active towards the HER than those of MoS;,
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since the noise features appeared at more positive potentials in the case of MoSe,. However,
this conclusion requires further investigations, because the n-EC-STM cannot provide a precise

guantitative comparison of the noise features obtained from different measurements.

Figure 90 exhibits the 3D representation of the EC-STM images in Figure 89.A with additional
labels. The topography of the noise features is better recognizable in the 3D images. When
increasing the HER overpotential, more noise “spikes’ with larger sizes appeared around the
defects. The surface far away from those defects remained flat regardless of the applied
potential. As the noise features can be both on the larger and smaller step-like defects, it is
likely that all step-like structures (defects or over/under-coordinated sites) are the active

centers for the HER on MoSe;.

Comparing the noise features that appeared on the MoS; and those on the MoSe; samples at
sufficient potentials, there are several differences that should be noted. The bubble-like noise
features in the case of MoS; were generated on the ““edge-plane” of the flake edge and the
defects, however in the case of MoSe,, the spike-like noise features were found on the top of
the step-like defects. The reason for such a difference in the noise features on different TMD
catalysts is still unknown. Probably, this is due to the difference in the HER mechanisms on the
MoS; and MoSe;, or difference in the H binding energy of the active sites on the MoS; and the
MoSe;. Additionally, the H binding energy of the S, Se and Mo atoms likely influence the shape
and the distribution of the noise features, for instance, the bubble-like noise in the case of
MoS, was possibly due to the so-called hydrogen spill-over effect?°?- 293 which was not

observed on the MoSe;.

The results demonstrate that the active centers of the TMD 2D flakes towards the HER are
only the flake edges and the step-like defects in the aqueous electrolyte of 0.1 M HCIOa4. This
conclusion is expected to positively influence the development, the rational design and

particularly the commercialization of the TMD-based catalysts.

So far, the n-EC-STM have for the first time revealed the active centers towards the HER on
MoS; and MoSe; 2D flakes. The n-EC-STM is able to identify the active centers of metallic
catalysts but also non-metallic (semi-) conducting materials, for instance, the TMDs. It can
distinguish the activity difference of nanometer-scale structures and provide a reliable

assessment of newly-developed catalyst materials.
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Figure 89. (A) Successively recorded constant current mode EC-STM images in 0.1 M HCIO, from the
potential of -500 mV (HER ‘off’) to -800 mV vs Pt. Y-axis scan was disabled (minor drift). Approximately,
the tip was scanning across the same line across a large step-like defect in the MoSe; basal plane. The
black arrow shows the edge of the large defect. The blue arrows indicate the location of smaller step-
like defects. Current setpoint: 2.0 nA, tip potential: -50 mV vs Pt, scan rate: 0.5 Hz. (B) Comparison of
the line scans taken from each image.
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Figure 90. 3D representation of the EC-STM images in Figure 89.A. The black arrow shows the location
of a larger step-like defect and the blue arrows indicate the location of three smaller step-like defects.
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4.2.4.3 Activating the Basal Plane of the MoS; Flakes Using Helium Beam

The results shown in Chapter 4.2.4.1 and Chapter 4.2.4.2 suggest that the defective sites of
the MoS; and MoSe; are likely the active sites towards the HER in 0.1 M HCIOa. It is already
reported that, in the case of MoS,, the H binding energy of the basal plane sites is far from the
optimum compared to that of the Mo atoms located on the flake edge®’. One strategy to
promote the electrocatalytic activity of the MoSe; and MoS; flakes is to create more defects
in the inert basal plane. As reported, creating S-vacancies in the basal plane can be a successful
strategy of activating the basal plane of the MoS; flakes towards the HER®>’. However, this has

not been proved by means of direct instrumental investigations.

Fortunately, helium ion microscopy (HIM) provides a way of introducing evenly distributed
point-like defects into the MoS; surfaces. Two types of samples, namely MoS; flakes on GC
and on Au(111), were prepared to evaluate the influence of the HIM treatment on the HER
activity of the MoS; flakes. Figure 91.A and B compare the HER activity of the MoS; flakes
before and after the HIM treatment. All activity measurements were performed in H»-

saturated 0.1 M HCIO4, and the RDE was employed in the case of Au(111) substrate.
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Figure 91. HER activity measurements for the MoS; flakes deposited on GC and Au(111) substrates in

Hz-saturated 0.1 M HCIO, in the electrochemistry cell before and after the helium ion beam

treatment. (A) The HER polarization curves (cathodic scans) of bare GC substrate, with MoS; flakes and

after helium ion beam treatment. (B) The RDE HER polarization curves (cathodic scans) of a bare Au(111)
substrate, with MoS; flakes and after helium ion beam treatment at 1600 revolutions per minute (RPM).

All curves were measured at a scan rate of 50 mV/s. All current densities were normalized to the whole

electrode surface area.
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As can be seen in Figure 91, the HIM treatment successfully improved the HER activity of the
MoS; flakes, regardless of the substrate. It should be noted that, for each GC and Au substrate,
the influence of the HIM treatment on the HIM activity of the bare substrate was calibrated,
by performing HER activity measurement before and after HIM treatment. As expected, the
HIM treatment was not able to activate the HER activity of the bare substrates. As reported,
the HER activity of Au electrodes is significantly influenced by the surface structure*! and a
tiny amount of active contamination, e.g., Pt, from the CE. However, the point-like defects

created on the bare Au(111) sample by the HIM did not appear to increase the overall activity.
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Figure 92. CV of the MoS; on Au(111) sample after HIM treatment in air-saturated 0.1 M HCIO,
obtained in the EC-STM cell. Scan rate: 50 mV/s. Inserted graph illustrates the HIM treated area
compared to the whole sample surface.

As reported®’, the point-like defects (S-vacancies) generate active sites towards the HER on
the basal plane. Therefore, the n-EC-STM was used to identify the HER active centers of HIM

treated samples, and Au(111) was selected to be the substrate for EC-STM measurements.

Due to technical difficulties (e.g., setup limitation and complicated software control) and the
time-consuming characteristic of the HIM treatment, only a ~4 mm? surface in the center of
each MoS; on Au(111) sample was treated by the helium ion beam, as shown in Figure 92.
Prior to each set of EC-STM measurements, a CV of the sample was measured in the EC-STM

cell. Figure 92 shows a CV obtained at a scan rate of 50 mV/s, and the HER can be minimized

at around -0.6 V vs Pt.
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Figure 93. Comparison of the HER activity of HIM treated and not HIM treated MoS. flakes. (A)
Constant current mode EC-STM image of a not HIM-treated MoS; flake. Height profile of the position
marked by the white line is inserted. White arrows indicate the location of the flake edges in the height
profile. (B-D) Successive images of approximately the same area in the basal plane of one HIM-treated
MoS: flake at different HER overpotentials, (B) -600 mV vs Pt (HER ‘off’), (C) -700 mV vs Pt (HER ‘on’)
and (D) -800 mV vs Pt (HER ‘on’), respectively.

To assess the activity improvement in the basal plane caused by the helium ion beam, EC-STM
measurements were conducted for both the treated and untreated flakes in 0.1 M HClOa.
Figure 93.A shows an EC-STM image over a non-HIM-treated MoS; flake under the HER ‘on’
condition. The noise features can be seen only on the edge of the flake and on some defects

in the basal plane, which is in agreement with the findings in Chapter 4.2.4.1.

On the surface of a HIM-treated MoS; flake, three EC-STM images were measured over
approximately the same location at different sample potentials. As a comparison to the HER
‘on’ images, an EC-STM image (Figure 93.B) was captured under the condition of HER ‘off’, in
which no noise features are visible. As shown in Figure 93.C and D, when the HER was enabled
(HER ‘on’), the noise features covered the whole scanned area. In each individual image, the
level of noise is almost the same all over the image. Moreover, the difference of the noise
level in different images can be seen in the derivative frequency analysis shown in Figure 94,
in which the image recorded at -800 mV vs Pt shows the highest noise level. It seems that the
evenly distributed point-like defects activated the basal plane of the MoS; flake towards the
HER, and the activity of the HIM treated basal plane increased with the increasing of the HER

overpotential.
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Figure 94. Derivative frequency analysis of the noise level for the EC-STM images in Figure 93.B (HER
‘off’, -600 mV vs Pt), C (HER ‘on’, -700 mV vs Pt) and D (HER ‘on’, -800 mV vs Pt).
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Figure 95. Constant current mode EC-STM measurements of a boundary of a HIM treated MoS; flake
and the Au(111) substrate in 0.1 M HCIO,. (A) EC-STM image of a MoS,/Au(111) boundary at a
potential of -600 mV vs Pt (HER ‘off’). (B) EC-STM image of approximately the same area at a potential
of -800 mV vs Pt (HER ‘on’). Height profile of the line scan (white line) across roughly the same position
is inserted in each image. Current setpoint: 1 nA, tip potential: -100 mV vs Pt, scan rate: 1 Hz.

To compare the activity of the edge and the activated basal plane of the MoS; flake, EC-STM
images over a HIM-treated-MoS;/Au(111) boundary were taken at the potential of the HER
‘off” and ‘on’, as shown in Figure 95.A and B, respectively. When there was no hydrogen
evolving, the morphology of a ~6 nm thick MoS, flake without noticeable noise features can

be seen in the image shown in Figure 95.A. Figure 95.B shows an EC-STM image of the same
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area obtained while the HER was enabled. Interestingly, the level of noise is roughly the same
all over the MoS: flake including the MoS,/Au boundary under the HER ‘on’ condition (-800 mV
vs Pt). The noise level in the basal plane is lower compared to that on the edge of the flake.
However, considering the fact that, in the flake edge plane, the exposed Mo-edges of all MoS;
single layers contain coordinatively unsaturated Mo sites, the density of active sites at the
edge of the flakes are likely higher than that (i.e., point-like defects) in the basal plane.
Additionally, each noise feature was responsible for all active sites of a certain surface area
not a single active site due to the resolution of the image in this particular case. Therefore, in
this case, the difference in noise level between the edge and the basal plane is not directly
related to the activity difference of single active sites, i.e., the Mo-edge atom vs the S-vacancy.

This result does not contradict the findings in literature®”.
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Figure 96. Line scans taken from a series of constant current mode EC-STM images of a boundary of
a HIM treated MoS; flake and the Au(111) substrate in 0.1 M HCIO,. The EC-STM images were
captured over approximately the same area at the MoS,/Au(111) boundary at -600 mV vs Pt (HER ‘off’),
-700 mV vs Pt (HER ‘on’) and -800 mV vs Pt (HER ‘on’), respectively. Current setpoint: 0.5 nA, tip
potential: -100 mV vs Pt, scan rate: 0.5 Hz. The red arrow indicates the location of the MoS,/Au
boundary.

More EC-STM measurements were performed in order to further evaluate the influence of
the HIM treatment on the HER activity of the basal plane. A series of EC-STM images were
recorded at the boundary of a HIM treated MoS; flake and the Au(111) substrate at different
potentials. Figure 96 shows the line scans taken from the images captured at -600 mV vs Pt
(HER ‘off’) and -800 mV vs Pt (HER ‘on’), respectively. When no hydrogen evolution was taking
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place at the sample surface, no obvious noise features can be observed on both the Au and
MoS,. When applying higher HER overpotentials to the sample, the features appeared

exclusively on the MoS;, as shown in Figure 96.

At first glance, the MoS; flake is more active than the Au substrate towards the HER.
At -800 mV vs Pt, the MoS; side was totally covered by the noise features. Additionally, large
bubble-like noise features appeared on the edge of the MoS; flake and extended towards the
Au side, which is similar to the findings on non-HIM-treated MoS; flakes under the HER ‘on’

condition.

The result indicates that, at sufficiently negative potentials, for instance, -800 mV vs Pt, more
hydrogen can be generated from the edge of the flake, likely due to the higher density of
active sites on the “edge-plane” (considering the layered structure of multilayer MoS; flakes

and the relatively lower density of the point-like defects on the basal plane).

In summary, the point-like defects introduced using the helium ion beam of the HIM
instrument can activate the inert basal planes of the MoS; flakes towards the HER in 0.1 M
HClO4. This attempt gives rise to a rational approach of tailoring the electrocatalytic activity of

TMD-based catalysts by introducing well-controlled defects at the surface of the catalysts.

4.2.5 HER on Pt Nanoparticles/Au(111) in Perchloric Acid (HCIO4) — Chemical

Sensitivity

In the previous studies, the deposited sub-monolayer Pd or Pt islands can be distinguished
from the Au substrate by performing STM measurement with relative ease, for instance, the
STM image shown in Figure 58. However, in many other cases this is not straightforward. For
example, mapping metal nanoparticles deposited on a flat substrate is relatively challenging
for (EC-) STM, because the tip can easily push away or pick up the particles, especially in the
case of only van der Waals forces existing between the nanoparticles and the substrate.
Moreover, if the deposited material and the substrate exhibit roughly the same surface
structures (or surface roughness), it will be difficult to locate the deposited material in the

resulting (EC-) STM images.
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Figure 97. Continuously recorded constant current mode EC-STM images of a Pt nanoparticle-cluster
on top of a protruding structure of the Au substrate in 0.1 M HCIO,. (A) WE: -250 mV vs quasi-SSC
(HER ‘on’); tip potential: -150 mV vs quasi-SSC. (B) The potentials were shifted to 400 mV (tip) and
300 mV (WE) vs quasi-SSC (HER ‘off’). The current setpoint was 1 nA for both images.

The n-EC-STM has been used to investigate a catalytic system involving metal nanoparticles,
namely the HER at Pt nanoparticles deposited on a Au substrate in 0.1 M HCIO4. The EC-STM
image shown in Figure 97.A was taken over a protruding part on the sample when the applied
potential was negative enough to enable the HER on Pt (not on Au). Figure 97.B shows another
EC-STM image obtained over approximately the same area when the HER did not occur.
Before comparing these two images, it was not clear whether the protruding part in the
middle of each image consisted of a deposited Pt nanoparticle or just a large structure of the
Au substrate. However, comparing the two EC-STM images, the apparent height of the
protruding part dropped from the case of the HER ‘on’ to the case of the HER ‘off’, while no
noticeable change can be seen elsewhere. This indicates that the protruding part was more
active than the area around it. Under the HER ‘on’ condition, the HER was only taking place
on the Pt nanoparticles and resulted in noise in the tunneling current. Additionally, the H; can
be oxidized at the Pt/Ir tip, and consequently the resulting HOR contributed extra tip current
which forced the tip to retract from the sample surface. Therefore, the protruding part was
probably a Pt nanoparticle, or a cluster of nanoparticles. Interestingly, the tip did not push the
nanoparticle(s) away during the EC-STM measurement, likely due to the tip retraction over

the nanoparticle(s). The result shows that the n-EC-STM can be used to identify the active

124



metal nanoparticles located on an inert substrate under reaction conditions. Using Faradaic
current (HOR at the tip) in the activity measurement of a nanoparticle is similar to the
approach using EC-STM introduced by Meier et al.3” where the tip is positioned around 10 nm

away from the active nanoparticle.

The experimental procedure and the result also yield a method of direct instrumental
identification of local surface chemical compositions (chemical sensitivity) with different
activities or reactivity, particularly when the involved species can react at the tip evidently.
This idea is not totally novel as it is long-established in the research field of scanning
electrochemical microscopy (SECM). The sample-generation/tip-consumption (SG/TC) mode
of SECM utilizes the same configuration!®. However, compared to normal SECM setups, EC-
STM can obtain a much higher resolution into the sub-nanometer scale. Compared to the
above-mentioned EC-STM approach where the EC-STM tip was positioned over the interesting
object (by about 10 nm)37- 38, in this work, the topographic mapping and activity (reactivity)
detection are performed simultaneously as the tip scans the sample surface laterally in normal

constant current mode EC-STM.
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5 Summary and Outlook

5.1 Summary

In this thesis, a novel instrumental method of in-situ identification of active sites in
heterogeneous catalytic system is introduced and examined. The method has been proved
here to be capable of distinguishing catalytically active centers with a nanometer-scale
resolution for energy provision related catalytic systems, e.g., hydrogen evolution and oxygen
reduction reactions on metallic and non-metallic catalysts. The concept of the proposed
method, the n-EC-STM, is that the intermediate steps of heterogeneous catalysis processes,
e.g., mass transfer processes, charge transfer processes, intermediates adsorption/desorption
and disturbance in the double layer, vary the effective tunneling barrier and introduce
fluctuations in the recorded tunneling current at the EC-STM tip under reaction conditions.
The resulting fluctuations depend on the reaction conditions, the local activity and
experimental parameters. A Faradaic contribution is inevitable in several cases but rather

helpful for the identification of active sites.

In detail, catalytic systems, for which the location of active sites is commonly known, were
used to prove the proposed concept. Afterwards, the method has been applied to several

systems, where the active sites were unknown or not directly observed.

To assess the proposed n-EC-STM methodology, metallic catalysts including single crystalline
Pt(111), Au(111) and Pt/Pd deposits were utilized. The n-EC-STM provided results that confirm
knowledge from the available literature. In acidic media, the active sites of single crystalline
Pt(111) are the step-concavities (Pt atoms at the bottom of step edges) for both HER and ORR.
In sulfuric acid solution, Pd atoms located on the boundary between Pd islands and the
substrate Au(111) are the most active for HER. The noise features are directly caused by local
disturbance of the tunneling barrier introduced by catalytic reactions and can be eliminated
by turning off the reactions. The “atomic-resolution” is necessary to have a clear view of the

surface structure but not highly essential to locate the active sites at sub-nanometer scales.

For ORR and HER on Pt(111) in alkaline media, the step-like defects are not active compared
to the (111) terraces. The findings suggest an influence of alkaline media on the activity of the

Pt surface atoms. One hypothesis is that the presence of alkali metal cations excessively
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weakens the binding energy of oxygen and hydrogen species on Pt at the concavity sites.
Therefore, the concavity sites that are geometrically optimal in acidic media become less

active.

In aqueous solution of perchloric acid, surface sites on Pt islands with an Au(111) substrate
have similar activity towards the HER, i.e., the Pt atoms at the boundary to the Au substrate
are not more active. The actual mechanism and explanation in detail require further

investigations.

Non-metallic transition metal dichalcogenides (TMDs), namely molybdenum disulfide and
molybdenum diselenide were studied in acidic media for their applications as hydrogen
evolution electrocatalysts. Edges of the TMD flakes and step-like defects are more active than
the flat basal planes. Point-like defects generated by HIM treatment can activate the basal
planes. To sum up, coordinatively unsaturated Mo surface sites are expected to be the active

sites towards the HER.

Taken together, n-EC-STM measurements have succeeded in providing some of the first
evidence about the location and different activity levels of active centers of heterogeneous
electro-catalytic systems, with nanometer or even sub-nanometer resolution. The actual
resolution depends on the studied systems. The results can confirm hypotheses based on
reported theoretical and macroscopic observations. Moreover, n-EC-STM measurements can
readily obtain the activity distribution on newly-developed catalysis systems and point out the

direction of further investigations.

The capability of the n-EC-STM is limited by instrumental factors and the preparation of model
samples. For instance, the tip material is a Pt/Ir alloy which is acceptable for conventional (EC-)
STM measurements. However, reactive substances, e.g., H; and O3, can react at the tip and
contribute a Faradaic current to the overall tip current. This Faradaic contribution at the tip
enhances the noise level over active centers but probably decreases the resolution the n-EC-
STM measurement due to the diffusion of these reactive substances. Inert materials and
better insulation methods should be considered during the tip fabrication. At the same time,

the sharpness of the prepared tip needs to be maintained.

Ideally, the n-EC-STM method can be used for all electronically conducting surfaces used in

heterogeneous catalytic systems. However, only carefully designed model samples provide
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the response which can be interpreted with relative ease. Only geometrically flat surfaces with
nanometer-scale changes can be scanned by normal STM without crashing the tip. Surfaces
with visible geometric or chemical composition differences are suitable for n-EC-STM analysis.
Additionally, the resulting noise features contain less quantitative information compared to
macroscopic electrochemical observations, for instance, activity measurements resulting from
different studies can be roughly compared if the experimental environments were

comparable.

With all the mentioned limitations, the proposed n-EC-STM method is still able to bring a
considerable impact for the fundamental understanding and the rational design of
heterogeneous catalytic systems. It requires normal EC-STM devices and acceptable amount
of effort on the strategy of experimental procedures. The method, being combined with other
research techniques, can provide reliable information of active centers and properly answer

related questions.

5.2 Outlook

There are several open questions in this thesis including activity behaviors of Pd/Pt islands
coated Au(111) in different acidic media, possible differences in the effect of different alkali
metal cations, activity distribution on Pt(111) for HER in other alkaline media, and the actual
geometry of the HIM introduced point-like defects. In general, the electrolyte components,
which are normally ignored in heterogeneous catalysis studies, should be considered carefully.

These questions should be addressed in the further investigations.

The n-EC-STM methodology is expected to inspire some attempts using other scanning
microscopy instruments. Fluctuations caused by reactions in the recorded tunneling current
can bring useful information. Similar strategies can be developed in other techniques, for
instance, SECM, (EC-) AFM and SECPM, by which non-conductive objects can be studied. The
interactions used in these techniques are Faradaic reactions, mechanical forces, van der Waals
forces, potential differences in the overlapped double layers and so on. Connections between
these interactions and the investigated objects will be the key to developing new identification
methods. One example is a recently reported potential-sensing EC-AFM analysis for water-
splitting reactions?%%.

128



Appendix

Appendix A: Symbols and Abbreviations

Dess
a

A

A
Ag
Ar
Au

C

CE

Cl

Cs
CsOH
Cu
cv

Effective Tunneling Barrier
Chemical Activity
Electrode Surface Area
Angstrom

Silver

Argon

Gold

Concentration
Counter Electrode
Chlorine

Cesium

Cesium Hydroxide
Copper

Cyclic Voltammetry or Cyclic Voltammogram

Density Functional Theory
Potential

Electron

Standard Electrode Potential
Electrochemical

Electrochemical Scanning Tunneling Microscopy

Electrical (or Electric) Double Layer
Equilibrium Potential

Electrochemical Quartz Crystal Microbalance

Iron-phthalocyanine

Gibbs Free Energy

Glassy Carbon

Graphic Carbon

Planck’s Constant

Sulfuric Acid

Perchloric Acid

Hydrogen Evolution Reaction
Mercury

Helium lon Microscopy
Highly Oriented Pyrolytic Graphite
Hydrogen Oxidation Reaction
Current

Iridium

Reaction Rate

Potassium

Standard Rate Constant
Boltzmann Constant
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KOH
Li
LiOH
MMS

MVM

OER
OH
ORR
Ox
Pd
Pt

RDE
RE
Red
Rh
RHE

Se
SECM
SECPM
SEM
SG/TC
SHE
SPM
SSC
STM

TMD
UPD

XPS

NS 3"

Potassium Hydroxide

Lithium

Lithium Hydroxide

Hg/HgS04 Electrode in K;SO4 Saturated Aqueous Solution
Molybdenum

Metal-Vacuum-Metal

Nitrogen

Overpotential

Oxygen Evolution Reaction

Hydroxide

Oxygen Reduction Reaction

Oxidized Species

Palladium

Platinum

Gas Constant

Rotating Disc Electrode

Reference Electrode

Reduced Species

Rhodium

Reversible Hydrogen Electrode

Sulfur

Selenium

Scanning Electrochemical Microscopy
Scanning Electrochemical Potential Microscopy
Scanning Electron Microscopy
Sample-Generation/Tip-Consumption
Standard Hydrogen Electrode
Scanning Probe Microscopy

Ag/AgCl Electrode in KCl Saturated Aqueous Solution (SSC)
Scanning Tunneling Microscopy
Temperature

Time

Transition Metal Dichalcogenide
Underpotential Deposition
Vanadium

Working Electrode

X-Ray Photoelectron Spectroscopy
Variable of Energy

Mass

Work Function

Density of States
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Appendix C: Key Publication
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The verification of the proposed concept has been published as:

doi:10.1038/nature23661

Direct instrumental identification of catalytically

active surface sites

Jonas H. K. Pfisterer'*, Yunchang Liang"2#, Oliver Schneider? & Aliaksandr S. Bandarenka'-**

The activity of heterogeneous catalysts—which are involved in some
80 per cent of processes in the chemical and energy industries—
is determined by the electronic structure of specific surface sites
that offer optimal binding of reaction intermediates. Directly
identifying and monitoring these sites during a reaction should
therefore provide insight that might aid the targeted development
of heterogeneous catalysts and electrocatalysts (those that
participate in electrochemical reactions) for practical applications.
The invention of the scanning tunnelling microscope (STM)"?
and the electrochemical STM>? promised to deliver such imaging
capabilities, and both have indeed contributed greatly to our
atomistic understanding of heterogeneous catalysis®®. But although
the STM has been used to probe and initiate surface reactions”'’,
and has even enabled local measurements of reactivity in some
systems'!"13, it is not generally thought to be suited to the direct
identification of catalytically active surface sites under reaction
conditions. Here we demonstrate, however, that common STMs
can readily map the catalytic activity of surfaces with high spatial
resolution: we show that by monitoring relative changes in the
tunnelling current noise, active sites can be distinguished in an
almost quantitative fashion according to their ability to catalyse
the hydrogen-evolution reaction or the oxygen-reduction reaction.
These data allow us to evaluate directly the importance and relative
contribution to overall catalyst activity of different defects and
sites at the boundaries between two materials. With its ability to
deliver such information and its ready applicability to different
systems, we anticipate that our method will aid the rational design
of heterogeneous catalysts.

The idea of using STMs for more than just imaging is almost as old
as the STM itself. So too is so-called scanning noise microscopy, which
exploits the noise of the STM within the vacuum gap between the STM
tip and the surface being probed to allow imaging at zero potential
bias'*.

Our concept of STM-based identification of catalytically active
surface sites is based on the idea that, under reaction conditions, the
parameters that define the quantum-mechanical tunnelling barriers
for electrons over active sites will be different, and will vary with time,
compared with those over non-active sites. If one considers for example
the interface between an electron conductor (electrode) and a liquid ion
conductor (electrolyte), then local catalytic processes might be expected
to continuously alter the quantum-tunnelling barriers by, for instance,
changing the electrolyte composition or inducing adsorption and
desorption within the narrow gap between the STM tip and the sample
surface (it is known that even water molecules change the properties of
these barriers'?). Therefore, the tunnelling current measured between
the tip and the sample under a constant bias should also change, in a
way that reflects these local processes. Figure 1a, b sketches this basic
concept, and shows how a comparison of the tunnelling current as a
function of time and at different potentials over different surface sites

makes it then possible to map the location of the active catalytic centres.
The mapping can also be carried out using other electrochemical
(EC)-STM modes, such as the so-called constant-current mode, where
variations in the vertical position of the tip rather than variations in
current are recorded. The noise analysis can be done in both cases with
relative ease, illustrated by the histograms in Fig. 1a, b.

The EC-STM data in Fig. 1c, d—obtained for a platinum(111)
(Pt(111)) electrode with flat terraces and step-like surface defects, and
in contact with an aqueous 0.1 M perchloric acid (HCIO,) electrolyte—
illustrate that one can indeed detect different ‘noise levels” over dif-
ferent surface sites that are active for the hydrogen-evolution reaction
(HER). Terrace sites and step sites generally exhibit different catalytic
activities for the HER'®!7 and are thus expected to contribute differ-
ently to the temporal changes in the tunnelling barriers. Indeed, if the
electrode potential is negative enough to initiate the HER (but not
sufficient to produce gas bubbles; see Methods), then the STM signal
reveals noticeable differences (Fig. 1¢): under reaction conditions, the
detected noise level is systematically higher at step-like defects than
at terraces (for experimental conditions see Methods and Extended
Data Figs 1, 2).

As the STM tip is scanned across the surface, the temporal tunnelling-
barrier fluctuations result in a ‘spatial noise. When the electrode
potential is shifted towards values where no HER is possible, the noise
level at the step and at the terrace is approximately the same. Figure 1d
further demonstrates that the specific noise features appear systema-
tically at platinum steps under reaction conditions. Therefore, we
hypothesize that the increased noise level results from the reactants
and products changing the tunnelling barrier locally with time, and
that the catalytically active surface sites in this system are situated at
steps. Although the Faradaic current due to hydrogen oxidation at the
STM tip will contribute to the response shown in Fig. 1¢, d, this contri-
bution should be minor (see Methods for further discussion). We also
note that even without reaching sub-nanometre resolution, the data in
Fig. 1c, d are in good agreement with recent theoretical calculations
showing that the active HER sites are likely to be located at the step
concavities of platinum electrodes'”, and with the fact that polycrys-
talline platinum is more active than Pt(111), probably because defects
play a major role'”.

Measurements obtained using specially constructed polycrystalline
platinum and gold samples (see Methods and Extended Data Figs 3, 4)
further establish the correlation between the STM noise level and
reactivity. In comparison with platinum, gold is a much less active
catalyst of the HER', and this difference is clearly seen in the STM
noise measurements (Extended Data Figs 5-7).

Although general confirmation of theoretical predictions is fre-
quently possible without sub-nanometre resolution (see Fig. 1), detailed
and spatially highly resolved information on the catalytically active
surface sites is often desired. This can in principle be provided using our
approach, but resolution will be limited by STM showing ‘conductivity
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Figure 1 | Revealing catalytic sites under reaction conditions.

a, b, A scheme explaining the concept. When the local environment
between the STM tip and the sample changes (in this case, when the tip is
over a terrace, a, versus a step, b, in the sample), the tunnelling barrier also
changes over time, in a way that is driven by the changes in approaching
and departing reactants and products. In this scenario, increased
tunnelling-current noise is likely to appear when the tip is over a step
edge, which is more active than the terrace sites. If the STM is operated

maps’ that can only in some cases be easily correlated with the atomic
or molecular geometry of the surface.

To explore the spatial resolution of our approach further, we studied
an example involving islands of an active HER catalyst, palladium, on
a less-active gold support, Au(111). Figure 2a shows an STM image of
the sample in air, revealing monoatomically high islands of palladium
on the gold surface. The electronic properties of active palladium atoms
in the centres of the islands and at their boundaries are altered dis-
similarly by the non-active gold substrate, causing differences in HER
activities that are revealed directly by the STM noise measurements in
electrolyte (Fig. 2b-d). Figure 2b shows STM data that characterize the
gold/palladium boundary under HER conditions in 0.1 M sulfuric acid,
collected with an applied electrode potential that is negative enough to
initiate hydrogen evolution on palladium, but not sufficient to do so
on the less-active gold. By comparing Fig. 2a with Fig. 2b, one can see
that the STM signals are highly non-uniform over the surface of the
palladium under reaction conditions.

A closer look at the gold/palladium boundary (Fig. 2¢) shows that
the noise level of the tunnelling current is relatively small over the
surface of gold, noticeably higher over the surface of palladium, and
systematically largest over only a few atoms of palladium that are close
to the boundary. These observed differences, quantified in the histo-
grams in Fig. 2d, suggest that in this system only one to three palladium
atoms along the island boundary give the greatest contribution to the
observed HER activity. This finding suggests directly that, in order to
increase the activity of this catalytic system, it is necessary to maximize
the surface abundance of palladium atoms located at gold/palladium
boundaries. Covering the entire gold surface with palladium would,
according to Fig. 2¢, be far less effective—in good agreement with indi-
rect experimental evidence'®~*! and theoretical calculations® for this
particular system.

HER is one of the fastest electrocatalytic reactions, producing large
amounts of hydrogen localized at the catalyst surface. However, many
catalytic processes are much slower and involve low concentrations
of reactants and/or products. One example is the oxygen-reduction
reaction (ORR)?, where the concentration of the dissolved oxygen in

in constant-current mode, then the noise is revealed in the measured
z-position (the height of the STM tip over the sample). ¢, STM line scans
(constant-current mode) obtained over a Pt(111) surface in 0.1 M HCIO,,
when the potential of the sample is either sufficiently negative or too
positive to initiate the HER (which is therefore either ‘ON’ or ‘OFF’).

d, A typical STM line scan over the Pt(111) surface in 0.1 M HCIO, under
HER conditions.

aqueous electrolytes at room temperature is normally as low as about
5mM (ref. 24). To probe the performance of our STM noise measure-
ment approach in mapping local catalytic activity in such systems, we
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Figure 2 | STM characterization of nanostructured surfaces under HER
conditions. a, Monoatomically high islands of Pd on an Au(111) surface
(no electrolyte, constant-current mode). Top, an STM image of the sample
in air. Bottom, line scans of selected Pd islands. b, An STM image of the
boundary between a Pd island and the Au(111) substrate under HER
conditions in 0.1 M sulfuric acid (constant-height mode). The inset shows
an atomically resolved image of the Au(111) substrate. ¢, Detailed STM
line scans for the case shown in b (the atomic-ball model is a guide to the
eyes). d, Statistical analysis of the STM line scans shown in ¢, over Au, Pd
and the Au/Pd boundary (current derivatives are used to construct the
histograms; see Methods).
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Figure 3 | STM characterization of polycrystalline Au, Pt and Pt(111)
samples under ORR conditions in 0.1 M HCIOy. a, Histograms
characterizing the tunnelling-current noise over the surface of
polycrystalline Au. b, Corresponding histograms obtained over the surface

first used less-active polycrystalline gold and catalytically active (for the
ORR) platinum placed in 0.1 M HCIO; (Fig. 3a, b). Figure 3a, b show
current histograms (similar to those illustrated in Fig. 1a, b) that were
obtained under ORR conditions by recording the tunnelling current
over roughly the same site at the surface of either gold or platinum in
contact with air-saturated aqueous electrolyte (conditions that are close
to those found in some fuel cells and metal-air batteries). The histo-
grams in each set are very reproducible, with the sharper peaks in Fig. 3a
revealing a relatively low noise level on gold, and the wider peaks in
Fig. 3b signalling the higher activity of platinum towards the ORR.
Figure 3c illustrates the results of ON-OFF” ORR experiments using
a Pt(111) terrace in contact with 0.1 M HCIO, solution saturated with
air. When the potential of the sample is set such that no ORR can take
place (see Methods and Extended Data Fig. 8), the EC-STM line profiles
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of polycrystalline Pt. ¢, Results of repetitive ORR ‘ON” and ‘OFF’ STM
noise experiments at the same terrace of a Pt(111) sample. d, STM line
scans at the surface of a Pt(111) electrode under ORR conditions, where
both terraces and steps can be visualized.

demonstrate a moderate noise level. In contrast, when the electrode
potential is lowered by several hundred millivolts so that oxygen can
be easily reduced, the level of noise increases drastically, as was seen in
the HER experiments (compare Fig. 3¢ with Fig. 1c and Fig. 2).

A more complex sample for imaging is a Pt(111) surface with step-
like defects; here, both the terraces and the steps are active towards
the ORR (Fig. 3d). However, the latter seem to contribute more to the
overall activity, as the noise level is systematically greater at the steps.
This observation agrees with numerous reports on the ORR activity
of electrodes with step-like defects, with the most active ORR sites on
platinum surfaces (as in the HER) expected to be located at Pt(111)
terraces close to the step concavities?>~*.

Taken together, these observations establish that STM noise analysis
can locate active catalytic sites that exhibit different activity levels even

t of Springer Nature. All rights reserved.
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under the demanding conditions associated with an electrochemical
interface. The best resolution achievable will depend on the surface
under study, the diffusion of reactants and products, and the features
of the imaging system (such as microscope properties, the tip mate-
rial, and other purely experimental factors and parameters). But, as
our observations regarding the distribution of active sites for the ORR
and HER on platinum and gold/palladium surfaces have shown, STM
noise analysis will frequently be sufficient to distinguish between the
relative contributions of different sites to the overall activity, in order
to make decisions about how to optimize the construction of real-
world catalysts in terms of the abundance and placement of defects
and material boundaries. We expect that this information can be readily
obtained using model systems and simple STM experiments, which
should be accessible to many laboratories worldwide. When used in
conjunction with a recent theoretical method* for identifying active
sites using generalized coordination numbers, the impact on our ability
to rationally design heterogeneous catalysts could be substantial. In
closing, we note that the noise measurements also endow the EC-STM
investigations with a certain level of chemical selectivity, in that atoms
such as palladium and gold can be readily distinguished according to
noise level, even though this is not straightforward to do when using
images recorded in absence of a reaction (see Fig. 2a; for more exam-
ples relating to platinum/gold nanoclusters, see Methods and Extended
Data Fig. 9).

Online Content Methods, along with any additional Extended Data display items and
Source Data, are available in the online version of the paper; references unique to
these sections appear only in the online paper.
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