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Abstract

The development of novel (electro-)catalysts is commonly based on a trial-and-error
approach without detailed understanding of the catalytic processes at the atomic scale.
Reaching such understanding would be desirable, but, practically, it is not possible with real
catalysts due to their structural and chemical complexity, and the presence of reaction
environment. These limitations can be overcome following the model catalysis approach. In
this thesis the elementary aspects of model catalysis are applied on electrochemical reactions
to reach detailed understanding of fundamental electrocatalytic processes at the atomic level
of various catalysts applicable in energetically relevant reactions. The studied model catalysts
consist of rare metals (Pd, Pt) and reducible oxides (Co304, CeO7). The main focus lied on
the study of morphological and chemical properties of these systems in ultrahigh vacuum
(UHV) and electrochemical environment combining surface science and electrochemical
methods. The results show a clear link between the structural properties of the catalysts and
their stability and performance in the electrochemical environment. The obtained level of
understanding allows us to define key parameters to optimize the catalyst properties, identify

adsorption sites and describe the elementary steps of catalytic reactions.

Vyvoj novych (elektro-)katalyzatorti je bézn¢ zalozen na metod¢ pokus-omyl bez detailniho
porozuméni katalytickym procesim v atomarnim méfitku. Piestoze je dosazeni takového
porozuméni Zadouci, neni jej u redlnych katalyzatori mozné dosdhnout vzhledem k jejich
strukturni a chemické slozitosti a pfitomnosti reakéniho prostiedi. Tato omezeni 1ze ptekonat
pomoci modelové katalyzy. V této praci aplikujeme zdkladni aspekty modelové katalyzy na
elektrochemické reakce pro dosaZeni detailniho pochopeni zédkladnich elektrokatalytickych
procestl na atomarni urovni riznych katalyzatorii pouZitelnych v energeticky relevantnich
reakcich. Studované modelové katalyzatory se skladaji ze vzacnych kova (Pd, Pt) a
redukovatelnych oxidi (Co304, CeO3). Zkouméame morfologické a chemické vlastnosti téchto
systémll v UHV a redlném elektrochemickém prostiedi kombinaci metod povrchové fyziky a
elektrochemickych metod. Vysledky ukazuji jasnou souvislost mezi strukturnimi vlastnostmi
katalyzatorti a jejich stabilitou a vykonem v elektrochemickém prostifedi. Ziskand troven
poznani umoziuje definovat kliCové parametry pro optimalizaci vlastnosti katalyzatort,

identifikovat adsorp&ni mista a popsat elementarni kroky katalytickych reakci.



Die Entwicklung neuartiger (Elektro-)Katalysatoren beruht in der Regel auf einem Ansatz des
Versuchs und Irrtums (engl.: trial-and-error), ohne dass ein detailliertes Verstindnis der
katalytischen Prozesse auf atomarer Ebene vorliegt. Obwohl ein solches Verstidndnis
wiinschenswert wére, ist es flir reale Katalysatoren aufgrund ihrer strukturellen und
chemischen Komplexitit und der vorhandenen Reaktionsumgebung praktisch unmoglich.
Diese Einschrinkungen konnen durch den Ansatz der Modellkatalyse iiberwunden werden. In
dieser Arbeit wurden grundlegenden Aspekte der Modellkatalyse auf elektrochemische
Reaktionen angewendet. Dadurch wurde ein atomares Verstdndnis der elektrokatalytischen
Prozesse an verschiedenen Katalysatoren erreicht, die in fiir die Energiewandlung relevanten
Reaktionen eingesetzt werden,. Die untersuchten Modellkatalysatoren bestehen aus
Edelmetallen (Pd, Pt) und reduzierbaren Oxiden (Co0304, CeO2). Es wurden die
morphologischen und chemischen Eigenschaften dieser Systeme im Ultrahochvakuum
(UHV) und in elektrochemischer = Umgebung  untersucht. = Dabei  wurden
oberflachenphysikalische mit elektrochemischen Methoden kombiniert. Die Ergebnisse
zeigen einen klaren Zusammenhang zwischen den strukturellen Eigenschaften der
Katalysatoren, ihrer Stabilitdt und den katalytischen Eigenschaften in elektrochemischer
Umgebung. Das gewonnene Verstindnis ermoglicht es, Schliisselparameter zur Verbesserung
der Katalysatoreigenschaften zu definieren, Adsorptionsstellen zu identifizieren und die

elementaren Schritte katalytischer Reaktionen zu beschreiben.



1. Introduction

1.1. Catalysis and its role in hydrogen economy

The world energy consuption grew by almost 40% over last two decades.! An additional
growth of more than 10% is predicted by 2040 due to increased demand of developing
countries (Asia, Africa, South America).? This trend counters the urgent need of reducing the
production of greenhouse gas emissions.>* Therefore, transformation to sustainable energy
sources is needed to maintain the production capacity and to reach zero net CO, emissions in
2050.>° The transformation to renewable energy sources (RES) is already in progress. The
share of RES on total energy consumption reached 20% in 2020.° According to plans of the
European Council, the share of RES should further grow reaching 42.5% by 2030.58

RES suffer from high fluctuation of their power output caused by meteorological changes.”!°

Thus, the increasing share of RES has to be accompanied by increasing energy storage
capacity. However, the conventional storage technologies, such as a pumped storage power
plant or lithium-ion batteries, cannot meet the increased demand. Therefore, new or improved

storage systems have to be developed.'!:!?

The promising and extensively investigated approach is to store excessive electrical energy in
the form of chemical energy.”'*'* Nowadays, a special attention is given to hydrogen as an
energy storage vector.!>"!” The excessive energy from RES is used in electrolyzers to form
hydrogen, which is stored, transported, and, if needed, converted in fuel cells back into
electricity and water.'®2° However, the storage and transport of hydrogen has distinct
drawbacks that stem from its physical properties. Despite its high gravimetric energy density,
the volumetric energy density of hydrogen is very low. Furthermore, a hydrogen molecule is
small and light, and, thus, tends to leak. This makes a long-distance transport of hydrogen

through pipelines prone to significant losses.?! %

There are several approaches to hydrogen storage and transport, which are considered. The
conventional methods of storing hydrogen as a compressed gas or a cryogenic liquid requires
extreme conditions — pressure or temperature. Furthermore, these methods suffer problems
with scalability accompanied with increased safety risks.??> Another possibility is to store
hydrogen in vast underground storage facilities such as salt caverns or depleted natural gas

deposits.>* This approach offers large hydrogen storage capacity, but it is restricted only to



areas with convenient geological background and does not solve the problem with the
transport. The last method of storing hydrogen in its pure form is physisorption in porous
materials. A variety of different porous materials, such as hydrates, zeolites, carbon-based
structures or metal-organic frameworks have been studied.?> %’ The limiting factor in this case
is a weak interaction between hydrogen and solid resulting in low storage capacity. This can
be overcome by using cryogenic temperatures, which, on the other hand, gives rise to further

complications.?>?

Apart from the above described physical methods of storing hydrogen in its molecular form,
there are chemical methods, where hydrogen is bonded chemically in a compound. The
release of molecular hydrogen is triggered thermally or catalytically. Solid materials used for
hydrogen storage are mostly represented by metal or metal alloy hydrides. The storage
capacity of such material usually lies between 5 wt% H and 10 wt% H.**! The operational
conditions require elevated temperatures and high pressures (approx. 10 bars), which is not

convenient, especially for mobile applications.

Liquid materials, on the other hand, are simpler to manipulate and offer the possibility of
using the existing infrastructure. A promising storage vector is liquid ammonia. It shows
exceptional gravimetric and volumetric hydrogen storage densities and there are already well-
established ways of ammonia storage and transport. It can be liquified at room temperature at
high pressure or at ambient pressure and temperatures below -33°C. However, the
decomposition temperature exceeds 400°C. Furthermore, use of ammonia faces severe

challenges mainly due to huge energy costs of the Haber-Bosch synthesis.>?

Very promising, and extensively studied approach of hydrogen storage is the use of organic
molecules, so called liquid organic hydrogen carrier (LOHC).**The concept of LOHCs is
based on pairs of hydrogen-rich and hydrogen-lean molecules, which can be transformed
reversibly between each other. The excessive hydrogen reacts exothermically with the
hydrogen-lean molecule resulting in the hydrogen rich molecule. The release of hydrogen is
triggered catalytically, usually at elevated temperature.** In comparison with previous
methods, LOHCs are liquids, and stable for a long time at ambient conditions — room
temperature and atmospheric pressure.>® Variety of LOHCs were described in the literature.
Dibenzyltoluene, methylcyclohexane and N-ethylcarbazole represent the present state-of-the-
art LOHCs.*®* LOHCs show gravimetric storage capacity above 5%wt and volumetric storage

capacity comparable to compressed hydrogen at 700 bars.>>-’



1.2. Model (electro-)catalysis

Catalysis plays an important role in most of the above-mentioned chemical processes relevant
to H storage, and, thus, in the whole hydrogen driven economy. A catalyst is the key
component of fuel cells (FCs)***, electrolyzers***? and chemical storage converters'’-*,
Therefore, catalysis attracts scientific interest in order to optimize the processes involved in H
storage, develop new useful materials and decrease the costs. Most of the catalysts involved
in H storage are based on rare noble metals, such as platinum or iridium, which limits their
widespread use.* This results in general tendency to replace rare metals with less expensive
and more abundant materials or to reduce the amount of used rare metals.** However, it is
nearly impossible to reach a detailed understanding of individual catalytical processes with
real catalysts due to their high morphological and chemical complexity. To obtain molecular-

level insight into catalytic processes model studies at well-defined catalyst surfaces and

interfaces are required.*’

Model heterogenous catalysis was introduced by Ertl in the 1970’s, who used quickly
developing experimental methods of surface science to investigate and describe
morphological and chemical properties of catalysts, and reaction pathways of catalyzed
reactions.*®*’ Scanning probe microscopies provided atomically resolved images of the model
catalyst surface in real space, while various spectroscopic techniques offered a detailed
information about the chemical composition, oxidation states of the catalyst, and the chemical
states of adsorbates and intermediates. *** This information helped to explain various

catalytical processes and describe elementary steps of catalytical reactions.>*"!

Similar approach can be applied in the field of electrocatalysis. However, studying
solid/liquid interface raises additional challenges. Initially, the model electrocatalytical
studies were limited to single crystal electrodes prepared by flame annealing®? or in UHV and
transferred into EC cell.’>** In order to mimic real catalyst surfaces better, the complexity of
the model catalysts has to be systematically increased.*>**33 The electrocatalyst complexity
can be increased in two ways (Figure 1.1) — by incresing the morphological complexity by
introducing structural defects to the system®’ (e.g. controlling of the step density) or by
increasing the chemical complexity by changing to model oxide surfaces*®, conventional® or
inverse metal-oxide catalysts®® or bimetallic alloys®'. Preparation of these systems can be
conducted under UHV conditions using experimental methods of surface science.®> However,

it is not possible to study the solid/liquid interface under ultra-high vacuum (UHV)
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conditions. Therefore, novel approaches had to be developped. These experiments provide
more realistic conditions, incorporating successfully a controlled transfer of the model
electrocatalyst samples from UHV chamber to the electrolyte and back.®* In general,
information at four different levels — morphology and chemical state of the catalyst, stability
of the catalyst, adsorption properties, and reaction pathways — can be obtained from a model

electrocatalytical study.

Metal Single Crystals Continuous Oxide Non-Continuous Oxide/Metal Non-Continuous Metal/Oxide
support Supports Inverse Catalysts Catalysts
metal-oxide low-coordinated ~ metal-oxide

bifunctional sites oxide sites bifunctional sites
eyt low-coordinated
metal sites

specific sites stmchiommet

Materials complexity

ctural complexity

bimetals
ligand effects  support
metal-metal nanostructure
bifunctional sites

Figure 1.1: Two ways of increasing catalyst’s complexity in model catalysis. STM images 100x100
nm? (A-G) and 50x50 nm? (H-J). Inlets are CV recorded in 0. M KOH. Authors: doc. Josef
Myslivecek and Dr. Yaroslava Lykhach

Firstly, detailed information about the morphology and chemical state of as prepared catalyst
can be obtained using the methods of surface science under UHV conditions. In the case of
oxide supported metal nanoparticles, the morphology and the chemical state are strongly
affected by the interaction of the metal with the oxide support. This interaction is typically
associated with charge transfer and it is called electronic metal-support interaction (EMSI).
Secondly, the model electrocatalyst is transferred in an ultra-clean fashion into
electrochemical cell to study the stability and behaviour of the electrocatalyst in the
electrochemical environment. Various changes can occur after exposure of the as-prepared
catalyst to electrochemical conditions. Namely, it may be dissolution of the catalyst, etching
of the catalyst surface, sintering of the catalyst nanoparticles or diffusion of the catalyst into

bulk.**% From the chemical point of view, the change of the catalyst composition and
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oxidation state is very important.’®%67 All above effects could be triggered by contact with
electrolyte with a given pH, and a particular applied potential. Long-term morphological and
chemical stability under the operational conditions represents one of the key requirements for

an applicable electrocatalyst.

Thirdly, we obtain information about adsorption sites, adsorbates and their binding on the
catalyst surface. Atomically resolved geometry of adsorption sites, their density and
reactant/intermediate/product adsorption energy are the parameters determining the
catalytical reaction.’®® Experimental methods of surface science allow to control
crystallographic orientation of model catalyst surfaces, and the character and density of
defects on the catalyst surface. Control of the character and density of the adsorption sites
allows to obtain control over the catalyzed reaction.”®”! Model catalyst surfaces can be also
modified with a layer of adsorbate. In example, a functional organic film on catalyst surface

may affect its activity or selectivity.”” Additionally, these systems are also widely used in

73,74 75,76

various applications outside of catalysis, such as photovoltaics’>"*, molecular electronics

or gas sensing’ "%,

Lastly, it is the information on the catalytic reaction itself. A devolepment of real catalysts has
been traditionally based on trial-and-error approaches. However, a detailed understanding of
the elementary steps of the catalytic reaction allows us to improve the catalyst properties in a
knowledge-based manner.**’ Both, activity and selectivity can be tuned by above mentioned
morphological and chemical properties of the catalyst.”’” Therefore, model studies can
enlighten the already established catalytic processes and identify the parameters to be
optimized for further improvements of the real catalysts. For example, Besenbacher decribed
the role of MoS, nanoclusters for hydrodesulfurization reaction, and proposed a real
catalyst.®® Similarly, Rodriguéz’s results about inverse CeO»/Cu catalyst lead to a

development of a real catalyst for water-gas shift reaction.®!

1.3. Scope of the Thesis

This Thesis was conducted at Department of Surface and Plasma Science at Charles
University in Prague, Czech Republic, and at the Department of Chemistry and Pharmacy of
the Friedrich-Alexander University in Erlangen, Germany. The thesis focuses on application
of the above described approach combining UHV surface science methods and
electroanalytical methods for investigations of electrified solid/liquid interfaces. One

important achievement at our department at Charles University was the implementation of the
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electroanalytical experimental methods, which can benefit from a synergy with already well

developed surface science methods.

From a scientific point of view, this thesis focuses on identifying morphological and chemical
properties of model metal-oxide catalysts for selected chemical reactions relevant for energy
conversion and storage. The oxides play a crucial role in the electrocatalysis as a a catalyts
material or catalyst modifier. Their surface structure and chemical states, which determine
catalytic properties, show high complexity. Therefore, the model approach is required to
bring an important insight into their elementary electrochemical processes. This thesis
addresses all four aspects of model electrocatalysis described in the previous section — state
of the as prepared electrocatalyst and its stability in the electrochemical environment,
adsorption sites of the electrocatalyst surface, and electrocatalytical reaction pathways. The
investigated model catalyst systems consist of rare metals (Pt, Pd) in combination with
reducible oxides (CeO2, Co304) in both the conventional geometry with metal nanoparticles
supported on oxide substrate, and the inverse geometry with oxide nanoparticles supported

on metal substrate.

The selected materials provide synergistic bi-functional effects. Platinum group metals are
well-known for their good catalytical properties. They are at the top of Volcano plots for
various energetically relevant reactions including hydrogen evolution reduction (HER) and
oxygen reduction reaction (ORR).3>#% On the other hand, catalytic applications of reducible
oxides benefit from its intristic ability to change the oxidation state. As a result, oxides can
quickly provide oxygen to the reaction. Furthermore, oxide supports can help to stabilize
well-dipersed metal nanoparticles against sintering, thus increasing the noble metal
efficiency.®*® In a limiting case, this results in a concept called single atom catalyst, where
the noble metal is atomically dispersed on the oxide support reaching the maximum of noble
metal efficiency.’®®” Reducible oxides are also less expensive and more abundant than rare
metals. Therefore, the combination of these two classes of materials can potentially lead to

designing highly active, highly selective, stable, and economical electrocatalysts.

1.4. Reducible oxides

1.4.1. Cerium oxide

Nowadays, cerium oxide is implemented in many -catalytical applications, e.g. CO

oxidation®, water-gas shift®®, alcohol oxidation®®, NO reduction’!. There are two stable forms

13



of cerium oxide with cerium in oxidation state Ce(IIl) or Ce(IV). The fully reduced Ce;Os
has a hexagonal or a cubic bixbyite structure while the fully oxidized CeO> (ceria) has a
fluorite structure.”> The surface of fully oxidized CeO> can be easily reduced, and therefore,
can serve as a reservoir of oxygen for catalytical reactions that involve an exchange of
oxygen.”? It has been shown that crystallographic structure of partially reduced CeOa« is
based on fluorite structure with Ce atoms close to FCC positions and with several well-
defined crystallographic structures determined by oxygen vacancy ordering (Ce7012, Ce11020,

CesOno.. .).94

For the purpose of model catalysis, ordered surface of ceria is typically obtained in the form
of a ceria thin film deposited on metal or oxide substrate. The three low-index ceria planes —
(100), (111), (110) — differ in catalytic activity, chemical stability, density of available oxygen
atoms and Tasker classification.”* CeO»(111) is the most stable and the most studied surface.
It is prepared by cerium deposition in Oz atmosphere on close-packed surfaces of metals.
Various studies has been published for Pt(111), Cu(111), Au(111), Pd(111), Ru(0001) or
Rh(111).°* In this work, the focus is on CeO2(111)/Pt(111) model catalysts.

Pt/CeO; catalyst were extensively studied as a suitable electrode for proton exchange
membrane fuel cell (PEMFC)*>*® application due to its enhanced ORR activity and tolerance
against CO poisoning. However, the applicability of this system is not limited to fuel cells.
The energetically relevant applications include various oxidation processes — CO oxidation,
methanol and ethanol oxidation, hydrogen storage systems, water-gas-shift (WGS) or
photocatalytic reactions.”” Therefore, the material properties of Pt/CeO, were investigated in

detail.

The group of Paola Luches conducted detailed surface science studies on the preparation,
morphology, chemical state, thermal stability and behaviour under redox conditions of ceria
thin films on Pt(111).57%%19 Ceria forms large, flat islands with fluorite structure. Island
edges are alinged with the main crystalographic directions of Pt(111).!9%1%1 After annealing in
oxygen, the islands consist mainly of Ce*" ions. This structure is stable when exposed to air.®’
Ceria can be reduced by thermal treatment in vacuum or by redox processes in gas
atmosphere. Small changes are observed in the film morphology during the reduction, and the
film maintains its crystallinity, changing the structure from fully oxidized fluorite to fully

reduced bixbiyte.” This process is reversible and the initial fluorite structure is recovered by

14



annealing the film in oxygen. Model electrocatalytic studies on CeO, are, however, not

available so far.

1.4.2. Cobalt oxide

Another oxide material, which is broadly used in (electro-)catalysis is cobalt oxide. Cobalt
belongs to the iron triad (Fe, Co, Ni). Oxides of these transition metals are gaining popularity
in catalysis as a less expensive alternative to noble metals.®” The possible use of cobalt oxide
ranges from biomedical applications'® through gas sensing materials'®’, lithium-ion
batteries!*® to various catalytic applications. For example, it serves as a electrocatalyst for the

7 oxidation of

hydrogen and oxygen evolution reactions®®, oxygen reduction reaction!®
CO!'%.19 or formaldehyde!!?. Several model studies focused on using Co3O4as a cathode for
Zn-air batteries.!!!"!'2 Apart from that, adsorption of organic molecules onto Co3O4 have been

studied for an application as an organic-oxide hybrid material.'!*!!4

Cobalt oxide has two stable forms — CoO with a rocksalt crystal structure and Co304.!'> The
latter is a mixed oxide containing Co®" and Co** ions in a ratio 1:2. It crystallizes in a spinel
structure with Co** ions positioned in tetrahedral sites and Co** ions in octahedral sites.!!
Thin films of these oxides can be prepared on the surface of Ir(100). The films grow
preferentially in (111) orientation. Co3O4(111) is terminated by Co?" ions in a hexagonal unit
mesh with a unit cell lenght of 5.7 A. Typical step height ranges from 4.6 — 4.7 A. However,
strong relaxations of Co and O positions are observed near surface due to the compensation

of the surface dipole. '’

Co0304 can easily lose oxygen and transform to CoO. Biedermann et al. observed oxygen
release from Co304 films during annealing to 800 — 900 K in vacuum as a function of the film
thickness showing that only rocksalt CoO is stable above 900 K.!'® They also showed that
minimum film thickness of approx. 3-4 Co3;O4 bilayers is required to form a stable structure
at lower temperatures. Only CoO exists below this value. Due to these restrictions, a complex

115,117 &

preparation procedure is required to form a well-ordered stochiometric Co3O4.

Co304(111) is typically prepared on Ir(100) substrate by evaporation of Co in an oxygen
atmosphere at room or liquid nitrogen (LN:) temperature with subsequent annealing in
oxygen atmosphere and UHV. Prior to the deposition, an oxygen (2x1) superstructure is
formed on the reconstructed Ir(100)-(5x1)."'>!"7 Detailed description of the preparation

procedure is given in Section 3.1.2.
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2. Theory and fundamentals

2.1. Scanning tunneling microscopy

Scanning tunneling microscopy (STM) was introduced by Binnig and Rohrer in 1982 as a
new microscopic technique with an unprecedented resolution on the atomic scale.!'® The
principle of STM is based on the quantum tunneling effect. In contrast to classical physics, a
particle in quantum physics, represented by a wave function, has a non-zero probability of
penetrating through a potential barrier, which is higher than the energy of the particle (Figure
2.1). For a square barrier, the tunneling probability is given by the transmission coefficient T

Tx e 2T

)

2. 1)

where Vj, is the height of the barrier, d width of the barrier, m mass of the particle, and E its

energy.119
E a Classical physics E a Quantum physics
Vi Vi

Incident wave ‘¥, Incident wave YV, Transmitted wave ‘P,
E, ol DT By oot T e T

Reflected wave ¥, Reflected wave W ;
0 0

r‘}‘llllz = |l.l”rci|1 “Pm’2 = |qucf|3 + Hju‘l

Figure 2.1: Quantum tunneling. Difference between classical physics, where the incident
wave is fully reflected, and quantum tunneling, where the incident wave is partially reflected
and partially transmitted.

In the case of STM, the tunneling particle is an electron, and it is tunneling through a metal-
insulator-metal junction. More specifically, an electron is tunneling between a conductive
planar sample and a sharp metal tip in the proximity of the sample through a vacuum (Figure
2.2a) with an applied bias voltage between the tip and the sample. Based on the polarity of
applied bias voltage, the electrons can tunnel either from occupied states of the tip into

unoccupied states of the sample or vice versa (Figure 2.2b).
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Figure 2.2: a) Schematic drawing of STM geometry — a metal tip is scanning in the proximity
of the sample’s surface with an applied bias voltage between the tip and the sample. b) The
effect of bias voltage polarity on tunneling: If there is no bias voltage, the Fermi levels of the
tip and the sample are aligned, and no tunneling occurs. In the case of positive bias at the
surface (U > 0), the electrons tunnel from the occupied states of the tip into unoccupied
states of the sample. On the other hand, if U < 0, the electrons are tunneling from the
sample’s occupied states to the unoccupied states of the tip.

Due to the applied bias voltage U, the potential barrier has, in the first approximation, a
triangular shape. Therefore, we can get the first estimate of tunneling current from the

Fowler-Nordheim theory of field emission'’

d
[[ x —e T,
£7d

2.2)

where d stands for tip-sample distance. Fowler-Nordheim theory in this form is valid for two
planar surfaces. Bardeen’s theory provides a more precise calculation of the tunneling
current.'”! In this case, the electrons tunnel from a metal A (tip), described by spatial
wavefunctions Y, , to a metal B (sample), described by spatial wavefunctions ¢, .
Calculations show that the tunneling probability is highest for elastic tunneling, where the

initial and final state have the same energy E,, = E,, and drops quickly for E, # E,.'*

Assuming the elastic tunneling, the tunneling current reads'*!+'%
lexc [ paCE + eW)pp(E) X [F(E) = F(E + €U)]| My 0,

2. 3)

where p,, pp stands for density of state of metals A and B, f(E) is the Fermi distribution

function and M, is a tunneling matrix coefficient:
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The integration is over a separation surface between metals A and B.

Bardeen’s theory faces several drawbacks. The main one is the complicated calculation of the
tunneling matrix coefficient. A widely used approach to model the tunneling current is the

24135 Tt is based on Bardeen’s theory with two

Tersoff-Hamman approximation.
simplifications. Whereas the sample is treated exactly, the STM tip is supposed to have
spherical symmetry and only s-orbitals are considered. Additionally, the approximation is

limited to small voltages. Under these assumptions, the tunneling current is

2. 5)

Please note that the sum is simply the local density of states of the sample at the tip
position.'?> Due to its simplicity and reliability, the Tersoff-Hamman approximation is the

most used approach in modeling STM current.!26128

Even though the theoretical background of STM was known for decades, the experimental
implementation was challenging. Binnig and Rohrer mentioned in their paper two main
difficulties — vibration isolation and a sufficiently precise scanner.!'® Assuming that tip-

sample distance is in the range of several angstroms'?*!3°

and tunneling probability depends
exponentially on this distance (Eq. 0.1), exceptional vibration stability is required. The two-
step spring system introduced by Binnig and Rohrer in their initial work effectively
suppresses vibrations in the frequency range >1Hz.!'® Modifications of this system are used

as a commercial standard in modern STMs.

The STM scanner is based on the inverse piezoelectric effect.!332 The piezosensitivity of
STM scanners lies in the range of 1 — 5 nm/V, which provides sufficiently precise control of
the scanner movement.'* The originally used tripod geometry consists of three piezo-rods in
orthogonal configuration controlling separately the movement in x,y, and z direction.!'® A
single-tube geometry quickly replaced this design.!3* The scanner is made out of a tube from
piezoelectric material. Both inner and outer surfaces are covered with metal and serve as
electrodes. The tube scanner is simpler than a tripod geometry and has higher resonance

frequency and piezosensitivity. Therefore, it is better suitable for STM.
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In the STM, we distinguish two resolutions — z-resolution and lateral resolution. The z-
resolution is mainly determined by the changes in the tunneling current. The exponential
dependency makes resolving heights down to one-tenth of Angstrom possible. More crucial is
the lateral resolution, which strongly depends on the size and shape of the tip.!*> The radius
of the tip is typically several tens of nm.'*® However, it was shown that more than 90% of the
tunneling current goes through the atom closest to the surface (Figure 2.3a).'?> Therefore, it is

possible to reach the atomic resolution.

Constant height mode Constant current mode

Figure 2.3: a) The majority of the tunneling current goes through the tip’s atom closest to the
surface. b) Constant height mode — tunneling current changes during scanning based on the
surface morphology. ¢) Constant current mode — feedback loop is adjusting z-coordinate to
keep tunneling current constant, z(x,y) directly reflects surface morphology.

The STM is usually operated in one of the following modes — constant height mode (Figure
2.3b) and constant current mode (Figure 2.3c). In the first case, the tip is held at constant
height (z-coordinate). While scanning, the tip-sample distance changes due to surface
morphology and, consequently, the tunneling current changes. We can calculate the surface
morphology by recording the tunneling current as a function of x,y. The constant height
mode is suitable only for scanning small areas of extremely flat surfaces. On the other hand,
in the more often used constant current mode, the feedback loop adjusts the tip height to keep
the tunneling current constant. Visualization of z(x,y) provides a view of the surface

morphology.

2.2. Photoelectron spectroscopy

While STM reveals surface morphology, photoelectron spectroscopy offers information about
the surface's chemical composition and chemical states. The principle is based on the
photoelectric effect.!’” The surface is exposed to monochromatic electromagnetic radiation,

usually, X-rays (X-ray Photoelectron Spectroscopy, XPS), which leads to an emission of
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electrons from core levels. The emitted electrons are filtered by their kinetic energy in an
analyzer and subsequently counted at a detector. If there is an electrical contact between the
sample and the analyzer, kinetic energy of the photoelectrons depends only on the wavelength
of the X-ray beam v, the analyzer’s work function y,, and the binding energy of the

photoelectron Ep (Figure 2.4)!38
E, = hv — Eg — Xan-

. 6)

Photon energy and the analyzer’s work function are known parameters of an experimental
setup. Consequently, kinetic energy is directly related to electron binding energy, which is
characteristic for each element. Therefore, peak positions of the XPS spectrum reflect the
chemical composition of the sample. Please note, that photoionization of an electron from a
different than s-orbital results in a doublet because of spin-orbit splitting. After
photoionization, the unpaired electron left in the orbital can be in two energy states
depending on whether the spin and the angular momentum of the unpaired electron are

parallel or antiparallel.'®

Sample Analyzer

E]i
L-shell

K-shell

Figure 2. 4: Energy diagram of XPS

The electron binding energy is an energy difference between the final ion and the initial atom.
In the first approximation, it is only the energy of the orbital determined relative to the Fermi
energy. However, additional effects have to be considered for a detailed analysis of the XPS
spectra, such as initial state effects, final state effects, or relativistic correction.'**'*! The

most important initial state effect is a chemical shift. The binding energy changes as a
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function of the atom surroundings. This reflects differences between an isolated atom,
nanoparticles and bulk, and most importantly, the oxidation state of the atoms and respective
chemical bonds.!*? Well-known examples are metal oxides, whose binding energy is, in
comparison with respective metals, larger by several eV/.!*’ This is caused by redistribution of
electron density and, consequently, lower screening of the nucleus. The typical changes of
binding energy caused by chemical bonding are tabulated,'** allowing a detailed analysis of
the sample's chemical state. From final state effects, it might be a relaxation of the electronic
structure or correlation energy. Firstly, the emitted electron leaves behind a hole, which leads
to relaxation of the electronic structure, and subsequently to an apparent decrease of the
photoelectron binding energy.'*’ This effect might be partially compensated by correlation

energy, which, increases the binding energy.'**

Apart from that, there are effects causing an appearance of additional peaks in XPS spectra.
Firstly, the atom may end up after the photoionization in an excited final state, i.e., due to an
excitation of a valence electron to an unoccupied state.!* The kinetic energy of the ionized
photoelectron is lowered by the energy required for the excitation. These electrons effectively
appear in the spectra as an additional peak, a so-called shake-up satellite, with higher binding
energy and lower intensity with respect to the main peak.'*® Secondly, the emitted
photoelectron may loose energy by plasmon excitation. This process also results in additional

peak appearing in the spectra at higher binding energy.

The peaks mentioned above originate from photoelectrons. Apart from them, there are peaks
in XPS spectra related to Auger electrons. They result from a three-electron process during
the relaxation of a photoionized atom (Figure 2.4b). An electron from an outer shell fills the
hole at the core level formed during the photoionization during the relaxation. The energy
released during this process is sufficient to ionize an additional electron from an outer shell.
Therefore, the energy of the Auger electron is fully independent of the photon energy and

depends only on the energy levels of the three electrons involved in the Auger process. !4
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a) Photoionization b)  Auger process c) Final state
Figure 2. 5: Visualization of KLL> Auger process. a) During the photoionization, an electron
is emitted from K-shell, leaving behind a hole. b) An electron from Li-shell fills the hole in
K-shell. The energy released during this transition is sufficient to ionize an electron from Lo-

shell. ¢) In the final state, the atom is two times ionized. The core shell (K) is fully occupied,
and two electrons from outer shells (L; and L) are missing.

The advantage of XPS is its high surface sensitivity. A photoelectron has to leave the material
without energy losses to contribute to a useful XPS signal. Assuming that electron’s energy
losses are caused only by inelastic scattering, the intensity of the signal I is exponentially

decaying with the depth d according to Lambert-Beer law!3®

d
I; = ]Oe_)lsine,

(2.7)
A is the inelastic mean free path (IMFP) of the electron with given energy in the given
material, and 0 is the take-off angle with respect to the surface plane. IMFP of an electron
with an energy of hundreds eV varies for most of the materials in the range of Angstroms up
to tens of Angstroms'*’ Therefore, more than 95% of the signal is coming from the depth
d <10nm for 8 =90°. By measuring at near-grazing collection angle, the surface

sensitivity increases to a few atomic layers.

The source of photons plays a crucial role in the application of photoelectron spectroscopy.
The most common are conventional X-ray sources (Al Ka, Mg Ka) for laboratory XPS.
Another possibility is the usage of a synchrotron radiation (Synchrotron Radiation
Photoelectron Spectroscopy, SRPES). Synchrotron radiation offers several advantages in
comparison with laboratory X-ray sources. Firstly, the photon beam is more monochromatic,
resulting in a much-improved resolution and sensitivity. Furthermore, it is the tunability of

the photon energy allowing, i.e., measuring valence bands using low-energy radiation in the
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ultra-violet region (Ultra-violet photoelectron spectroscopy, UPS),'*® highly resolved
determination of the oxidation state of Ce and Co ions in the corresponding oxides via

)149,150

resonant photoemission spectroscopy (RPES or depth profiling by measuring series of

spectra with different photon energy.'”!

In RPES, we benefit from a resonance between the standard photoionization and Auger
process. Resonance behaviour causes significant changes in the spectral features of the
valence band region.!>? This method was successfully implemented for determining oxidation

state of transition metal oxides.*%14%153

The kinetic energy of emitted photoelectron for a given material depends on the photon
energy (Eq. 2.6). In addition, the kinetic energy of electron determines its inelastic mean free
path in the material. Thus, using small photon energies results in high surface sensitivity,
since the information depth grows with increasing photon energy. Therefore, tuning the
photon energy in the range from tens eV to hunderds eV can be used for a non-destructive

depth profiling.

2.3. Electrochemical infrared reflection absorption spectroscopy

The second spectroscopic method used in this thesis is infrared reflection absorption
spectroscopy (IRRAS). IRRAS is highly sensitive to molecular structure and orientation
providing information about adsorbates, adsorption sites, binding motifs and chemical
interactions on the surface. The principle of this method is based on an interaction of
infrared (IR) light with solvated or adsorbed molecules and absorption of this light due to
vibrational excitations of the molecules.'>* The interaction is described by quantum theory,
which yields several conditions for vibrational excitation. According to time-dependent
perturbation theory, the probability p of vibrational excitation from an initial state i; to a

final state ¢ is!>

p o [(wilu- Elwy)|,
2. 8)

where p is the molecule’s dipole moment and E is the electric field of the incident light. The
Eq. 2.8 gives the first condition, which is a non-zero dipole moment of the molecule.
Therefore, nonpolar molecules (e.g. Oz, N2) are IR inactive. The second condition also refers
to Eq. 2.8. We may expand u into Taylor series together with the fact that wavefunctions Y,

form an orthogonal basis. This show, that only such vibrational excitations, when vibrational
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quantum number v changes by +1, are allowed in the first approximation.'>®!” The
vibrational excitations with Av > +1 are related to higher terms of the Taylor expansion.

Thus, the intensities of corresponding IRRAS peaks are very low.

Apart from the above-mentioned conditions originating from the absorption properties of

Y158 _ related to

molecules, there is an additional rule — the metal-surface selection rule (MSSR
the experimental configuration. In the conventional IRRAS setup, the IR beam is reflected by
a metal surface and has to pass the layer of adsorbates. Let’s assume an adsorbed molecule
with non-zero dipole moment. The molecule’s dipole moment induces a reorganization of
charge density in the metal forming a charge image to compensate an electric field in the
metal (Figure 2.6a).!> If the dipole moment is parallel to the surface, the dipole moment of
charge image has an opposite orientation. Therefore, the overall dipole moment is zero, and,
due to Eq. 2.7, the molecule is IR inactive. On the other hand, the dipole moment of
perpendicularly oriented molecule and its charge image have the same orientation, which

effectively increases the absorption peak intensity I.'%" In general, this is expressed by

following equation'®’
I o< |2ucosB|?,

2. 9)

where 0 is the angle between molecule dipole moment and surface normal. The same is also
valid also for molecules adsorbed on thin oxide layers on metal substrates.!®! In conclusion,

only molecules with non-zero component of dipole moment perpendicular to the surface are

IR active.

Figure 2. 6: a) MSSR - dipole momentum of an adsorbed molecule and its charge image in
the metal substrate b) p- and s- component of electric field of IR beam
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Furthermore, the IR beam is polarized, so that the vector of electric field of p-polarized light
is parallel with the plane of incidence and the vector of electric field of s-polarized light is
perpendicular to the plane of incidence, and, thus, it is parallel with the metal surface (see
Figure 2.6b). In the previous paragraph, it was showed that the component of the overall
dipole momentum parallel with the metal surface is zero and only the perpendicular
component remains. Based on this, the dot product in Eq. 2.7 is zero for s-polarized light.

Therefore, the adsorbed species can be detected only by p-polarized light.'®2

IRRAS was originally developed for UHV measurements. However, Bewick et al. proved
that it can be used also in the electrochemical environment (Electrochemical Infrared

Reflection Absorption Spectroscopy, EC-IRRAS). 163164

A .
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Figure 2. 7: a) Thin layer configuration of EC-IRRAS setup b) Interpretation of bands in EC-
IRRAS spectrum — positive bands (facing up) correspond to species consumed during the
process, negative bands (facing down) to formed species and s-shape bands to adsorbed
species

EC-IRRAS setup consists of two parts — vacuum compartment with a spectrometer, optics
and a detector, and electrochemical (EC) cell with electrolyte, where the sample is placed.
Both parts are separated by an IR transparent window. This configuration allows in-situ
spectroelectrochemical IR measurement at solid-liquid interface. The crucial condition for
avoiding total absorption is a thin layer configuration (Figure 2.7a). A typical distance
between the sample and the IR transparent window varies from 1 pum to 20 pm.'6*-!6
Therefore, this volume is diffusionally decoupled from the rest of the electrolyte, which
causes several consequences. Firstly, the mass transport between the thin layer and the rest of
the electrolyte is limited. Thus, pH and concetrations may change during the measurement
compared to the rest of the electrolyte.!*® Secondly, the resistance of the thin layer is high.
However, this can be partially compensated by sufficiently high concentration of the

supporting electrolyte.'®’
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To minimize the effect of electrolyte absorption on the spectra, a potential-difference method
is used. In this method, a normalized difference between spectrum R and a reference

spectrum R, measured at a given potential is plotted'®

AR R- R,

R R

(2. 10)

Therefore, only changes — produced, consumed or adsorbed species — appear in the spectra.
More specifically, a loss of absorbing species results in an increase of signal measured by
detector and vice versa. Thus, positive bands correspond to consumed species and negative
bands to produced species. In the case of adsorbed species, the band position changes with
applied potential due to shifting of vibrational frequency with changes in external electric
field, so called Stark effect, which results in s-shape bands (Figure 2.7b).'®® Furthermore, we
can obtain an additional information by comparing p-polarized and s-polarized spectra. Due
to the MSSR, adsorbed species can be detected only with p-polarized light, while species in
solution are detectible with both p- and s- polarized light. This allows us to distinguish

between species adsorbed at the surface and species dissolved in the solution. !¢’
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3. Experimental

This thesis focuses on the study of heterogenous model metal and metal-oxide catalysts. The
work was done in cooperation between the Depertment of Surface and Plasma Science at
Charles University (CU) in Prague (group of doc. Mgr. Josef Myslivecek, Ph.D.) and the
Department of Physical Chemistry at the Friedrich-Alexander University (FAU) Erlangen-
Niirnberg (group of Prof. Dr. Jorg Libuda). Thanks to this cooparation, I was able to combine
methods of surface science - STM, XPS, Low Energy Electron Diffraction (LEED) - and
electrochemical methods — EC-IRRAS, and Cyclic Voltammetry (CV). Furthermore, some
experiments were carried out at Material Science Beamline (MSB) at Elettra-Sinchrotrone
Trieste, Italy. The employed surface science apparatuses in all laboratories were equipped
with controlled transfer between UHV chamber and an electrochemical cell for EC-IRRAS or

CV measurements.

3.1. Experimental setup at CU

The main focus of the experimental work at CU was on preparation and characterization of
well-defined model metal-oxide catalysts. Characterization included space-averaging
methods of surface science (XPS, LEED) and a microscopic technique (STM). All methods
are integrated in one UHV system, including the transfer of model catalyst samples between

the UHV chamber and an electrochemical cell.

3.1.1. UHV Chamber

The UHV system (Figure 3.1) consists of three chambers — main chamber, STM chamber,
and a load-lock chamber. All chambers are connected with transfer rods. Furthermore, an
electrochemical cell can be connected to a load-lock chamber allowing transfer of a sample
from UHV to electrolyte without exposure to ambient atmosphere. The scheme of the whole

system is shown in Figure 3.1a.

The main chamber is pumped with a turbomolecular pump (TMP, Pfeiffer, TMU 521 Y P) as
a secondary pump and a scroll pump (SP, Anest Iwata, ISP-250C) as a primary pump.
Additionally, there is an ion getter pump (IP, Delong Instruments, ISP 04) installed. The base
pressure in the main chamber is reaching 10~1% mbar. The chamber enables the preparation
and the chemical analysis of the sample. Therefore, it is equipped with a gas dosing system

with variable leak valves (Duniway Stockroom, Model 1000), a wide-range ion gun (Specs,
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IQE-11-A), a focused ion gun (Specs, PU/IQE 12/38), a single electron-beam evaporator
(Tectra), a dual electron-beam evaporator (Tectra), a quadrupole mass spectrometer (QMS,
Pfeiffer Prisma Plus), and laboratory XPS with X-ray source (Specs, XRC 1000), water
cooling system Specs, CCX 60) and hemispherical analyzer (Specs Phoibos 150) with a

multi-channel detector.

STM chamber
L

cleavage

Vacuum

STM
compartment

LEED
compartment

Linear shift

’ /
Rotational ~ /

. /
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s | | | |
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Gas dosing system EC cell Transfer rod QMS X-ray source

| Hemuspherical
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Figure 3. 1: a) Simplified schematic drawing of UHV system at CU (TMP — Turbomolecular
pump, SP — Scroll pump, DP — Diaphragm pump, IP — Ion pump). b) — ¢) Photos of the UHV
system
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The sample is mounted on a rotational manipulator (Figure 3.2) with four degrees of freedom
(x,y,z,and 9) and a LN»-cryostat. A quartz crystal microbalance (QCM, Inficon, gold coated
crystal, 750-1000-G10) with a thickness meter (Tectra) is mounted on the manipulator in the
proximity of the sample allowing direct control of the amount of deposited material during

the deposition. The sample holder provides a radiative sample heating with an automatic PID

regulated temperature control in the range of 90-1350 K.

QCM

== Contact for heating

— Thermocouple contact

= Sample
evaporator ¢ : L el
ol \\’ ) R, _ A e G Thermocouple contact

v e~ v ¢ .
X-ray il - Contact for heating

Rotational
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Figure 3. 2: The main chamber. a) Inside of the chamber with rotational manipulator (photo:
Mgr. F. Lavicky) b) Detail of the manipulator

The STM chamber consists of two compartments — one for STM and one for LEED. The
whole chamber is pumped through the gate valve with the TMP in the main chamber.
Afterwards, the vacuum is maintained with the IP (Perkin-Elmer) reaching a base pressure of
10711 mbar. More details about STM compartment is in Section 3.1.3. Similarly to the main
chamber the LEED compartment is equipped with a rotational manipulator with five degrees
of freedom. The LEED itself uses a ErTLEED 1000 A optics (SPECS). The diffraction pattern
is recorded by a CCD camera (ImagingSource DMK 33GX174). The system also allows to
record the screen current required for iv-LEED. Apart from that, the chamber is equipped
with a home-built system to prepare clean surfaces by cleaving the sample mechanically in

vacuum.

All chambers are separated by gate valves (MDC Vacuum Products, GV-1500; VAT, Series
01). The transfer of the sample between the chambers is carried out by two perpendicularly
oriented linear transfer rods (Thermionics FLLRE-.275-50-36). Furthermore, the load-lock
chamber is equipped with a vertical lift, which enables to transfer the sample into an
electrochemical (EC) cell. The EC cell is an adapted version of the EC cell designed by Dr.

Brummel used at MSB (more details in Section 3.3).5
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3.1.2. Scanning tunneling microscopy

An important step in heterogenous model catalystic studies is the determination of
morphological parameters of the catalysts, such as nanoparticle coverage, substrate step
density or the size and shape of nanoparticles. STM is a suitable tool to determine the surface
morphology of metals or thin oxide layers on metals. In this thesis, a home-built STM
equipped with a commercial STM measuring head (CreaTec GmbH) (Figure 3.4a), a LN>
cooled cryostat and a home-built control unit was used. STM images were acquired with
home-written software and analyzed using the Gwyddion software .!”® Two types of STM tips
were prepared for the measurement - electrochemically etched W tips and mechanically cut

Ptlr tips. In both cases the tips were sputtered and annealed in vacuum before use.

A high stability of the tunneling junction is essential to obtain well-resolved STM images.
Therefore, the changes in tip-sample distance shouldn’t be higher than tenths of angtrom.
This requires a good shielding of mechanical and acoustic vibrations. To reach this, the whole
UHYV system is mounted on pneumatic vibration isolator (Newport [-2000 series) shielding

frequencies higher than 1 Hz. In the second step, the STM table is in the UHV chamber

hanging on three springs filtering the low frequencies.

- Thermocouple
i~ Heating spiral
" Oven

i~ Heating
contacts

Ceramic
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“=u. Ceramic
balls

——— Sample
" Insulated
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Figure 3. 3: a) STM table (photo: doc. J. Myslivecek) b) — ¢) Partially disassembled sample
holder with the oven and heating spiral d) complete sample holder

Another component affecting the stability of the tunneling junction is the sample holder.

There are several requirements for sample holder’s properties originating in the used
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preparation and characterization methods. The sample holder contains a small oven, on which
the sample is placed, providing radiative heating. A thermocouple is installed in the proximity
of the sample. The sample with the thermocouple, heating system and the sample holder,
which is in the contact with the UHV chamber, is electrically separated from each other. The
sample holder has to fulfill the high level of mechanical stability required for the STM
measurements. Apart from that, all used materials have to be compatible with UHV and with
high temperatures. Photo of the sample holder is shown in Figure 3.3 b-d. The oven with the
sample is placed on three isolating ceramic balls and pressed against the sample holder with
ainsulated W spring providing the mechanical stability. The thermocouple wires are
connected to the wall of the oven touching the bottom of the sample. At the same time, the

thermocouple serves as an electrical connection to the sample in STM.

3.2. Experimental setup at FAU

Major part of the work done at FAU was focusing on the in-situ study of adsorbates and
chemical reactions at metal or metal-oxide model catalysts using EC-IRRAS. The samples
were prepared either in an UHV chamber and then transferred into electrochemical cell

(oxide thin films) or by flame annealing or induction heating (metal single-crystals).

3.2.1. Electrochemical infrared reflection absorption spectroscopy

All measurements were done at EC-IRRAS setup containing a vacuum based Fourier
transformed infrared (FTIR) spectrometer with optics (Bruker Vertex 80v) controlled with
OPUS software and LN> cooled narrow band mercury-cadmium-telluride (MCT) detector
(Figure 3.4a). !"! The sample compartment is equipped with an automatized polarizer (KRS-
5) and gold mirrors bending the IR beam to and from the EC cell providing the incident angle
of 60° + 5°and 30° + 5°. The sample compartment and the EC cell are separated with a
hemispherical IR transparent window with a diameter of 25 mm. The window material is
chosen based on the required interval of transmitted wavelengths: CaF, (Korth, >1100 cm™)

or ZnSe (Korth, >600 cm™).

The EC cell consists of PTFE housing and PTFE lid (Figure 3.4b,c). To avoid leaking of
electrolyte from the cell to the evacuated spectrometer, the EC cell is sealed with Kalrez
gasket. The lid contains several inlet and outlet holes. Namely, two inlets for gas line — one
for purging the electrolyte with Ar, and second one for establishing protective atmosphere

above the electrolyte, one gas outlet and three inlets for electrodes — the working electrode,

32



the counter electrode and the reference electrode (Figure 3.4d). The potential is controlled by
a commercial potentiostat (Gamry 600) operated by Gamry Framework software. The

sample, which is the working electrode, was connected with a Pt wire mounted in a glass

Detector Potentiostat  Sample compartment  Optics

b) Sealing \® o Hen %ﬂﬁw

Figure 3. 4: EC-IRRAS setup. a) IR slm)ectrometer b — ¢) EC cell with IR transparent
hemisperical window d) lid of EC cell with electrode connections (Photo: Z. Hussain, P.

Kumar Samal)

tube. The Pt wire or Au wire (Hauner, 99.999%) were used as a counter electrode, and a
Ag/AgCl (RE-1B, ALS Co.) or a home-built reversible hydrogen electrode (RHE) as

reference electrode. The potentials Egg/a4¢; referenced to Ag/AgCl were converted to

potentialsERy referenced to RHE as follows:
ERHE = EAg/AgCl + EO + 0.059 - pH,
(3.1)
with E, = 0.195 V at 25°C.

The reference spectra were measured by attenuated total reflection (ATR) IR spectroscopy
using a Ge ATR window (Bruker) in the EC-IRRAS spectrometer. The measured ATR spectra
were compared with a spectra calculated by DFT to assign individual bands to corresponding

vibrational modes.
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3.2.2. Cleaning procedure and sample preparation

EC-IRRAS allows elecgtrochemical in-situ measurements with model catalysts. However, to
maintain the high-level of control, ultra-clean conditions are required. Therefore, a thorough

cleaning procedure was followed.

All glassware, Teflon parts, and metal wires are stored in a bath of concentrated sulfuric acid
(Merck, EMSURE®, 98%) with NoChromix (Sigma Aldrich) for at least 12 h. Before the
measurement, all parts were rinsed three times with ultra-pure water (MilliQ synergy UV,
18.2 MQ at 25°C) and subsequently boiled in ultra-pure water for 30 min. The rinsing-boiling
cycle was repeated three times. At the end, all parts were rinsed again three times with ultra-
pure water. Additionally, all wires were annealed in the flame of a Bunsen burner and rinse

them with ultra-pure water.

The Pt(111) single-crystal (MaTecK) catalyst was prepared by annealing in the flame of
Bunsen burner and subsequent cooling down in a protective Ar/H» atmosphere (ratio 3:1). All
contaminations are removed during the annealing step and the temperature is sufficient to
recover surface‘s crystallographic structure. Cooling down in Ar/H, atmosphere prevents
oxidation of the surface. After cooling down, the sample was dipped into ultra-pure water to

form a protective layer and transferred into EC-cell.

Co304(111) thin layer catalysts supported on Ir(100) were prepared in a UHV chamber with a
base pressure of 107'° mbar. The chamber was equipped with an ion gun (Specs, IQE 11/35),
an evaporator (Focus EFM 3), a gas dosing system, a LEED (Specs, ErLEED 150), and a
quadrupole mass spectrometer (Hiden Analytical). Heating was provided by electron
bombardment to the back side of the sample. The preparation procedure follows the recipe of
Heinz and Hammer.!!'>"!!'” The details about the preparation are provided in Section 3.4. After
the preparation, the sample is transferred to EC cell using a special transfer cell developped at
the chair of Interface Research and Catalysis at FAU.% The schematic drawing of their design
is shown in Figure 3.5. The transfer cell can be filled with ultra-pure water or electrolyte
protecting the sample during the transfer. Before inserting the sample and during the transfer,

the cell is purged with a constant flow of N> (Linde, 5.0).
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Figure 3. 5: Schematic drawing of UHV-EC cell transfer system (adapted from ref. 58)
3.3. Material Science Beamline

MSB allows to perform SRPES measurement with high energy resolution and tunable photon
energy. The beamline uses a radiation from a bending magnet of the Elettra storage ring. Prior
to entering the MSB end station, the polychromatic photon beam passes through several
focusing mirrors and a plane grating monochromator (SX-700) resulting in a focused
monochromatic beam with a tunable photon energy in a range of 22 eV - 1000 eV. A gold

mesh measuring the photon flux is mounted on the entrance to the end station.

The end station consists of five UHV chambers — an analysis chamber, two preparation
chambers, a load-lock chamber and an electrochemistry chamber. In the matter of briefness,
only short description of analysis chamber and electrochemistry chamber is given bellow. The

full description of the MSB can be found at their online beamline overview.!"

The analysis chamber reaches a base pressure of 1 - 10719 mbar and is equipped with three

evaporators (Tectra e-beam), an ion gun (Varian 981-2043), a gass dosing system, a QMS
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(Pfeiffer Prisma QMS200), a LEED optics (OCI BDL8OOIR-LMX-ISH), and a hemispherical
analyzer (Specs Phoibos 150) with a multi-channel detector (1D-DLD). Additionally, the
chamber is equipped with a conventional laboratory X-ray source (Specs XR50) for better
comparability of the obtained spectra with XPS spectra measured with lab sources. The

analysis chamber is separated from the preparation chamber with a gate valve (Thermionics

PFB-G-2500H).

retractable
PTFE stick

xy — }a}odlh rough

L o ml E—m o

transfer rod I to analysis chamber

Figure 3. 6: a) Schematic drawing of the EC cell (adapted from ref. 66) b) Photo of the
sample in the EC cell in the contact with the electrolyte — hanging meniscus configuration
(Photo: P. K. Samal)

The sample can be transferred from the analysis chamber to the electrochemistry chamber
under UHV conditions. The electrochemistry chamber is connected to a glass EC cell via a
gate valve. The schematic of the electrochemistry chamber and the EC cell is illustrated in
Figure 3.6. The EC cell is divided into two compartments. The bottom one is filled with
electrolyte and contains inlets for reference electrode (Ag/AgCl, RE-1B, ALS) and counter
electrode (Au wire, Hauner, 99.999%). The electrolyte flows through a thin capillary to the
upper compartment by Ar overpressure forming a droplet at the top of the capillary. The
upper compartment features one gas inlet, one inlet with ultra-pure water (shower) allowing
to rinse the sample after the experiment, and a waste outlet. This setup allows to perform ex-
situ emersion SRPES measurements. Prior to the measurement, the electrolyte and the EC-
cell are purged with Ar, and the upper part of the EC-cell and the electrochemistry chamber
are filled with Ar. Afterwards, the gate valve is opened and small Ar overpressure in the
electrolyte reservoir pushing the electrolyte through the capillary is used to form a stable

electrolyte droplet. In the last step, the sample approaches the droplet at the top of the
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capillary forming a hanging meniscus configuration (Figure 3.6b) while the potential is
controlled. After the measurement (approx. 1 — 10 min) the sample is rinsed with ultra-pure
water, retracted back to the electrochemistry chamber, pumped down and transferred to the

analysis chamber for SRPES measurement.

3.4. Sample preparation

An important part of the experimental procedures in the Prague laboratory was preparation of
metal-oxide catalysts. The focus was on transition metal oxides, namely Pt and Pd
nanoparticles on cobalt oxide and cerium oxide nanoparticles on Pt(111). Both oxides can

exist in several possible phases with different oxidation states. Therefore, a precise
100,116,117,173

preparation procedure is crucial for the final structure and stoichiometry.

Figure 3. 7: LEED patterns of preparation of Co304(111)/Ir(100) thin film. a) Ir(100)-(5x1)
b) Ir(100)-O-(2x1) c) spinel structure of Coz04(111)

Cobalt oxide exists in two structures — a rocksalt CoO and a spinel Co3O4. This work focuses
on the latter. The samples were prepared following a preparation procedure described by
Heinz and Hammer.!!® Ir(100) single-crystal (MaTecK) serving as a substrate was cleaned by
cycles of Ar" (Argon 6.0, Linde) sputtering and annealing to 1330 K resulting in a Ir(100)-
(5x1) reconstruction. Afterwards, the Ir(100)-(5%1) was annealed to 1270 K in oxygen
atmosphere (Linde 5.0, 5-107 mbar) to create a Ir(100)-O-2x1 superstructure. All structures
during the preparation procedure were checked by LEED (Figure 3.7). Cobalt (Alfa Aesar,
99.995%) was deposited by physical vapor deposition (PVD) from electron-heated Co rod in
reactive oxygen atmosphere (1.5-10°° mbar) for approx. 15 min. The Ir substrate was kept at
room temperature during the deposition. Prior to deposition, the spatial homogeneity and time
stability of the deposition rate were controlled with a QCM. The thickness of CozO4(111) film

was determined with the QCM using Sauerbrey‘s approximation'’*

37



212

— Am,
Ay Pqlq

Af =

3.2)

where Af stands for the change of frequency, f, the quartz resonant frequency, A the quartz
area, p, the quartz density, u, the quartz Shear modulus and Am is the change of the mass
corresponding to the amount of deposited material. The typical thickness of the film varied
between 5 — 6 nm, which is above the critical thickness, bellow which the spinel Co304(111)
is unstable.!!” After the deposition the sample was annealed in oxygen atmosphere (2-107°
mbar) at 680 K for 60 min and, subsequently, flashed at 720 K in UHV. The obtained spinel
structure was verified with LEED (Figure 3.7c) and oxidation state of Co with XPS (Figure
3.8). Furthermore, the thickness d of the Co3O4(111) was verified from an attenuation of Ir 4f
signal in XPS*®

(3.3)

I and I stand for the intensity of Ir 4f signal after and before deposition, respectively, and 4
is the inelastic mean free path of the electron with a corresponding kinetic energy in the
deposited material. Pt or Pd nanoparticles were deposited on Co3O4(111) thin film by PVD
from electron-heated wires (Pt: Safina, 1 mm, 99.99%; Pd: Goodfellow, 1 mm, 99.99%). The
amount of deposited material was determined from QCM and from the attenuation of the Ir 4f

signal in the XPS spectrum.

Similarly, cerium oxide films were prepared by PVD in reactive oxygen atmosphere on
Pt(111) following the procedure of Luches et al.!'” Pt(111) single-crystal (MaTecK) was
cleaned by cycles of Ar" sputtering and annealing. Cerium (Goodfellow, 99,9%) was
deposited from an electron-heated Ta crucible in the presence of oxygen (2-10 Pa). The
amount of deposited cerium was controlled with the QCM. After the deposition, the sample
was annealed in oxygen atmosphere (2-10° Pa). Both, the temperature during the deposition
and the annealing temperature strongly affects the final morphology. Further details are

provided in Section 4.4.
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Figure 3. 8: Co 2p XPS spectrum of an as prepared Co3O4 film.
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4. Results

This thesis focuses on model studies of metal and metal-oxide catalysts applicable in
energetically relevant electrochemical reactions. The presented studies address all four
aspects of model catalysis — morphology and chemical state of the catalyst, stability of the
catalyst, adsorption properties, and reaction pathways — described in Section 1.2. and
demonstrate that by using a proper combination of experimental techniques it is possible to
answer all of them. The studied catalytical systems vary from metal single-crystal through
continuous oxide film to metal-oxide catalyst in both — classical and inverse — geometry
covering a wide range of chemical and morphological complexity. Each system addresses

specific questions about a particular catalyst.

Firstly, a model study of atomically dispersed Pt catalyst on a Co304(111) is presented. The
study focus on the chemical state of the supported Pt nanoparticles, and their properties and
stability under various UHV conditions. Sections 4.2. —4.4. present a detailed study on the
stability and properties of the active metal phase of Pd/Co304(111) catalyst. Namely, Section
4.2 represent an analogous study to Section 4.1 describing the growth of Pd nanoparticles on
Co304(111) substrate from the initial state of nucleation, the formation of Pd/Co304(111)
interface and the EMSI. In the next step, a thermodynamical stability of these nanoparticles
when exposed to oxidizing or humid conditions using near ambient pressure XPS is
investigated (Section 4.3.). Finally, Section 4.4 deal with the stability of Pd nanoparticles
supported on Co0304(111) and highly oriented pyrolitic graphite (HOPG) in alkaline
electrolytes (Section 4.4.).

All so far mentioned studies investigate the metal-oxide catalyst in conventional geometry.
Therefore, the main focus lies on the properties and stability of the metal phase. Section 4.5
represents a model study of inverse metal-oxide catalyst, which focuses on the properties and
stability of the oxide phase. Namely, it is the stability of CeO./Pt catalyst in alkaline
electrolyte as a function of applied potential, the size of ceria nanoislands, and the preparation

method.

In sections 4.1-4.5 we addressed the first two aspects of model catalysis — morphology and
properties of the catalyst and its stability under electrochemical conditions. In Section 4.6, we

move on to the third aspect — adsorption properties. Monophosphonatophenyltriphenyl
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porphyrin (MPTPP) was anchored to atomically defined Co3z04(111) film and its binding
motif was identified by EC-IRRAS.

Finally, Section 4.7. addresses the last aspect — the electrocatalytical reaction itself. The
dehydrogenation of 1-cyclohexyl ethanol, which may serve as a potential electrochemically
active LOHC, is studied using Pt single-crystal catalysts. The electrooxidation products were

identified by EC-IRRAS.

4.1. [P1] — Atomistic picture of metal support interaction and role
of water

Metal-oxide materials play a key role in various applications in (electro-)catalysis and energy
storage.!’® The presented work focuses on the properties of as-prepared Pt nanoparticles
supported on a reducible oxide, namely Co3O4(111). It consists of a fundamental study of
electronic metal support interaction between highly dispersed Pt and a well-ordered
Co0304(111) thin film with a focus on the role the most ubiquitous molecules in applications
have on the dispersion of Pt nanoparticles on the catalyst surfaces. To reach detailed
understanding of processes at atomic level, we combined experimental microscopical (STM)
and spectroscopical (SRPES) methods with theoretical DFT calculations. Co304(111) thin
film was prepared by PVD following the procedure described in Section 3.4. 0.02 MLE, 0.04
MLE, and 0.10 MLE of Pt was deposited onto Co3O4(111) film. The STM image of the as-
prepared Co304(111) film (Figure 4.1a) reveals well-ordered terraces terminated by Co*"
cations with two types of structural features — bright protrusions (marked with yellow circle,
hereafter denoted as species I) and dark depressions (marked with blue circle, hereafter

denoted as species II).

The species I disappear after deposition of Pt (Figure 4.1b-d), but two additional types of
species appear — bright protrusions in registry with Co304(111) (marked with green circle,
hereafter denoted as species III) and triangular shaped large bright protrusions in threefold
hollow sites (marked with red circle, hereafter denoted as species IV). Apart from that, larger
bright species X were identified at Pt coverages of 0.04 and 0.10 MLE (marked with orange
circle), which are assigned to small Pt*" aggregates. The overview of observed species is

provided in Table 1.
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a) 0.00 ML Pt

b) 0.02 ML Pt

c) 0.04 ML Pt

Figure 4.1: STM images a) Co304(111) b) 0.02 ML Pt/Co304(111) c) 0.04 ML
Pt/Co304(111) d) 0.13 ML Pt/C0o304(111). Adapted from ref. 177.

In order to identify the nature of species I-IV, theoretical group of prof. S. Piccinin” simulated
STM images of various surface configurations with density functional theory (DFT) using the
Tersoff-Hamann approximation. We compared the simulated STM patterns and measured
parameters of species [-IV with respect to the position, symmetry, and apparent height. Based
on this, we suggest the following interpretation (Figure 4.2). Species I represent a single OH"
group on top of Co?" cation with H" on a neighboring oxygen anion. For Species II, DFT
calculations suggest that the dark depressions are voids caused by missing surface Co?"
cation. The most probable interpretation of species III appearing after Pt deposition is Pt
atoms substituting Co®" cations. This interpretation represents also the most energetically
favorable configuration of adsorbing Pt single atoms. Finally, species IV are attributed to so
called triaqua complexes — Pt atoms in FCC sites decorated by three OH™ groups interacting

with three H' cations adsorbed on the surrounding oxygen cations.

Table 1: The observed species and their relative density. Adapted from ref. 177.

Pt (MLE) Species I Species 11 Species III Species IV | Species X
(nm™) (nm™) (nm™) (nm™) (nm™)
0 0.12 0.03 0 0 0.03
0.025 0 0.10 0.08 0.04 0.27
0.04 0 0.35 0.08 0.02 0.28
0.10 0 n.a. n.a. n.a. 0.51

* DFT calculations were performed by theoretical group of prof. S. Piccinin from Istituto Officina dei Materiali,
Consiglio Nazionale delle Richerche, Trieste
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Figure 4.2: Interpretation of species I-IV based on DFT calculations. Adapted from ref. 177.

The Bader charge calculations show that Pt substituing Co®" cation (species III) is in the
oxidation state of Pt**. While formation of triaqua complexes results in Pt in octahedral
coordination with the Bader charge corresponding to oxidation state of Pt*". These
calculations are in good agreement with our SRPES measurements (Figure 4.3). After Pt
deposition, two doublets in the Pt 4f region appeared. The first doublet at 72.3 eV, can be
assigned either to atomically dispersed Pt** cations or to ultra-small Pt®" aggregates. The

second doublet at 74.0 eV represents Pt*" species.

The dissapearance of OH" groups adsorbed on Co*" cations (species I) after Pt deposition is
most probably caused by migration of OH™ groups from Co?" sites to Pt sites. Based on the
DFT calculations of prof. Piccinin’s group, we identified a driving force for this process
originating in the difference of adsorption energies. The OH™ group binds most strongly to Pt
at the FCC site (-1.51 eV) followed by Pt substituting the surface Co** cation (-1.24 eV) and
Co?" cation (-1.00 eV).
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a) 0.02 ML Pt Pt 4f b) 0.05 ML Pt Pt 4f C) 0.10 ML Pt Pt 4f
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Figure 4.3: SRPES Pd 4f spectra a) 0.02 ML Pt b) 0.04 ML Pt c) 0.10 ML Pt. Adapted
from ref. 177.

To further investigate the role of water on the atomic dispersion of Pt, 0.1 MLE of Pt was
deposited on three types of Co304(111) — dehydroxylated, hydroxylated and moist (Figure
4.4). The as-prepared samples predominantly consist of Pt*" substituting Co*" cations, Pt*"

t" aggregates. The amount of Pt*" upon deposition is

triaqua complexes and ultra-small P
similar for all three samples. Annealing to 350 K lead to formation of triaqua complexes
accompanied by increase of Pt*" and decrease of Pt**/ Pt signal. This tendency is more
pronounced on the moist sample. Water stabilizes Pt at FCC sites or relocate Pt>*/ Pt®" to the
FCC position forming triaqua complexes. However, after the loss of the hydroxyl group, Pt at
the FCC sites are prone to sintering. Therefore, with further annealing, Pt*" species are
reduced to Pt?*/ Pt>" and further to metallic Pt above 450 K with the highest amount of Pt°
for the moist sample. Additionally, an increase of Pt*" signal was observed above 600 K.
However, in this case it is not related to formation of triaqua complexes. The depth profiling

indicates sub-surface subtitution of Co®" cations. DFT shows that this configuration is

energetically the most favorable with formation free energy of -6.45 eV.

This work showed the key role of EMSI in morphology and chemical state of small Pt

t>" and

nanoparticles. Atomically dispersed Pt were observed predominantly in the form of P
Pt**. Additionally, the stabilizing effect of water to Pt*" and the formation of triaqua

complexes was demonstrated.
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Figure 4.4: Pt 4f spectrum of dehydroxylated, hydroxylated and moist sample a) as prepared
b) after annealing at 700 K. Adapted from ref. 177.

4.2. [P2] — Pd/Co0304(111) interface formation

A model study presented in Section 4.1 focuses on the properties of the as-prepared Pt
nanoparticles supported on Co304(111), their growth, stability and interaction with the
support. The following presents an analogous study focusing on the properties of Pd
nanoparticles on Coz04(111) in UHV conditions. The growth of Pd nanoparticles is described
from the initial state of nucleation and formation of Pd-Co30O4 interface. The EMSI strongly
affects their stability and catalytical properties.!” For the purpose of this study, Pd was
deposited onto Co3O4(111) with the coverages varying between 0.05 monolayer equivalent
(MLE) and 2 MLE. The as-prepared samples were investigated by means of STM and
SRPES combined with DFT calculations of prof. Piccinin’s group.

STM images of Pd nanoparticles with the coverages of 0.06 MLE, 0.18 MLE, and 1.91 MLE
(Figure 4.5) reveal the grow of Pd nanoparticles from the initial state of nucleation. In all
three cases, Pd nanoparticles are homogeneously dispersed on the CozO4(111) surface. At low
coverages, Pd forms small clusters with a characteristic size of approximately 1 nm. These
clusters coalesce at higher coverage and form flat faceted islands of several nanometers. The
size of the particles was calculated from their density and height determined from STM
images and the amount of deposited Pd measured by QCM under the assumption of a
cylindrical shape of the nanoparticles. The obtained values including the average number of

Pd atoms per particle are summarized in Table 4.2.
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a) 0.06 MLPd Db) 0.18 MLPd ©) 1.91 ML Pd

.
10.nm

Figure 4.5: STM images of Co3;O4 supported Pd nanoparticles. a) 0.06 ML b) 0.18 ML
c) 1.91 ML. Adapted from ref. 179.

Table 2: Structural parameters of Pd nanoparticles. Adapted from ref. 179.

Pd Cluster density Height Average diameter Atoms per
(MLE) (cm?) (ML) (nm) nanoparticles

0.06 0.7-10" 1 1.1 15

0.18 0.8-10" 2 1.3 34

1.91 0.27-10" 3-4 5-6 1084

DFT' showed that the energetically most favorable site for a single Pd atom to adsorb on
Co304(111) is the FCC site with an adsorption energy of -2.84 eV and the corresponding
Bader charge of +0.74e, which correspons to the state of Pd**. Pd atoms interact stronger with
Co0304 than among themselves. The adsorption energy of Pd dimer is -2.63 eV and the value
for trimer is even lower. However, the adsorption energy starts growing for tetramers.
Therefore, the driving force for Pd adatoms to form particles is relatively small. The analysis
of Bader charge of Pd aggregates shows that Pd is partially oxidized in the state of Pd®". The
average charge per Pd atom decreases with increasing size of the aggregate. In addition, DFT
calculations suggest that small Pd aggregates tend to get oxidized to PdO in the presence of

oxygen.

T DFT calculations were performed by theoretical group of prof. S. Piccinin from Istituto Officina dei Materiali,
Consiglio Nazionale delle Richerche, Trieste
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For small coverages of 0.05 MLE and 0.19 MLE, SRPES measurements (Figure 4.6) show
two doublets in the Pd 3d spectrum at 337.1 eV and 338.4 ¢V. Based on the DFT calculations
discussed in the previous paragraph, peaks might be assigned to small Pd®" metallic
aggregates or PdOy clusters, and atomically dispersed Pd*" ions, respectively. The binding
energies of Pd®" and Pd** in PdO match and small fraction of oxygen or water is always
present in the UHV chamber. Therefore, it is not possible to distinguish between Pd®* and
Pd?** by means of SRPES. Since the position of Pd*"/Pd*" doublet does not change with the
coverage, the aggregates contain around 30 Pd atoms or less.!® With increasing coverage, an
additional doublet appears at 336.2 eV and shifts towards lower binding energy reaching
335.7eV at the coverage of 1.24 ML. This behavior corresponds well with the growth of
larger Pd® nanoparticles with Pd?>" and Pd®" serving as a nuclei for Pd’ nanoparticles. The

depth profiling shows that metallic Pd® covers Pd** and Pd®*, which form the Pd/Co304(111)

interface.
a) Pdad| |b) Pd3d| |c) Pd 3d
| 0.05 ML Pd PaIPd" 0.19 ML Pd PP, gy | [1:24MLPd
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Figure 4.6: SRPES, Pd 3d spectra a) 0.05 ML b) 0.19 ML ¢) 1.24 ML. Adapted from ref. 179.

Finally, the charge transfer at the Pd/Co3O4(111) interface was analyzed by comparing Co*"
and Co’" intensities in the valence band spectra obtained with photon energy of 60 eV and in
the resonant photoemission spectra. The obtained Co>*/Co?" ratio is shown in Figure 4.7a.
The difference between these two methods originates in different photon energies affecting
the information depth. This enabled us to determine the depth distribution of Co*" and Co*"
ions (Figure 4.7 c, d). The charge transfer is affecting the first two Co layers. Firstly, there is
a preferential reduction of a small fraction of Co’" in the first layer, which is most probably
located at defect sites. Afterwards, the second layer consisting of Co®" ions is reduced until

the ratio reaches 1 at the coverage of 1.24 MLE. The number of electrons transferred from Pd
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to Co304 equals the number of reduced Co*" ions (Figure 4.7 b). Based on this assumption
and the values in Table 4.1, the average charge transferred per Pd atom was determined. The
obtained values of +1.02, +0.93, and +0.21 for coverages of 0.06 MLE, 0.18 MLE, and 1.91
MLE, respectively, shows that the charge transfer is located at Pd/Co304(111) interface.
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Figure 4.7: Pd coverage dependance of a) Co2+/Co3+ ratio b) charge transfer c), d) Co2+ and
Co3+ distribution. Adapted from ref. 179.

In conclusion, deposition of small amount of Pd onto Co304(111) results in highly dispersed
and homogenously distributed Pd species. The interaction of the Pd species with the Co3;O4
support results in a substantial charge transfer oxidizing the Pd species. Atomically dispersed

Pd** species, and Pd®" aggregates in combination with PdOx clusters were identified.

4.3. [P3] Stability of the Pd/Co0304(111) model catalysts in
oxidizing and humid environments

In the follow-up work, the focus is on the stability of Pd nanoparticles supported on
Co304(111) substrate under humid and oxidizing environment mimicking the operation

conditions of heterogeneous catalysts. For that purpose, Pd nanoparticles with coverage of
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2 MLE were prepared and analyzed by means of STM and XPS in the temperature range of
300 K —700 K in UHV and near-ambient pressure (1 mbar) conditions.

In UHYV, the as-prepared sample show the behavior consistent with the results discussed in
the previous chapter. STM showed that Pd forms flat nanoislands homogeneously dispersed
on the Co304(111) surface with a characteristic size of 4 nm (Figure 4.8a). The chemical state
of Pd nanoparticles was determined from the Pd 3d XPS spectrum. The nanoparticles
predominantly consist of metallic Pd® (contribution 1) with a small fraction of Pd** either in
the form of PdO (contribution 2) or dissolved in Co3zO4(111) layer (contribution 3).
Additionally, there is a minor contribution (contribution 4), which corresponds to plasmon
features. The contribution 4 is separated from the metallic Pd® (contribution 1) by 6.4 eV,
which fits the typical value of energy loss during the plasmon excitation.!®! After annealing at
700 K, Pd nanoparticles sinter and form larger well-faceted cluster (Figure 4.8b) with
approximately half the density compared to RT. The Pd 3d XPS spectrum remains virtually
unchanged. Sintering of the Pd nanoparticles caused only observed slight decrease of the
intensity. The Co 2p spectrum also does not alter after annealing showing a high stability of

the Pd/Co304(111) catalyst under UHV conditions.

Before annealing After annealing

Figure 4.8: STM images of Co304 supported Pd nanoparticles a) as-prepared b) after
annealing to 700 K. Adapted from ref. 182.

Afterwards, the stability of Pd/Co3O4(111) was studied in the NAP cell using a
monochromatized Al K-a source, which allows us to distinguish between the bulk
(contribution 1a) and adsorbate-induced surface (contribution 1b) contribution of Pd° signal.

To study the effect of oxidizing conditions XPS spectra were measured under three different
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conditions — (i) UHV (<10 mbar), (ii) 1 mbar Oz, and (iii) evacuated (<10 mbar) — at
constant temperature between 300 K and 700 K (Figure 4.9).
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Figure 4.9: NAP-XPS, Pd 3d spectrum (a) and Co 2p spectrum (b) of the as-prepared Pd
nanoparticles supported on the Co304(111). The evolution of XPS spectra during the
annealing and exposure to oxygen a) Pd 3d spectra b) Co 2p spectra. Adopted from ref. 182.
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After exposure to 1 mbar of oxygen, contribution 2 associated with formation of PdO
increased starting at 300 K. PdO is stable in the whole temperature region 300 — 700 K.
Noteworthy, the typical temperatures of the oxidation of single-crystal Pd surfaces lies above
550 K. Therefore, the oxidation of Pd nanoparticles is more favorable than oxidation of bulk
Pd. In addition, the reducible oxide support may also play a role. However, it is not possible
to distinguish whether the PdO is formed at the surface of the Pd nanoparticles or at the
Pd/Co304(111) interface.

PdO decomposes after evacuation of the NAP cell. Contribution 2 decreases with
simoultaneous increase of contribution 1. More specifically, the decrease of contribution 2 is
coupled with a increase of contribution 1b between 300 K and 500 K, and contribution la
above 500 K. The increase of contributrion 1b suggests that PAO decomposition yields either

chemisorbed, surface or subsurface oxygen.

After annealing in UHV, Co304 started to reduce above 500 K with a complete reduction to
CoO at 550 K. The CoO is oxidized back to Co3O4 after exposure to oxygen and remains
oxidized until the next annealing in UHV. The increase of Co®" signal during the redution is
coupled with an increase of the Pd contibution 1b at the expanse of contribution la. This

indicates that oxygen released during Co3O4 reduction is dissolved in Pd nanoparticles.

Similar to oxidizing conditions, the stability of Pd nanoparticles under humid conditions was
studied. The same experimental procedure was followed where only the step (i1) was replaced
by exposure to 1 mbar of H,O. No changes were observed at temperatures below 450 K. At
450 K, the contribution 1b dramatically increases at the expense of contribution la. Similar to
oxidizing conditions, this process is coupled with reduction of Co304 to CoO. In contrast with
oxidizing conditions, CoO remains reduced and only minor changes are observed in the

spectra above 450 K.

Finally, the NAP-XPS data were used to analyze the sintering and dissolution of Pd
nanoparticles (Figure 4.10). During the annealing in UHYV, the total intensity of Pd 3d spectra
remain unchanged up to 550 K. Above this temperature, a slight decrease was observed
caused by sintering of Pd nanoparticles. On the other hand, an intensity dropped significantly
during annealing under oxidizing and humid environment. At 700 K, the loss of intensity
reaches 80 % and 35 %, respectively. The detailed analysis of contributions 1-3 during the
annealing cycles suggests that Pd** species diffuse under oxidizing conditions. The

simulation of the intensity evolution showed that most of Pd** diffused into Co3O4 further
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dissolve in the underlying Ir(100) substrate. Furthermore, the diffusion into Co3Os is partially

reversible, whereas, Pd dissolved in Ir(100) is permanently lost from the surface.
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Figure 4.10: Dissolution of Pd. Total Pd 3d intesities after annealing in UHV (black) and
during evacuation of the NAP cell after annealing in oxygen (red) and water (blue). Adapted
from ref. 182.

This study showed that exposure to oxygen and subsequent annealing results in formation of
PdO layer. On the other hand, exposure to water has no major effect on Pd nanoparticles.
PdO is stable under oxygen atmosphere, but it decomposes after annealing in UHV.
Additionally, a dissolution of Pd*" into Co3O4 support, and subsequently the underlying
Ir(100) was observed.

4.4. [P4] Particle size and shape effects in electrochemical
environments: Pd particles supported on ordered Co304(111) and
highly ordered pyrolytic graphite

This work continues in the study of the properties of Pd nanoparticles supported on
Co304(111). The well-defined model catalyst may undergo a substantial changes in both
chemical state and morphology after the first exposure to electrolyte resulting in the
formation of new active electrocatalyst phases.'®>. The behavior and stability of Pd/Co3O4
catalyst were investigated under electrochemical conditions, specifically in alkaline
electrolyte in a potential window between 0.5 — 1.5 Vrye. In addition, the behavior of Co304
supported Pd nanoparticles was compared with Pd nanoparticles supported on highly ordered
pyrolytic graphite (HOPG). In contrast to metal-oxides, HOPG represents a typical example
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of a weakly interacting support. The metal-support interaction strongly affects the shape and
properties of the supported nanoparticles.'®* For that purpose, three types of samples were
prepared: Pd nanoparticles supported on Co0304(111) with high (2.5 MLE) and low
(0.15 MLE) coverage and 1 MLE of Pd on HOPG.

The morphology and chemical state of as-prepared Pd nanoparticles on Co3zO4(111) were
discussed in detail in the previous chapters. Pd nanoparticles supported on HOPG show
qualitative differences in comparison with those supported on Co3O4(111). Firstly, the Pd
nanoparticles are hemispherical, but their density is comparable to the density of cylindrical
nanoparticles on Co304(111). Similarly to Pd nanoparticles on Co3O4(111), Pd nanoparticles
on HOPG are predominantly metallic. However, SRPES revealed an additional minor
contribution at binding energy of 336.9 eV, which is assigned to Pd-carbon species located at

the surface of the nanoparticles.

Afterwards, the samples were transferred without exposure to ambient atmosphere into
electrochemical cell and immersed in alkaline electrolyte for several minutes under potential
control. To evaluate the catalyst stability, an emersion SRPES measurements were performed
with photon energies between 410 eV and 930 eV. The whole procedure was repeated for
each potential step in the range of 0.5 — 1.5 Vrue. The data for the lowest photon energy are
shown in Figure 4.11. The oxidation state of PA/HOPG and 2.5 ML Pd/ Co3O4(111) is
practically unaffected between 0.5 Vrue and 1.1 Vrug. There is only a minor contribution
emerging at 338.4 eV for PdA/HOPG at 0.9 Vrur and 1.1 Vrue. The depth profiling shows, that
this contribution is located at the surface indicating that it is associated with formation of
surface oxide. For both, the formation of PdO starts at 1.3 Vrur and continues at 1.5 Vrye. In
the last step, spectra after immersion-emersion at the initial potential of 0.5 Vrug were
measured. Even though, PdO is predominantly reduced back to metallic Pd°, a contribution of
PdO is still observed on top of the nanoparticles. For 0.15 ML Pd/ Co304(111), the
contribution associated to atomically dispersed Pd** in Co3O4(111) disappears after first
emersion at 0.5 Vrue. Afterwards, no changes are observed in the Pd oxidation state.
However, the contribution of partially oxidized Pd®" overlaps with contribution of Pd** in

PdO. Therefore, it is not possible to disinguish between these two by means of SRPES.
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Figure 4.11: SRPES, Pd 3d spectra after after immersion in electrolyte a) 1.0 ML Pd/HOPG
b) 2.5 ML Pd/Co0304 ¢) 0.15 ML Pd/Co0304. Adapted from ref. 185.

The intensity analysis shows a drop of intensity after the first emersion at 0.5 Vruge. The drop
is partially caused by attenuation of the signal by adsorbed carbon and residues of electrolyte.
However, approximately 15 % of the intensity loss is related to dissolution of Pd. At higher
potentials, only a small decrease in intensity was observed, which may be explained by

gradual accumulation of adsorbed carbon and electrolyte residues.

The depth profiles of PA/HOPG and 2.5 ML Pd/ Co304(111) after emersion at 1.3 Vrug and
1.5 Vrue (Figure 4.12) show that in both cases PdO is formed on the surface of the
nanoparticles. The intensity analysis revealed that the formed PdO covers less than the top
layer of the nanoparticles in both cases after emersion at 1.3 Vrue. The coverage remains
below a full monolayer for PA/HOPG after emersion at 1.5 Vgrug, but greatly exceeds this
amount for Pd/ Co304(111). The intensity simulations of different height distributions of Pd
nanoparticles suggest that the key parameter affecting the extend of oxidation is the height.
Particles with heights of 2 — 3 ML are fully oxidized, whereas, for higher nanoparticles, only
the top layer is oxidized. This behavior may originate in EMSI, which influence the stability

of Pd nanoparticles.
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Figure 4.12: Intensity ratio between metallic Pd and PdO contributions after emersion at
a given potencial as a function of photon energy. a) ¢) PA/HOPG b) d) Pd/Co304. Adapted
from ref. 185.

The Sections 4.2 — 4.4 represent a complex model study devoted to properties, EMSI, and
stability of Pd/Co304 model catalyst under various conditions from UHV to elechtrochemical
environment. The last one focuses on the stability and chemical state of supported Pd
nanoparticles in alkaline electrolyte as a function of applied potential, particle size, and
shape. The ultra small Pd nanoparticles on Co30O4 remain oxidizied after emersion. Therefore,
no changes in Pd 3d spectra were observed apart from drop of intensity and loss of atomically
disperse Pd**. For larger nanoprticles, the emersion between 0.5 — 1.1 Vrug has basically no
effect on oxidation state of Pd nanoparticles. Formation of surface PdO occurs at potentials
1.3 — 1.5 Vrue. The extent of oxidation is larger for cylindrical nanoparticles on Co3;0O4 than
for hemispherical nanoparticles on HOPG. Therefore, the stability of Pd nanoparticles
depends on their shape, and consequently the EMSI.

55



4.5. [P5] - Stability, redox properties, and hydrogen intercalation
in ceria-Pt model electrocatalyst

The model metal-oxide catalysts in conventional geometry are the perfect tool for studying
the properties of the metal phase — typically supported nanoparticles or highly dispersed
adatoms. However, these systems are less suitable for studying the properties of oxide phase.
For such studies, the inverse model metal-oxide catalysts serve the best. Here, the properties
of inverse model ceria-Pt catalyst are investigated in electrochemical environments. Ceria-Pt
system exhibits favourable synergistic bi-functional effect in various energetically relevant
reactions.”*!®® This work focuses on the stability of model ceria/Pt catalyst and
oxidation/reduction properties of ceria nanoislands supported on Pt(111) in alkaline

environment.

~ HT CeO,/Pt(111) LT CeO,/Pt(111)

e

Figure 4.13: STM images (150 x 150 nm?) of as-prepared CeO»/Pt(111) model catalysts. a)
HT sample, 0.9 MLE, b) HT sample, 2.3 MLE, c¢) HT sample, 3.1 MLE, d) LT sample
1.0 MLE, e) LT sample 2.3 MLE, f) LT sample, 3.3 MLE. Adapted from ref. 187.
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Two series of CeO2(111) nanoislands were deposited onto Pt(111) with varying ceria
coverage by two preparation procedures and analyzed with the methods of surface science.
STM analysis (Figure 4.13) reveals significant morphological differences between the two
series. Ceria nanoislands annealed in the last step to 1050 K (Figure 4.13 a-c), hereafter
denoted as high-temperature (HT) samples, show large flat islands with characteristic sizes of
tens of nanometers and the island edges aligned with substrate main crystallographic
directions (Figure 4.13 a). With increasing coverage, the nanoislands grow laterally forming
almost a contiunous layer (Figure 4.13 c¢) resembling layer-by-layer deposition consistent
with previous observations.!®’ On the other hand, samples annealed in the last step to 850 K,
hereafter denoted as low-temperature (LT) samples (Figure 4.13 d-f), results in small but still
flat ceria nanoislands with round edges. With incresing coverage, the nanoislands coalesce
forming structures with characteristic lateral size of few nanometers. Please note that LT and

HT with the given coverage has the same height of nanoislands and show the same LEED

pattern.
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Figure 4.14: Electrochemical stability of HT (top) and LT (bottom) sample — CV cycle
dependance. Adapted from ref. 187.
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Apart from the characteristic size, these two types of qualitatively different structures (LT and
HT) differ quantitatively in the length of the metal-oxide boundary. Whereas for the HT
samples, 1 —3 % of platinum surface atoms lie on the metal-oxide boundary, for the LT
samples this ratio increases to 5 -7 %. XPS revealed differences in the chemical state of ceria.
Concentration of Ce** ions is in the range of 4 — 8 % and 12 — 16 % for HT samples and LT

samples, respectively.
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Figure 4.15: Stabilized CVs of HT and LT samples and charge analysis, reference CV of bare
Pt(111) (dotted line). a) HT sample, 2.25 ML b) LT sample, 2.25 ML c) charge decomposition
of stabilized HT CV, red area — contribution of Ce**/Ce*" transition d) charge decomposition
of stabilized LT CV, red area — contribution of Ce**/Ce*" transition. Adapted from ref. 187.

After the preparation and characterization in UHV, the samples were transferred to EC cell.
CVs obtained in 0.1 M KOH between -0.05 Vrue and 0.9 Vrue show electrochemical
instability of LT samples. Voltammogram of HT samples doesn’t change while cycling
(Figure 4.14 top). In the case of LT samples (Figure 4.14 bottom), oxidation/reduction pair of
peaks at 0 — 0.3 Vrug dimishes and new pair of peaks appears at 0.4 — 0.7 VrHE.

Analysis and assignment of the peaks is provided in Figure 4.14. CV of bare Pt(111) serving
as a reference (dotted line, Figure 4.15 a,b) shows typical butterfly shape consisting of three
distinct regions — H adsorption/desorption at potentials between -0.05 Vrug and 0.35 VruE,
double layer region from 0.35 Vrue to 0.65 Vrug, and OH adsorption/desorption at 0.65 —
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0.9 Vrae. In stabilized CVs of ceria, an additional irreversible pair of peaks aapears in H
adsorption/desorption region for HT samples (Figure 4.15 a) and, in the LT samples a shifted
one in the double layer region (Figure 4.15 b). In both cases, the irreversible pair is assigned
to Ce*"/Ce*" redox transition. The shift of peaks to higher potentials for LT sample indicates
change of Ce*" phase. Ceria is predominantly identified as cubic CeO..'3%!% However,
hydrated CeO-2H2O was observed as amorphous phase'®® and the observed shift
corresponds well with the value expected for the hydrated CeO,.!”° Therefore, the observed
irreversible pairs correspond to CeO2&Ce(OH)s and CeO2:2H,0<=Ce(OH); transitions for
HT and LT samples, respectively.
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Figure 4.16: Charge contribution in the CVs. Adapted from ref. 187.

Finally, the charges of the Faradaic processes are analyzed in the CV (Figure 4.15 c¢,d). Three
main contributions to the total charge (Figure 4.16) correspond to the following processes:
the Ce>*/Ce*" transition (qc.), the H adsorption/desorption on Pt(111) (qy /pt)> and the OH
adsorption/desorption on Pt(111) (qou/p¢)- Additionally, there is a small constant contribution
of double layer (gqp;), which was determined from reference CV of bare Pt(111). For both
types of samples, the charges of OH adsorption/desorption decrease proportionally to the
coverage of the ceria nanoislands blocking the electrochemically active surface of platinum.
Surprisingly, the charges of H adsorption/desorption do not decrease as one would expect
based on the observations from previous metal inverse model catalyst studies.’*!*! To explain
this counterintuitive behavior, there has to be a fast, reversible, non-Faradaic process
removing the underpotentially deposited H from Pt(111) surface and replenishing it back
during cathodic and anodic scan. Therefore, the suggested is Hupa intercalation at the ceria/Pt

interface.
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This study demonstrated a clear link between the structural properties of ceria nanoislands
and their stability. Large ceria nanoislands with straight edges are stable during cycling in
alkaline environment, while small ceria nanoisland with rounded edges undergo a phase
transition to amorphous ceria hydrate. Additionally, an unexpected behavior of H atoms
adsorbed at Pt(111) surface is observed — namely surface diffusion and intercalation of H

atoms at the Pt/ceria interface.

4.6. [P6] Anchoring of porhyrins on atomically defined cobalt
oxide: In-situ infrared spectroscopy at the electrified solid/liquid
interface

While the previous studies dealt with the structure and stability of selected (electro)catalysts,
the focus of this work is moved on to the third aspect of model electrocatalysis — adsorption
properties. In this case, the adsorption of 5-mono(4-phosphonatophenyl)-10-15-20-triphenyl
porphyrin (MPTPP) on a well-defined Co304(111) thin film is studied to functionalize an
electrode. In general, porphyrins are very good sensitizers for dye sensitized solar cells
(DSSCs). However, the properties of DSSC and overall light to electron conversion
efficiency is strongly affected by the functionality of organic/inorganic interface, and

causatively the anchor group and binding motif are the key factors.

The Co304 substrate was prepared in UHV chamber by PVD as described in Section 3.4.
After the preparation, the sample was transferred into 0.1 mM MPTPP solution in
dichloromethane (DCM) without exposure to air. The porphyrin from the solution anchored
to the Co304(111) thin film. In the last step, the sample was transferred to EC cell with
ammonia buffer for characterization by EC-IRRAS.

EC-IRRAS spectra were measured in the potential range of 0.3 Vrue — 1.3 Vrue with a step
size of 0.1 V. In the anodic scan recorded with p-polarized light (Figure 4.17), a formation
band appears at 1450 cm™' and consumption band appears at 1115 cm! starting at 0.7 Vrue.
Additionally, s-shape band at 970 cm™ appears at 0.9 Vrue. The first two bands are related
bending modes of NH4" and NHj3, respectively, which indicates protonation of the ammonia
buffer. This behavior is explained by hydroxylation of the substrate resulting in oxidation of

surface Co*" ions to Co*" and releasing protons.
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The band at 970 cm! is in the frequency region of phosphonates. Based on a DFT calculated
spectrum (calculated by prof. Gorling’s group)?, a reference transmission spectrum and our
previous studies of phenylphosphonic acid,'> we assign this band to the stretching vibration
of PO;*. Because no other bands related to the porphyrin are observed, we assume that
MPTPP binds to the surface via phosphonate group in the form of chelating tridentate — 1. e.

all three oxygen atoms bind to one surface Co®" ion.
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Figure 4.17: EC-IRRAS, Co304(111) functionalized with MPTPP measured with p-polarized
light at the potential window between 0.3 — 1.3 Vrug a) cathodic scan b) anodic scan.
Reference spectra measured at 0.3 Vrue. Adapted from ref. 193.

In the cathodic scan, the intensities of all bands decrease with decreasing potential. The
porphyrin band at 970 cm™ fully disappears at 0.9 Vrug, which is the same potential at which
it appeared. Similarly, the ammonia buffer bands disappear at 0.7 Vrue. This shows that all

processes are fully reversible.

The bands described above were observed only with p-polarized light. There are no potential
dependent changes in spectra measured with s-polarized light. Due to MSSR, only species in
solution are observed with s-polarized light. Therefore, all processes are related to surface

species.

I DFT calculation were performed by a theoretical group of prof. Andreas Gorling, FAU Erlangen-Niirnberg
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To determine the effect of solvent used during the porphyrin anchoring on the binding motif,
the same experimental procedure was repeated using ethanol as a solvent instead of DCM.
The same features as for DCM were identified in the spectra appearing at the same potentials.
An additional band appears at 1240 cm™ at 0.7 Vrue and it is also related to ammonia buffer.
Thus, the solvent does not affect the binding motif. However, the bands measured after
anchoring from ethanol have higher intensities than bands measured after anchoring from
DCM. Therefore, additional species co-adsorb to the surface during anchoring from DCM.
These species are partially blocking the adsorption sites resulting in lower MPTPP coverage
as well as lower ammonia protonation rate, and subsequently lower intensities of

corresponding bands.

In conclusion, this study showed that MPTPP anchor to Co?" terminated Co3O4(111) surface
in the form of chelating tridentate. The choice of the solvent (DCM or ethanol) during
anchoring does not affect the binding motif. However, a co-adsorption of additional species

from DCM blocks the adsorption sites and effectively decreases the porphyrin coverage.

4.7. |[P7] Direct fuel cell liquid organic hydrogen carriers: The
electrooxidation of cyclohexylethanol

Finally, we get to the last aspect of model catalysis, the reaction itself. The electrooxidation
of 1-cyclohexylethanol on Pt catalyst for a potential use as an electrochemically active liquid
organic hydrogen carrier (EC-LOHC). The key parameters of LOHC are the amount of
hydrogen, which can be stored in and released from the molecule (hydrogen density), and the
conditions under which the hydrogen is released. In this work, different possible reaction
paths of 1-cyclohexylethanol oxidation are considered with different products as shown in

Figure 4.18 and we determined which of them are realized during the reaction.

Firstly, the activity of different platinum single crystal catalysts towards the oxidation of 1-
cyclohexylethanol was studied by prof. Thiele’s group.’ CVs (Figure 4.19) of Pt(100),
Pt(110) and Pt(111) showed that the highest activity is reached with Pt(111) and the
maximum is reached at 0.37 Vrue. The activity of the other two surfaces is approximately
one order of magnitude lower. However, the activity quickly drops and the oxidation peak
shifts to higher potential during cycling. This might be caused by poisoning of the catalyst

surface.

¥ CV measurement were performed by group of prof. Simon Thiele, Helmholtz Institute Erlangen-Niirnberg
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Figure 4.18: Schematic visualization of possible reaction products. Adapted from ref. 194.
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Figure 4.19: CVs of low-index Pt single crystals in 0.1M HCIO4 + 0.02 M 1-cyclohexyl
ethanol. Adapted from ref. 194.

The products of the reaction were determined by EC-IRRAS. The spectra measured with s-
polarized light between 0.05 Vrug and 1.1 Vrug (Figure 4.20) showed formation bands at
1174 ecm™, 1199 cm™, 1259 ecm™, 1295 cm™!, 1359 cm™ and 1435 cm™'. The bands start to
appear at 0.3 Vrug, which is in perfect agreement with the onset potential of 0.27 Vrug
determined by CV. The similar features were observed with p-polarized light. Additional

band was detected at 1690 cm™!, which is overlapping with water-band region.
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Figure 4.20: ATR IR reference spectra of 1-cyclohexyl ethanol and possible products of its
dehydrogenation (top), potential dependent EC-IRRAS measured with s-polarized light
(bottom). Adapted from ref. 194.

Based on ATR reference spectra and DFT calculated spectra (calculated by prof. Gorling’s
group)””, we assign bands at 1174 cm™', 1259 cm™, 1259 ecm’!, 1359 cm™ and 1690 cm™ to the

formation of acetophenone. The bands have shoulders at 1259 cm™ and 1359 cm™!, which

** DFT calculation were performed by a theoretical group of prof. Andreas Gorling, FAU Erlangen-Niirnberg

64



indicate that a fraction of 1-cyclohexylethanone is also formed. The band at 1450 cm™ is
related to vibrations of a C-H bond and cannot be assigned easily to a single molecule.
Finally, the band at 1199 cm™ is assigned to an unknown decomposition product. The
presence of the acetophenone’s bands in both, s-polarized and p-polarized, spectra shows that

it desorbs from the surface and is present in the solution.

To reach a better understanding, a detailed EC-IRRA spectra were measured at 0.4 Vrug
(Figure 4.21) consisting of three cycles. In the first cycle, all bands were observed as
described above. However, in the second and third cycle, only bands at 1199 cm™ and 1259

cm™!

remain. This band is assigned to fragments of the molecules. This observation is in
agreement with CV measurements and support the hypothesis of a quick poisoning of the

Pt(111) surface.

0.4V, s-pol

} ARIR = 0.05%

acetophenone

T T T Ll 1
1800 1700 1600 1500 1400 1300 1200
Wavenumber [cm™]

Figure 4.21: Time evolution of EC-IRRAS bands measured with s-polarized light at 0.4 Vrug.
Adapted from ref. 194.

In summary, Pt(111) shows among the low-index Pt surfaces the highest activity towards 1-
cyclohexylethanol oxidation. Two products were identified — acetophenone and partially
oxidized 1-cyclohexylethanone. This shows that it is possible to dehydrogenate both
hydrogen storage functionalities — the cyclohexyl ring and the secondary alcohol
functionality. So far the reaction is limited by a quick deactivation of the catalyst caused by
decomposition of the molecule poisoning the surface. The major challenge will be to develop

highly selective catalysts, which prevent decomposition and deactivation.
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5. Summary

The thesis was conducted under the bilateral cotutelle agreement between the Charles
University in Prague and the Friedrich-Alexander-Universitdt Erlangen-Niirnberg. It
supported a long-lasting cooperation and transfer of knowledge between these institutions.
During this thesis, a new EC cell designed at FAU was successfully implemented into the
experimental setup at CU. The focus of this thesis lies on the model electrocatalytic studies of
metal and metal-oxide based catalysts for application in energy relevant reactions and
hydrogen economy. Due to the wide range of experimental methods, it was possible to
address different aspects of model electrocatalysis and demonstrate their applicability to
various (electro-)catalytic systems — namely Pt single crystal, Co304(111), Pt/Co304(111),
Pd/Co304(111), and ceria/Pt. The main findings of the individual studies are summarized as

follows:

1) Properties of Pt/Co304(111) in UHV: Pt forms on Co304(111) a highly dispersed
structure. The interaction between Pt and Co3O4(111) results in significant charge
transfer, which is also predicted by DFT calculations. The analysis of Bader charges
shows positive charge on Pt atoms at the metal-oxide interface. The atomically
dispersed Pt?* and Pt*" may substitute surface Co*" and sub-surface Co** ions,

t+

respectively. In the presence of water, Pt"" can be stabilized at FCC sites and form

triaqua complex suppressing the sub-surface substitution.

2) Properties of Pd/Co0304(111) in UHV: Analogically to Pt, Pd species on Co304(111)
are highly dispersed and undergo a substantial charge transfer with Co3O4(111). The
transferred charge in the substrate is delocalized over top two layers. SRPES
identified two main contribution, which correspond to atomically dispersed Pd**
species, and small Pd®" aggregates or PdsOx clusters. The depth profiling shows that
above mentioned Pd species forms up to 2 ML thick clusters on top of which metallic

Pd° nanoparticles grow.

3) Stability of Pd/Co0304(111) under humid and oxidizing conditions: After exposure
to oxygen, Pd nanoparticles oxidize and form PdO layer. The degree of oxidation
increases with increasing temperature. PdO is stable in the whole studied temperature

range between 300 and 700 K. However, it decomposes after annealing in UHV
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4)

5)

6)

7)

yielding metallic Pd’ nanoparticles above 500 K. The oxidiation to PdO is
accompanied by diffusion of Pd into Co304(111) and further Ir(100). Whereas the
diffusion into Co304(111) is reversible, the diffusion into Ir(100) is irreversible. The

exposure to humid environment does not affect Pd oxidation state.

Stability of supported Pd nanoparticles in electrochemical environment: In
contrast with Co3Os supported Pd, HOPG supported Pd forms metallic Pd°
hemispherical nanoparticles due to weaker electronic metal-support interaction.
Immersion of both types of Pd nanoparticles into alkaline electrolyte at potentials
between 0.5 Vrue and 1.1 Vruye has no major effect on their oxidation state. At
potentials between 1.3 and 1.5 Vrug, the formation of PdO is observed, which is more
pronounced on Pd/Co304(111) than on Pd/HOPG. PdO is reduced back to Pd® after

returning to initial potential of 0.5 Vrue.

Stability of ceria/Pt in electrochemical environment: This study demonstrated
structural effect on stability of ceria nanoislands in alkaline environment. Large
nanoislands with straight edges are stable at potentials between -0.05 Vrur and
0.9 Vrhee. On the other hand, small nanoislands with round edges are unstable and
undergo transition to amorphous ceria hydrate. Charge analysis in the CVs revealed
interesting behavior of H atoms adsorbed on Pt(111). These atoms reversibly diffuse
and intercalate at the Pt/ceria interface allowing to accommodate H also on the Pt

surface covered by ceria.

Anchoring of porphyrin to Co304(111): It 1is possible to anchor
monophosphatophenyl-triphenyl porphyrin (MPTPP) to Co304(111) from a solution.
MPTPP binds to the surface via phosphonic acid functionality to Co?* surface atom in
the form of chelating tridentate. The binding motif is stable in the potential range of
0.3 — 1.3 Vrue. The choice of solvent (dichloromethane or ethanol) has no effect on
binding motif. However, a co-adsorption of additional species was observed when
adsorbing from DCM. The co-adsorbed species are blocking the adsorption sites

resulting in lower porphyrin coverage than for adsorption from ethanol.

Electrooxidation of 1-cyclohexylethanol: Pt(111) shows in comparison with Pt(100)
and Pt(110) the highest activity towards the oxidation of 1-cyclohexyl ethanol with
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the onset potential of 0.3 Vrur . However, all three surfaces quickly deactivate due to
poisoning effect of decomposition products. EC-IRRAS identifies two products of 1-
cyclohexyl ethanol oxidation — acetophenone and 1-cyclohexyl ethanone. The
presence of acetophenone shows that it is possible to use and fully dehydrogenate two
hydrogen storage functionalities in one molecule — cyclohexyl ring and secondary
alcohol. However, finding a highly selective catalyst preventing the decomposition of
the product will be the key factor for a potential use of this molecule as an

electrochemically active liquid organic carrier (EC-LOHC).

In general, the presented model studies address different aspects of model electrocatalysis.
The main focus was on the properties and stability of metal-oxide catalysts combining the
noble metals (Pt, Pd) with reducible oxides (C0304, CeO2). The results demostrated a strong
impact of EMSI on the structural parameters of the supported metal nanoparticles, their
oxidation state and consequently their stability in the electrochemical environment and their
electrocatalytic properties. In addition, futher aspects of model electrocatalysis such as the
adsorption of molecules from a solution and the identification of products of electrochemical
reactions were studied. The presented findings clearly show the importance of model
electrocatalysis and its role in the design, development and optimization of novel highly

active and selective electrocatalysts.
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6. Zusammenfassung

Die Arbeit wurde im Rahmen des bilateralen Cotutelle-Abkommens zwischen der Karls-
Universitdt Prag und der Friedrich-Alexander-Universitit Erlangen-Niirnberg durchgefiihrt.
Dieses unterstiitzte eine langfristige Zusammenarbeit und den Wissenstransfer zwischen

diesen Institutionen.

Im Rahmen der Arbeit wurde eine neue, an der FAU entwickelte EC-Zelle erfolgreich in den
Versuchsautbau an der Karls-Universitit implementiert. Der Schwerpunkt dieser Arbeit liegt
auf elektrokatalytischen Modellstudien von Metall- und Metalloxid-basierten Katalysatoren
fiir die Anwendung in energierelevanten Reaktionen und der Wasserstoffwirtschaft. Dank des
breiten Spektrums an experimentellen Methoden konnten verschiedene Aspekte der
Modellelektrokatalyse behandelt und ihre Anwendbarkeit auf unterschiedliche katalytische
Systeme gezeigt werden - ndmlich Pt-Einkristalle, Co0304(111), Pt/ Co304(111),
Pd/Co304(111) und Ceroxid/Pt. Die wichtigsten Ergebnisse der einzelnen Studien lassen sich

wie folgt zusammenfassen:

1) Eigenschaften von Pt/Co304(111) im UHV: Pt bildet auf Co304(111) eine
hochdisperse Struktur. Die Wechselwirkung zwischen Pt und Co304(111) fiihrt zu
einem ausgepriagten Ladungstransfer, der auch durch DFT-Berechnungen
vorhergesagt wird. Die Analyse der Bader-Ladung zeigt eine positive Ladung der Pt-
Atome an der Metall-Oxid-Grenzfliche. Die atomar dispergierten Pt** und Pt*
Spezies kénnen die Co**-lonen an der Oberfliche bzw. die Co*'-Ionen unter der
Oberfliche ersetzen. In Gegenwart von Wasser kann Pt** an FCC-Stellen stabilisiert
werden und einen Triaqua-Komplex bilden, der die Substitution unter der Oberfliche

unterdrickt.

2) Eigenschaften von Pd/Co304(111) im UHV: Analog zu Pt sind die Pd-Spezies auf
Co0304(111) hochgradig dispergiert und erfahren einen deutlichen Ladungstransfer mit
Co304(111). Die iibertragene Ladung im Substrat ist tiber die beiden oberen Schichten
delokalisiert. Spektroskopisch wurden zwei Hauptbeitrage identifiziert, erstens atomar
dispergierte Pd**-Spezies und zweitens kleine Pd®"-Aggregate oder Pd4Ox-Cluster.
Die Tiefenprofilierung zeigt, dass die oben genannten Pd-Spezies bis zu 2 ML dicke

Cluster bilden, auf denen metallische Pd’-Nanopartikel wachsen.
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3)

4)

)

6)

Stabilitait von Pd/Co0304(111) unter oxidierenden Bedingungen und Wasser-
Atmosphere: Nach der Einwirkung von Sauerstoff oxidieren die Pd-Nanopartikel und
bilden eine PdO-Schicht. Der Grad der Oxidation nimmt mit steigender Temperatur
zu. PdO ist im gesamten untersuchten Temperaturbereich von 300 - 700 K stabil. Es
zersetzt sich jedoch nach dem Glilhen im UHYV, wobei oberhalb von 500 K
metallische Pd’-Nanopartikel entstehen. Die Oxidation zu PdO wird von der
Diffusion von Pd in Co304(111) und weiter in Ir(100) begleitet. Wahrend die
Diffusion in Co304(111) reversibel ist, ist die Diffusion in Ir(100) irreversibel. Die
Einwirkung einer Wasserdampfumgebung hat keinen FEinfluss auf den

Oxidationszustand von Pd.

Stabilitit der getriagerten Pd-Nanopartikel in elektrochemischer Umgebung: Im
Gegensatz zu Pd auf Co3Os-Substrate bildet Pd auf HOPG-Substrate aufgrund einer
schwicheren elektronischen Metall-Substrat-Wechselwirkung metallische
halbkugelférmige Pd’-Nanopartikel. Das Anlegen von Potentialen zwischen 0,5 Vrue
und 1,1 Vrurin einem alkalischen Elektrolyten (Phosphat Puffer, pH 10) hat auf den
Oxidationszustand beider Arten von Pd-Nanopartikeln keinen wesentlichen Einfluss.
Bei Potentialen von 1,3 - 1,5 Vrue beobachtet man die PdO-Bildung, die auf
Pd/Co304(111) stirker ausgeprégt ist als auf PdA/HOPG. PdO wird nach der Riickkehr

zum Anfangspotential von 0,5 Vrue wieder zu Pd reduziert.

Stabilitit von Ceroxid/Pt in elektrochemischer Umgebung: Es wurden die
strukturelle Auswirkungen auf die Stabilitdt von Ceroxid-Nanoinseln in alkalischer
Umgebung nachgewiesen. Grofle Nanoinseln mit geraden Kanten sind bei Potentialen
zwischen -0,05 Vrue und 0,9 Vrue stabil. Dagegen sind kleine Nanoinseln mit runden
Kanten instabil und gehen in amorphes Ceroxidhydrat {iber. Die Ladungsanalyse in
den CVs ergab ein interessantes Verhalten der auf Pt(111) adsorbierten H-Atome.

Diese Atome diffundieren reversibel und interkalieren an der Pt/Ceroxid-Grenzflache.

Verankerung eines Porphyrins auf Co304(111): Es st moglich,
Monophosphatophenyl-Triphenyl-Porphyrin (MPTPP) aus einer Losung auf
Co304(111) zu verankern. MPTPP bindet an die Oberfliche {iber eine
Phosphonsiurefunktionalitit an das Co?’-Oberflichenatom in Form eines
chelatbildenden Tridentats. Das Bindungsmotiv ist in einem Potentialbereich von 0,3 -

1,3 Vrue stabil. Die Wahl des Losungsmittels (Dichlormethan oder Ethanol) zur
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Verankerung hat keinen Einfluss auf das Bindungsmotiv. Allerdings wurde bei der
Adsorption aus DCM eine Koadsorption zusitzlicher Spezies beobachtet. Die
koadsorbierten Spezies blockieren die Adsorptionsstellen, was zu einer geringeren

Porphyrinbedeckung im Vergleich zur Adsorption aus Ethanol fiihrt.

7) Elektrooxidation von 1-Cyclohexylethanol: Pt(111) zeigt im Vergleich zu Pt(100)
und Pt(110) die hochste Aktivitidt bei der Oxidation von 1-Cyclohexylethanol mit
einem Onset-Potential von 0,3 Vgrue. Alle drei Oberflichen deaktivieren jedoch
schnell aufgrund von Katalysatorvergiftung durch Zersetzungsprodukte. Durch EC-
IRRAS wurden zwei Produkte der 1-Cyclohexylethanoloxidation - Acetophenon und
1-Cyclohexylethanon - identifiziert. Das Auftreten von Acetophenon zeigt, dass es
moglich ist, zwei Wasserstoffspeicherfunktionen in einem Molekiil — ndmlich der
Cyclohexylring und die sekuddre Alkoholfuktion - zu nutzen und vollstindig zu
oxydieren. Die Suche nach einem hochselektiven Katalysator, der die Zersetzung des
Produkts verhindert, wird jedoch der Schliisselschritt fiir eine potenzielle Verwendung
dieser Verbindung als elektrochemisch aktiver fliissiger organischer Wasserstofftrager

sein.

Zusammenfassend wurde eine Reihe von Modellstudien durchgefiihrt, die verschiedene
Aspekte der Modellelektrokatalyse behandeln. Der Schwerpunkt lag dabei auf den
Eigenschaften und der Stabilitdt von Metalloxid-Katalysatoren, die Edelmetalle (Pt, Pd) mit
reduzierbaren Oxiden (Co304, CeO2) kombinieren. Es konnte ein starker Einfluss der EMSI
auf die strukturellen Parameter der Metallnanopartikel, ithren Oxidationszustand und folglich
ihre Stabilitdt in elektrochemischer Umgebung, sowie ihre elektrokatalytischen Eigenschaften
nachweisen. Dariiber hinaus wurden Studien durchgefiihrt, die sich mit weiteren Aspekten
der Modellelektrokatalyse befassen: Die Adsorption von Molekiilen aus einer Losung und die
Identifizierung von Produkten elektrochemischer Reaktionen. Die vorgestellten Ergebnisse
zeigen deutlich die Bedeutung der Modellelektrokatalyse und ihre Rolle bei der Konzeption,

Entwicklung und Optimierung neuartiger hochaktiver und selektiver Elektrokatalysatoren.
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7. Z.aveér

Prace byla vypracovana v ramci bilateralni dohody cotutelle mezi Univerzitou Karlovou v

Praze a Univerzitou Friedricha Alexandra Erlangen-Niirnberg. Podpoftila tak dlouhodobou

spolupraci a pienos znalosti mezi témito institucemi. V ramci této prace byla Uspé$né

implementovana do experimentalniho uspofadani na UK nova elektrochemicka cela navrzena

na FAU. Prace se zamétuje na modelové studie katalyzatorti na bazi kova a oxidi kovii pro

pouziti v energeticky vyznamnych reakcich a vodikovém hospodaistvi. Diky Sirokému

spektru experimentalnich metod jsme se mohli zabyvat rliznymi aspekty modelové

elektrokatalyzy a prokéazat jejich pouzitelnost na riznych katalytickych systémech -

konkrétné na monokrystalu Pt, Co304(111), Pt/Co0304(111), Pd/Co304(111) a CeO,/Pt. Hlavni

poznatky jednotlivych studii Ize shrnout nasledovné:

1))

2)

3)

Vlastnosti Pt/Co304(111) v UHV: Pt nanocastice na Co304(111) jsou vysoce
dispergované. Interakce mezi Pt a Co304(111) vede ke znaénému pfenosu naboje,
ktery byl ptedpovézen i DFT vypocty. Analyza Baderova naboje ukazuje kladny naboj
na Pt ¢asticich na rozhrani kov-oxid. Atomarné rozptylené Pt** a Pt*" mohou nahradit
povrchové Co?" a podpovrchové Co®" ionty. V pfitomnosti vody se Pt*" mize
stabilizovat v FCC pozici a vytvafet triaqua komplex potlacujici podpovrchovou

substituci Co.

Vlastnosti Pd/Co304(111) v UHV: Analogicky k Pt nanocasticim, Pd tvofi na
Co304(111) vysoce disperzni strukturu a pozorujeme vyznamny pienos naboje.
Pfeneseny néboj je v substratu delokalizovan v hornich dvou monovrstvach.
Spektroskopicky jsme identifikovali dva hlavni ptispévky, které pfifazujeme atomarné
rozptylenym &asticim Pd** a malym agregatim Pd®" nebo klastriim Pd4Ox. Hloubkové
profilovani ukazuje, Ze vySe zminéné Castice Pd tvoti az 2 ML silné klastry, na jejichz

vrcholu rostou kovové nano¢astice Pd°.

Stabilita Pd/Co304(111) v oxida¢nich podminkach a za pritomnosti vody: Po
pusobeni kysliku nanoc¢éstice Pd oxiduji a vytvareji vrstvu PdO. Stupenn oxidace se
zvysuje s rostouci teplotou. PdO je stabilni v celém studovaném teplotnim rozsahu
300 - 700 K. Po Zihani nad 500 K v UHV se vSak rozklada za vzniku kovovych

nanocstic Pd’. Oxidace na PdO je doprovazena pronikanim Pd do Co3O4(111) a dale
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4)

5)

6)

7)

do Ir(100). Zatimco pronikani do Co3O4(111) je vratné, pronikani do Ir(100) je trvalé.

Ptitomnost vody nema vliv na oxidac¢ni stav Pd.

Stabilita nanocastic Pd v elektrochemickém prostiedi: Diky slabsi interkci mezi
kovem a substratem tvoii Pd na HOPG, narozdil od Pd na Co3;O4(111), polokulovité
nano¢astice Pd’. Ponofeni obou typli nano¢astic Pd do alkalického elektrolytu pfi
potencialech mezi 0,5 Vrur a 1,1 Vrur nema zadny zasadni vliv na jejich oxidacni
stav. Pfi potencidlech 1,3 - 1,5 Vrue pozorujeme tvorbu PdO, kterd je vyrazngjsi na
Pd/Co304(111) nez na PA/HOPG. Po navratu na pocatecni potencial 0,5 Vrur se PdO
redukuje zpét na Pd.

Stabilita CeO2/Pt v elektrochemickém prostiedi: Prokazali jsme strukturni vliv na
stabilitu ceroxidovych nanoostrivkl v alkalickém prostfedi. Velké nanoostravky s
rovnymi hranami jsou stabilni pfi potencidlech mezi -0,05 Vrue a 0,9 Vrue. Naproti
tomu malé nanoostriivky se zaoblenymi hranami jsou nestabilni a podléhaji ptechodu
na amorfni hydréat ceru. Nabojova analyza v CV odhalila zajimavé chovani atomti H
adsorbovanych na Pt(111). Tyto atomy reverzibiln¢ difunduji a interkaluji na rozhrani

Pt/CeO2, coz umoznuje akumulaci H 1 na povrchu Pt pokrytém ceroxidem.

Adsorpce porfyrinu na Co304(111): Monofosfatofenyl-trifenyl porfyrin (MPTPP)
je mozné z roztoku adsorbovat na Co304(111). MPTPP se vaze na povrch
prostiednictvim funkéni skupiny kyseliny fosfore¢né na povrchovy atom Co?" pomoci
tti vazeb Co-O. Vazebny motiv je stabilni v rozsahu potenciala 0,3 - 1,3 Vrug. Volba
rozpoustédla (dichlormethan nebo ethanol) nema na vazebny motiv vliv. Pfi adsorpci
z DCM jsme v8ak pozorovali koadsorpci dalSich molekul. Koadsorbované molekuly
blokuji adsorpéni mista, coZ ma za néasledek niZsi pokryti porfyrinu nez pti adsorpci z

ethanolu.

Elektrooxidace 1-cyklohexyletanolu: Pt(111) vykazuje ve srovnani s Pt(100) a
Pt(110) nejvyssi aktivitu vic¢i oxidaci 1-cyklohexylethanolu s onset potencidlem
0,3 Vrug . VSechny tii povrchy se vSak rychle deaktivuji v dasledku jejich otravy
molekulami vzniklymi rozpadem produktu. Pomoci EC-IRRAS jsme identifikovali
dva produkty oxidace 1-cyklohexylethanolu - acetofenon a 1-cyklohexylethanon.

Pfitomnost acetofenonu ukazuje, ze je mozné vyuzit a pln¢ dehydrogenovat dvé rizné
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funk¢ni skupiny v jedné molekule - cyklohexylové jadro a sekundarni alkohol.
Klicovym faktorem pro potencialni vyuziti této molekuly jako kapalného organického
nosice pro ptimé palivové ¢lanky (D-LOHC) vsak bude nalezeni vysoce selektivniho

katalyzatoru, ktery zabrani rozpadu produktu.

V této praci jsme piedstavili fadu modelovych studii, které se zabyvaji riznymi aspekty
modelové elektrokatalyzy. Hlavni pozornost byla vénovana vlastnostem a stabilité
katalyzatorii typu kov-oxid kombinujicich vzacné kovy (Pt, Pd) s redukovatelnymi oxidy
(C0304, Ce0O2). Ukazali jsme vliv EMSI na strukturni parametry kovovych nanocastic na
oxidovych susbstratech, jejich oxidacni stav a néasledné¢ jejich stabilitu v
elektrochemickém prostfedi a jejich elektrokatalytické vlastnosti. Déle jsme provedli
studie zabyvajici se dalSimi aspekty modelové elektrokatalyzy, kde jsme se vénovali
adsorpci organickych molekul a identifikaci produktt -elektrokatalytickych reakci.
Ptedlozené vysledky jasn¢ ukazuji vyznam modelové elektrokatalyzy a jeji ulohu pfii
navrhovani, vyvoji a optimalizaci vlastnosti novych vysoce aktivnich a selektivnich

elektrokatalyzatort.
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10. Abbreviations

ATR Attenuated total reflection
CU Charles University

(A% Cyclic voltammetry
DCM Dichloromethane

DFT Density function theory
DSSC Dye sensitized solar cell
EC Electrochemical

EC-IRRAS  Electrochemical infrared reflection absorption spectroscopy
EC-LOHC  Electrochemicall active liquid organic hydrogen carrier

EMSI Electronic metal-support interaction

FAU Friedriech-Alexander University Eralngen-Niirnberg
FC Fuel cell

FCC Face centered cubic

FTIR Fourier transformed infrared

HER Hydrogen evolution reaction

HOPG Highly ordered pyrolytic graphite

HT High temperature

IMFP Inelastic mean free path

IP Ton pump

IR Infrared

IRRAS Infrared reflection absorption spectroscopy
LEED Low energy electron diffraction

LOHC Liquid organic hydrogen carrier

LT Low temperature

LN> Liquid nitrogen

MCT Mercury-cadmium-telluride

MLE Monolayer equivalent

MPTPP Monophosphonatophenyltriphenyl porphirin
MSB Material Science Beamline

MSSR Metal-surface selection rule

NAP Near ambient pressure

ORR Oxygen reduction reaction

PEMFC Proton exchange membrane fuel cell

PTFE Polytetrafluorethylen (teflon)

PVD Physical vapor deposition

QCM Quartz crystal microbalance

QMS Quadrupole mass spectrometer

RES Renewable energy sources

RHE Reference hydrogen electrode

RPES Resonant photoemission spectroscopy

SP Scroll pump

SRPES Synchrotron radiation photoelectron spectroscopy
STM Scanning tunneling microscopy
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TMP Turbomolecular pump

UHV Ultrahigh vacuum

UPS Ultra-violet photoelectron spectroscopy
WGS Water gas shift

XPS X-ray photoelectron spectroscopy
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