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Abstract

Bridging the pressure gap between surface science studies and industrial pro-
cesses requires a combination of well-studied reactions, model systems as cata-
lysts, and advanced techniques capable of detecting structural changes under
realistic pressure conditions. Observations from such studies provide helpful in-
sight into the present phases of the gas-surface boundary and transitions that
happen during studied reactions.

This thesis utilizes operando X-ray absorption fine structure spectroscopy (XAFS)
to study ultra-thin oxide films supported on single crystals under realistic reac-
tion conditions. Grazing incidence geometry was used to probe only the topmost
few layers of our surface. Ultra-thin CoO, and FeO, on Pt(111) were studied
under ambient pressure exposure to CO and O, and CO oxidation conditions,
where XAFS analysis revealed structural changes of the oxide films, depending
on the gas atmosphere. Furthermore, the operando time-resolved measurements
of FeO,/Pt(111) indicate the involvement of the trilayer phase in CO oxidation.
The Sn/Pt surface alloys were studied during CO oxidation using GI-XANES,
revealing the formation of Sn(II) oxides on the Sn/Pt surfaces under CO ox-
idation conditions. The found oxide qualitatively agrees with the calculated
spectra of previously studied tin surface oxides. Refle-XAFS was used to study
chemical surface changes of industrial alloys and model electrodes in harsh elec-
trochemical environments, without being limited to thin samples. NiMo powder
catalysts were investigated in transmission mode Quick-XAFS, allowing almost
simultaneous data acquisition on both edges during the in situ sulfidation reac-
tion.

We have shown successful measurements in ambient pressure gas phase reaction
conditions and harsh electrochemical conditions in liquid. Combining GI-XAFS
with traditional surface science techniques such as low energy electron diffraction
(LEED), scanning tunneling microscopy (STM), X-ray photoelectron spectro-
scopy (XPS), and auger electron spectroscopy (AES) is shown to be a very
promising way begin to understand the structure of the catalyst before, during
and after the chemical reaction.
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Popular Summary in English

Considering the steep increase of the global electricity demand and oversatur-
ation of the electricity grid, the use of hydrogen as an energy carrier, and fuel
cells as means to produce electrical energy from said hydrogen would enable
faster electrification with renewable resources. One of the key processes for the
production of clean hydrogen fuel for the polymer electrolyte membrane fuel
cell (PEFC) is the preferential oxidation of carbon monoxide in excess hydrogen
(PROX). This is one of the many reason why oxidation of toxic carbon monoxide
(CO) to carbon dioxide (CO3) is a crucially important chemical process today.

Platinum is the most widely used and active catalyst for CO oxidation. However,
even though it is the most active, platinum has its own set of problems. The
most obvious problem is the price of platinum itself, followed by the availability,
cost, and complexity of platinum mining. On a more scientific side, platinum
catalysts are active in CO oxidation only at high temperatures, which means
they are energetically expensive. Platinum gets very easily poisoned by CO,
which significantly reduces the activity of the catalyst.

One of the goals of many worldwide is to find a cheaper catalyst that is readily
available in nature and has high activity towards CO oxidation in mild con-
ditions, which makes it automatically greener than a platinum catalyst. Since
catalysts are highly complex systems, mainly when employed in industrial pro-
cesses, scientists developed a simpler concept named model catalyst. Model
catalysts mimic realistic industrial catalysts and, therefore, allow for an in-
depth understanding of the atomic level of what is happening on the surface
during a chemical reaction. Simply put, we want to know what atoms do on,
and above the surface as the reaction occurs.

CO oxidation is a heterogeneous catalytic reaction meaning the reactant and the
catalyst are in different phases. Specifically, these phases are a solid material
(catalyst) and a gas (reactant). To shed light on the processes taking place
during such chemical reaction, we have to measure as the reaction occurs while
the catalyst is ”working.” Such measurement is called an operando measurement
for which we require operando techniques. Since we want to understand how
a new catalyst can be used in real life, we want to study changes occurring at
the surface under realistic conditions, meaning high pressures and temperatures.
Finally, we want to understand how the catalyst changes during the reaction and
what is its lifetime. For that, we need to perform time-resolved measurements.

This thesis primarily aims to understand the processes occurring during CO
oxidation at realistic conditions over several materials that were shown to be



promising catalysts for low-temperature CO oxidation. We have shown that it is
possible to adapt non-traditional X-ray techniques for surface science studies and
employ them in a time-resolved operando set up to gather chemical and struc-
tural information about our surfaces during realistic conditions. Furthermore,
we have shown that such a technique can also be used in liquid environments,
such as electrochemical cells, which opens up the doors for more exciting science,
hopefully driving catalytic innovations toward greener materials in processes in
gas environments and liquid ones.

xi



Populiarvetenskaplig sammanfattning pa svenska

Med kraftigt okad efterfragan pa el och Overbelastningen av elnétet, skulle
anviandningen av vite som energibédrare, och brénsleceller att producera elekt-
risk energi fran vitet mojliggéra snabbare elektrifiering med férnybara resurser.
En av nyckelprocesserna for framstéllning av rent vitebréinsle for polymerelekt-
rolytmembranbrénslecellen (PEFC) &r &r att kunna oxidera spar av kolmonoxid
i ett viitgasflode (PROX). Detta gor CO-oxidation, dér giftig kolmonoxid (CO)
oxideras med syre till koldioxid (COz), till en mycket viktig kemisk process i
dagens samhélle.

Platina &r den mest anvinda och mest aktiva katalysatorn fér CO-oxidation.
Men trots att den &dr den mest aktiva katalysatorn, har platina sina egna pro-
blem. Det mest uppenbara problemet dr priset pa sjilva platinan, foljt av
tillgéngligheten, kostnaden och komplexiteten for platinabrytning. Pa en mer
vetenskaplig niva ar platinakatalysatorer aktiva i CO-oxidation endast vid hoga
temperaturer, vilket innebér att de dr dyra i drift. Platina blir mycket latt bloc-
kerad av CO, vilket minskar katalysatorns aktivitet avsevért.

Ett av malen ar att hitta en billigare katalysator som &r ldttillgdnglig i naturen
och har hog aktivitet mot CO-oxidation under milda forhallanden, vilket auto-
matiskt skulle gbra den gronare dn en platinakatalysator. Eftersom katalysato-
rer ar mycket komplexa system, frimst ndr de anvinds i industriella processer,
utvecklade forskare en enklare model som kallas modellkatalysator. Modellka-
talysatorer liknar realistiska industriella katalysatorer och mojliggér darfor en
djupare forstaelse av vad som hinder pa ytan under en kemisk reaktion pa atom-
niva. Enkelt uttryckt vill vi veta vad som hinder med atomerna pa och ovanfor
ytan nér reaktionen sker.

CO-oxidation &r en heterogen katalytisk reaktion vilket betyder att reaktanten
och katalysatorn &r i olika faser. Specifikt #r dessa faser ett fast material (kataly-
sator) och en gas (reaktant). For att forsta de processer som dger rum under en
sadan kemisk reaktion maste vi méta nir reaktionen sker medan katalysatorn
drbetar”. En sadan mitning kallas en operando-métning for vilken vi kréaver
operando-tekniker. Eftersom vi vill forsta hur en ny katalysator kan anvéndas
i verkligheten, vill vi studera fordndringar som sker pa ytan under realistiska
forhallanden, det vill séiga hoga tryck och temperaturer. Slutligen vill vi férsta
hur katalysatorn foréndras under reaktionen och vad dess livslingd &r. For att
gora det behover vi utfora tidsupplosta métningar.

Denna avhandling syftar framst till att forsta de processer som sker under CO-
oxidation vid realistiska forhallanden 6ver flera material som visat sig vara lo-

xii



vande katalysatorer for CO oxidation vid lag temperatur. Vi har visat att det ar
mojligt att anpassa icke-traditionella rontgentekniker for ytvetenskapliga studi-
er och anvédnda dem i en tidsupplost operando uppséttning for att samla kemisk
och strukturell information om vara ytor under realistiska forhallanden. Dess-
utom har vi visat att en sadan teknik ocksa kan anvéndas i vitska, till exempel
elektrokemiska celler, vilket 6ppnar dorren for mer spiannande vetenskapliga stu-
dier.
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Doing something that nobody else has done before is actually quite hard.
— Dr. Ruben Rausing






Chapter 1

Introduction

Catalysts and catalysis have been an essential part of everyday life since the
beginning of human history. The first mention of a substance that sped up
the reaction was in 1552 by Valerius Cordus, who used sulfuric acid to catalyze
the conversion of alcohol to ether.! Later, Johan Wolfgang Dobereiner found
that when starch is dissolved in water, it ferments into alcohol.? Although these
processes have been observed and described in literature many years before, it
took until 1835 for this phenomenon to have a name. Jons Jakob Berzelius
named the process catalysis. The term was derived from the Greek word kata
meaning "down,” and the Greek word Ilyein, meaning ”loosen” .3

Out of many blooming discoveries that followed the ones already mentioned,
I would like to focus on Paul Sabatier and Jean-Baptiste Senderens, who dis-
covered catalytic hydrogenation which gave Sabatier a Nobel Prize in Chemistry
in 1912.% Hydrogenation of inorganic molecules (CO and COs) to hydrocarbons
has led to some of the most critical industrial processes: the Haber-Bosch ammo-
nia synthesis, the Fischer-Tropsch and methanation reactions, all petrochemical
processes involving hydrogenation/dehydrogenation, etc.*® The research done
by Sabatier and his students led to the discovery of nickel and platinum group
metals, both alone and supported, as incredibly active catalysts, especially for
hydrogenation reactions.

As we can see, catalysts are playing a crucial role in the development of the
world. Our society is battling an energy crisis, which means that the need to
reduce the carbon footprint is more significant than ever. Catalysts play a con-
siderable role in this battle since every industrial process includes a catalyst.
This leads to an ever-growing desire to make new and better catalysts. In or-



der to make new, better, and greener catalysts, one must first understand the
catalyst material to its core. In the past, catalyst materials were developed by
employing trial and error methods, which was very time and resource consum-
ing. The introduction of the "surface science approach” by Irving Langmuir
in 19226 provided a new pathway for studying elementary processes underlying
chemical reactions at surfaces. The surface science approach allows scientists to
gather a fundamental understanding of catalysis, which is then used to design
catalysts with specific properties perfectly tailored for each reaction they cata-
lyze.” Langmuir suggested that model systems, mainly well-characterized single
crystal surfaces, can be used in a highly controlled environments, such as ultra-
high vacuum systems (UHV), to study mentioned elementary processes. This
approach is widely used nowadays on various complex systems such as het-
erogeneous materials, nanoparticles, alloys, and oversimplified model systems
in UHV and in complex conditions: high pressures, high temperatures, liquid
environments, reaction conditions, etc.

The birth of new scientific ideas had to be followed by technological innovations.
The equipment availability during Langmuir’s time made it quite hard to achieve
UHV conditions, which, of course, limited the possibilities to study materials
in depth. However, the development of stainless steel vacuum hardware and
vacuum pumps in 1960 resulted in a rapid development of UHV technology,
which led to a fast growth of the field of surface science.®? In only 10 years
after UHV development, surface analysis techniques grew from non to more
than twenty.® It is still growing today with new technological developments and
research questions.

The importance of the surface science approach to the scientific community can
best be shown by the extensive amount of Nobel Prizes awarded in relation to
it. In 198110, Kai Siegbahn was awarded a Nobel Prize in Physics for ”his con-
tribution to the development of high-resolution electron spectroscopy,” making
X-ray spectroscopy suitable for surface science studies. In 1986, Gerd Binnig
and Heinrich Rohrer were awarded a Nobel Prize in Physics ”for their design
of scanning tunneling microscope”, which is today one of the most used ima-
ging techniques in surface science studies. We know today that experimental
and theoretical research complement each other and are necessary, especially
in surface science studies. Thanks to Walter Kohn ”for his development of the
density-functional theory” and John A. Pople ”for his development of compu-
tational methods in quantum chemistry” (Nobel Prize in Chemistry in 199812),
we can combine experiments and theory in our research and drive new ideas fur-
ther than ever before. Since in this work, and in the majority of surface science
research, we study chemical reactions on surfaces, it is mandatory to mention



Gerhard Ertl, who was awarded the Nobel Prize in Chemistry in 20073 ”for his
studies of chemical processes on solid surfaces”.

As previously mentioned, surface science is widely used to study catalyst materi-
als in detail. However, the complexity of industrial catalysts makes it quite hard
to perform fundamental surface science studies on them. A common approach
in surface science to combat the complexity of these systems and technological
limitations is to use model systems. Model systems are an over-simplified version
of complex industrial catalysts. They usually consist of a metal single crystal
surface and an active layer supported on the single crystal. There are many
other variations of model systems, depending on the research question at hand,
such as nanoparticles of active material dispersed on an inactive support. Model
systems are excellent for studying interactions between the active material and
the support, and for studying reactions on the surface in before mentioned UHV
or low pressure conditions. As one can notice, these mentioned conditions are
far away from the realistic reaction conditions that industrial catalysts are ex-
posed to. The discrepancy between real life conditions and research conditions
is called materials and pressure gap. To bridge the materials gap, surface scient-
ists have worked tirelessly over the past years to develop more complex model
systems such as polycrystalline samples and size-controlled nanoparticles. On
the other hand, instrumental development played a crucial role in bridging the
pressure gap. Today, we can achieve higher pressures in experimental setups
while still observing reactions on the surfaces of model systems, therefore slowly
bridging materials and pressure gaps.

1 Bridging the pressure gap with X-ray absorption
fine structure spectroscopy

As discussed previously, fundamental surface science experiments were limited
to UHV conditions. On the one hand, UHV conditions are highly beneficial since
they allow for detailed control of the sample surface and experimental conditions,
which is essential when studying fundamental properties of a material. On the
other hand, UHV conditions prevent experiments at realistic temperature and
pressure conditions. For instance, under UHV conditions, we may not be able to
observe certain reactions that occur at higher pressures, such as the adsorption
of gas molecules on a surface. This leads to a lack of understanding of reaction
mechanisms on material surfaces.

In UHV, the low density of particles in the vacuum chamber allows for an
atomically clean surface to be prepared and maintained for the duration of the



experiment. Electron and ion-based characterization techniques operated under
UHV conditions allow for studies without gas phase interference in the scatter-
ing events, which is quite useful to study fundamental properties of materials.
Some of the surface science techniques traditionally used under UHV conditions
are low energy electron diffraction (LEED), reflection high energy electron dif-
fraction (RHEED), scanning tunneling microscopy (STM), X-ray photoelectron
spectroscopy (XPS), near edge X-ray absorption fine structure (NEXAFS), sur-
face X-ray diffraction (SXRD), secondary ion mass spectrometry (SIMS) and
low energy ion scattering (LEIS). Since these techniques are traditionally used
in UHV conditions, they provide information about the sample before and after
a reaction, meaning they are used for ex-situ experiments. To study a sample
under high temperature and pressure conditions, i.e. realistic reaction conditions
and during the reaction itself, i.e. operando, experiments should be performed
outside of the UHV regime. In order to learn about structural changes of mater-
ials during a chemical reaction, as well as reaction mechanisms on the surface of
those materials, measurements at high pressures and temperatures, and in situ
and operando are necessary. Technological developments in recent years allow
for some UHV techniques to operate at elevated pressures, bridging the pressure
gap and allowing in situ studies of catalysts and their interaction with reactants,
shedding light on reaction mechanisms. Some of the UHV techniques adapted
to elevated pressures are ambient pressure X-ray photoelectron spectroscopy '
(AP-XPS) and high-pressure scanning tunneling microscopy !> (HP-STM).

AP-XPS, a technique widely used for characterizing the chemical states of ma-
terials in gases and liquids, operates in the mbar to bar pressure ranges. While
it is highly versatile and capable of providing information about almost all ele-
ments at the sample surface and in the gas or liquid phase, the information
about specific species is usually derived from the binding energy alone, provid-
ing only a nominal oxidation state. Understanding the pressure gradient near
the sample surface, a direct result of the photoelectron extraction mechanism,
is crucial as it imposes restrictions on the reaction conditions and the possible
reaction kinetics that can be probed. To complement possible findings using
AP-XPS and allow for measurements under a wider range of conditions, and to
probe reaction kinetics, we intended to use X-ray absorption fine structure spec-
troscopy (XAFS) under in situ and operando regimes. XAFS is a hard X-ray
technique, meaning it can be used at high pressures, higher than pressures al-
lowed for AP-XPS. This quality of XAFS allows for bridging the pressure gap by
studying model catalysts under realistic reaction conditions. Since XAFS allows
for measurements at harsh pressure and temperature conditions, while provid-
ing high signal-to-noise ration, it is possible to gain insight into the reaction
kinetics.



XAFS is a potent technique broadly applied to characterize in situ materials.
Measurements of the fine structure near the absorption edge (XANES - X-
ray near edge absorption fine structure spectroscopy) of an element provide a
chemical fingerprint, allowing for the identification of phases present, while the
analysis of the fine structure above the edge (EXAFS - extended X-ray absorp-
tion fine structure spectroscopy) provides information of the local structure and
bonds. 1618 Traditionally, XAFS is used for studying bulk materials due to hard
X-rays’ considerably high sampling depth, meaning that adaptation is needed
to serve as a surface science technique. Implementing grazing incidence geo-
metry and fluorescence detection allows for studying species exclusively found
at the material’s surface. This geometry provides sufficiently high signal-to-
noise ratios, which enable the characterization of structural changes and local
bonding environments for sub-monolayer oxide films serving as model systems
for catalytic reactions.

This work, utilizing grazing incidence XAFS (GI-XAFS), has successfully bridged
the pressure gap on various catalytic systems. In Paper I, we focus on in situ
observations of structural changes in monolayer cobalt oxides under ambient
pressure CO and O conditions. The practicality of this study lies in its ability
to identify the Co phases present and their transformations under oxidizing and
reducing conditions. This was achieved by measuring GI-XAFS during surface
exposure to gases at elevated temperatures. This study, to our knowledge, was
the first ever attempt to study monolayer oxide model systems using GI-XAF'S.
The results demonstrate the power of this technique in probing the structures
of well-defined oxide monolayers under realistic catalytic conditions but also
highlight its potential for real-world applications. The learning from the fist
attempt allowed us to improve our experimental setup, sample transfer and de-
tectors used, with the goal to achieve higher signal-to-noise ratio compare to
the first attempt, and to perform faster time resolved measurements. This was
done in Paper II, where we further utilized this technique in the operando re-
gime, studying the chemical state of iron during low-temperature CO oxidation
by FeO,/Pt(111). This was achieved by performing measurements in time re-
solved manner, which contributed to understanding the mechanism behind CO
oxidation over thin iron oxide films supported on platinum single crystal. The
results highlight the unique properties of monolayer FeO and the importance of
the Pt support in CO oxidation. The next step was to utilize GI-XAFS to un-
derstand the dynamic behavior of Pt/Sn surface alloys under ambient pressure
CO oxidation conditions, presented in Paper III. This means we extended the
use of GI-XAFS over ultra-thin oxides to much higher photon energies, which
presents its own challenges. However, this study can be seen as the first step
towards successful studying of PtSn fuel cell catalysts since results shed light on



the reactivity of this highly promising catalyst.

One of the challenges when studying electrochemical (EC) processes, where
chemical changes of interest take place at the surface of the electrode and at
the electrode-electrolyte interface, is the limitation of the techniques to be used
only ex-situ, due to the need for surface sensitivity. In Paper IV, we used
operando X-ray absorption spectroscopy in total external reflection geometry
(Refle-XAFS) with a simple and versatile EC flow cell. This study showed
that Refle-XAFS can be used in harsh electrochemical environments to study
chemical changes of industrial alloys and model electrodes.

To gain a better understanding of structural changes in a complex industrial
catalyst during a chemical reaction, it would be desirable to study multiple
elements almost simultaneously. This is made possible using Quick-EXAFS at
the ROCK beamline at SOLEIL synchrotron in France, which allows for fast
alternation between two absorption edges. In Paper V, we have used Quick-
EXAFS to study in-situ sulfidation of Ni- and Mo- based catalysts by following
the species’ oxidation state during the process. The edge-jump method and its
high temporal resolution made it possible to follow the transition from the oxide
precursor to the active sulfide phase while characterizing both the Mo and the
promoter metal. The light is also shed on the importance of the oxide support
in the sulfidation processes.



Chapter 2

Catalysis and Model systems

Since this thesis’s work is focused on catalysts and catalytic reactions, this
chapter will give a brief introduction to catalysis, how catalysts facilitate chem-
ical reactions, and model systems as catalysts. Finally, an overview of re-
search done on three model systems studied in this thesis (CoO,/Pt(111),
FeO,/Pt(111), and Pt/Sn alloys and oxides) in CO oxidation is given, as well as
an overview of the research done on an industrial system studied in this work,
the NiMo-based catalyst.

1 Catalysis

A catalyst is a substance which speeds up a chemical reaction, or causes milder
temperature and/or pressure conditions needed to start a reaction, without
being consumed itself, in a phenomena known as catalysis.'®

There are two types of catalysis: homogeneous and heterogeneous catalysis. In
homogeneous catalysis, the catalyst is in the same phase as the reactants. Some
examples of homogeneous catalysis are hydrolysis of esters by mineral acids or
alkalis, acid-catalyzed esterification and oxidation of ethylene to acetaldehyde
in the presence of palladium (II) chloride and copper (II) chloride as the cata-
lyst. In heterogeneous catalysis, the catalyst and the reactants are in different
phases. Most often, the catalyst is in a solid phase while the reactants are
either in a gas or liquid phase. One of the most famous heterogeneous catalytic
reactions is the Haber-Bosch process for production on ammonia. Here, the at-
mospheric nitrogen reacts with hydrogen, and is converted to ammonia using an
iron metal catalyst under high pressures and temperatures. Another very well



known heterogeneous catalytic reaction is the CO oxidation, where poisonous
carbon monoxide reacts with oxygen to carbon dioxide, using platinum metals
as catalysts.

When talking about a chemical reaction, one must think about thermodynamics
and kinetics of the reaction. Chemical thermodynamics dictates the direction of
a reaction and a ” =" symbol is used to indicate a thermodynamic equilibrium of
a reaction according to Le Chatelier’s principle.?’ This means that if a system at
an equilibrium state undergoes concentration, pressure, volume or temperature
changes, the system will readjust itself to partially counter the effect of the
said change, resulting in a new thermodynamic equilibrium. A thermodynamic
equilibrium for a given pressure and temperature will have smaller Gibbs free
energy, AG than that of any other state with the same pressure and temperature.
In the example of CO oxidation, the reaction would be written as:

CO—F%OQ = CO9 (2.1)

Reaction kinetics gives information about the rate at which the reaction takes
place, reaction’s mechanism and transition states. Potential energy diagram is
typically used to illustrate a reaction path and it is an excellent representation
of the work a catalyst does in a reaction. Potential energy diagram for CO oxid-
ation without a catalyst and over a Pt(111) catalyst surface is shown in Figure
2.1. The red line represents the energy needed to produce CO2 without a cata-
lyst, which is quite high, making the reaction very slow. With the introduction
of a catalyst into the reaction system, a new reaction path is created between
the reactants and the product, allowing for the reaction to proceed at a speed
several orders of magnitude higher than without a catalyst. Furthermore, it can
be seen that the Gibbs free energy, AG stays unchanged if the catalyst is used
since the catalyst does not affect the thermodynamic equilibrium, only reaction
kinetics.
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Figure 2.1: Schematic representation of a potential energy diagram for CO oxidation without a catalyst (red line) and
over Pt(111) catalyst surface (blue line) adapted from reference. '

1.1 Heterogeneous catalysis

As mentioned, reactants and catalysts are in different phases in heterogeneous
catalysis. The catalyst is always a solid material, while the reactants are either
in gas or liquid phase. In heterogeneous catalysis, the reaction usually takes
place at the surface of a material, which means that a high surface area of a
catalytic material is desirable.

A reaction mechanism is a sequence of elementary reactions which build an
overall chemical reaction.?! A commonly invoked reaction mechanism is called
the Langmuir-Hinshelwood mechanism, which can be described by the follow-
ing steps: adsorption, diffusion, dissociation, recombination, and desorption.
Adsorption. There are two kinds of adsorption, physisorption and chemisorp-
tion, depending on the strength of the bonds between the adsorbate and the
surface. Weaker interactions, such as Van der Waals forces, result in physisorp-
tion and typically this type of adsorption does not include a chemical reaction.
Chemisorption occurs when a chemical bond forms between an adsorbate and
the surface; hence, a chemical reaction occurs on the surface of a material. The
illustration of a potential energy diagram for physisorption and chemisorption is
shown in Figure 2.2a. After a molecule has been adsorbed on the surface, it will
potentially dissociate into atoms or smaller molecules and diffuse around the sur-
face. Diffusion. Surface diffusion is the movement of atoms and molecules on
a solid surface between available absorption sites. It is usually thermally driven,
meaning the diffusion rate increases with temperature. Figure 2.2b illustrates a
potential energy diagram for a diffusion process of an adsorbate between avail-
able absorption sites on a surface. Recombination Recombination is a process
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in which the adsorbed molecules diffuse on the surface until they react with each
other, forming a product. The final step is the desorption of a product from a
catalyst surface. Desorption. Desorption is a process opposite of adsorption.
This process removes freshly formed products from a catalyst surface and frees
up space for new adsorbates on the surface.
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Figure 2.2: a) lllustration of a one-dimensional potential energy diagram for physisorption and chemisorption. b)
Illustration of a potential energy diagram for a diffusion process of an adsorbate between available adsorption
sites on a surface.

There are three known reaction mechanisms in heterogeneous catalysis: the
Langmuir-Hinshelwood, the Eley-Rideal, and the Mars-van Krevelen type re-
action mechanism. As already mentioned, in the Langmuir-Hinshelwood type
mechanism, both reactants are first chemisorbed on the surface of the catalyst
where the reaction will take place, and finally, the product will desorb from
the surface back into the gas phase. For example, when CO oxidation is cata-
lyzed over Pt(111) metallic surface??, it follows this type of mechanism. In
the Eley-Rideal type mechanism, one reactant is chemisorbed on the surface of
a catalyst while the other reactant is in the gas phase. Finally, in the Mars-
van Krevelen type mechanism, the reactants adsorb on the surface of an oxide
catalyst, where they react with oxygen from the surface layer. It has been repor-
ted that CO oxidation over RuO52? and PdO?2* follows the Mars-van Krevelen
type mechanism. Schematic representations of all three reaction mechanisms in
heterogeneous catalysis are shown in Figure 2.3.
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Figure 2.3: Schematic representations of all three reaction mechanisms in heterogeneous catalysis: a)
Langmuir-Hinshelwood type mechanism, b) Eley-Rideal type mechanism and c) Mars-van Krevelen type
mechanism.

2 Model catalysts

Industrial catalysts are highly complex systems with many facets and interfaces
in one material. In this work, we aim to study fundamental processes on sim-
plified materials. These materials are called model catalysts, and they intend to
mimic certain facets of complex industrial catalysts. Model catalysts studied in
this thesis are ultra-thin oxides supported on Pt(111) single crystals.

Single crystals are materials in which the crystal lattice is made of uninterrupted
repetition of the unit cell in all three dimensions.?® The surface of a single
crystal corresponds to a specific crystal plane, which depends on the orientation
in which the bulk crystal is truncated. Different orientations within a crystal
are distinguished by the so-called Miller indices - h, k, I. In surface science,
Miller indices are used to identify the lattice plane along which a crystal is cut
to obtain a specific (hkl) surface. When an FCC metal is cut in a way that the
surface plane intersects the lattice vectors (H , a_>2, a_>3) at the same value, a
(111) surface is exposed. Figure 2.4 a and b, show an example of how to obtain
a low index surface with (111) orientation, and an illustration of a platinum
(111) surface plane, respectively.

' Pt(111) top view

Pt(111) side view

|

(111)

Figure 2.4: lllustration of a) (111) low index crystal planes of FCC unit cell, b) top and side view of platinum
(111)surface plane.

13



Oxides play important roles in chemical processes, which makes them an inter-
esting substances to study. Surface science studies of well-defined oxide films
are becoming popular, since they provide a pathway to study a complex role
of an oxide in a chemical reaction, in a simplified manner. Supported oxides
can provide knowledge about the oxide itself and its role in a chemical reac-
tion, as well as knowledge about the interactions between the oxide and the
metal. Supported oxides can be found in several forms as model catalysts, such
as metal nanoparticles on oxide supports, ultra-thin oxide films supported on
metal single crystals, and native oxide films on metals. In this thesis, we focus on
ultra-thin oxide films supported on metal single crystals as they are promising
model systems to study oxides as surface materials in catalytic reactions. By
placing the oxide layer on top of a metal surface, an approach is created where
interfacial sites can be controlled, reaction mechanisms on the oxide and/or the
metal-oxide interface can be studied, and stability, activity and selectivity of
the catalytically active material can be studied and improved. 26

Ultra-thin oxide films have been extensively grown on Pt(111) single crystals
in the past years. The (111) surface of platinum is a widely used substrate in
fundamental catalytic studies mainly due to its close packed structure, which
provides high stability in possible adsorption-induced surface reconstructions.??

2.1 CoO, on Pt(111)

Many studies have shown an increased catalytic activity of oxide-metal mixed
catalysts due to the role of the oxide-metal interface.?®*38 A combination of
platinum (Pt) metal and cobalt oxides received quite a bit of attention due
to its high catalytic activity towards low temperature CO oxidation.3%4 The
main advantage of cobalt oxides, when combined with platinum, is blocking the
CO poisoning of the surface, which is what happens on bare platinum catalysts.
However, the deactivation of the cobalt oxide catalysts can take place due to wa-
ter dissociation to form hydroxyls.4! The reaction pathway of CO oxidation over
cobalt oxide-platinum catalysts will depend on many parameters, such as the
sample temperature, CO/Oz ratio, structure of the catalyst, etc.4? Therefore,
it is important to mention that cobalt oxide-platinum catalysts come in many
shapes and forms, such as Pt nanoparticles encapsulated in cobalt oxides, 3443
and atomically coupled Pt nanoparticles with single-crystal CoO nanorods. 44

Since the addition of cobalt oxides to platinum shows great potential as catalysts
for CO oxidation, it is essential to study and understand the mechanisms under-
lying this activity. For this purpose, using model systems and a surface science
approach is inevitable. The model system for this purpose is a sub-monolayer
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cobalt oxide thin film supported on a platinum (111) surface. In this system, co-
balt oxide is the surface material, completely exposed to the reaction conditions.
This configuration of a model catalyst allows for studies of structural changes of
the oxide, role of the oxide in the reaction, and role of the oxide-metal interface
in the enhanced activity of the catalyst.

Sub-monolayer cobalt oxide thin films are grown on Pt(111) by reactive depos-
ition of metallic Co in an oxygen atmosphere, resulting in hexagonal bilayer films
with lattice spacing of 3.13A and buckling of Co atoms (shown in Figure 2.5,
left). CoO thin films exhibit structural changes when exposed to reducing and
oxidizing conditions in high vacuum. Specifically, the CoO bilayer transforms
into CoOy trilayer upon oxygen exposure?®46, shown in Figure 2.5, right. Ex-
tensive studies on cobalt oxide thin films on platinum support in CO oxidation
give insight into the mechanisms taking place during the reaction. Fester et al.*6
performed an ex-situ study on CoO,/Pt(111) in CO oxidation. STM and XPS
studies revealed that bilayer CoO structures facilitate CO oxidation at lower
temperatures when compared to fully oxidized CoQOs trilayers. Furthermore,
Kersell et al.! performed an operando investigation on such model systems at
room temperature (RT) and in the mTorr pressure range. They used AP-XPS
as the main technique in their research, combined with HP-STM and dens-
ity functional theory (DFT) calculations. They found partially oxidized CoO
surfaces to be highly active for CO oxidation at RT, while surfaces lacking O
vacancies had significantly lower activity towards COs formation. Furthermore,
they observed poisoning of the catalyst by carbonate formation when edges of
CoO islands were exposed, thus further reducing the activity. This study gave
valuable input into the mechanisms of CO oxidation on sub-monolayer CoO
films on Pt(111). However, the study was performed under low pressures and
at RT, making it very different from realistic CO oxidation conditions.

To understand the contributions of various CoO phases on Pt(111) during such
a catalytic process, steps toward bridging the before mentioned pressure gap
are necessary. For this, it is necessary to study CoO,/Pt(111) using in situ
measurements at realistic temperatures and pressures. In Paper I, we exposed
single-layer CoO,, islands supported on Pt(111) to CO, Oz and 1:1 CO/O2 mix-
ture at 1 bar total pressure, at several elevated temperatures. By measuring Co
K-edge XAFS spectra, we were able to follow changes in the chemical state and
local structure of such films under ambient-pressure CO oxidation conditions.*”
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Figure 2.5: Top and side views of CoO bilayer structure (left) and CoOs trilayer structure (right, indicated by circle),
after optimization with DFT.

2.2 FeO, on Pt(111)

In catalysis, and especially in CO oxidation, iron oxide species were shown to be
excellent promoters for Pt-based catalysts, which struggle with high catalytic
activity at low temperatures.?® There are many types of Pt-FeO catalysts, such
as iron oxide-supported Pt nanoparticles, hybrid Fe(OH)-Pt NPs, single-atom
Pt or Fe species?®Y and ultra-thin iron oxides on Pt single crystal supports.
A well studied model system is Pt/Fe3O,4, which exhibits strong metal-support
interactions between the Pt particles and the oxide support. When annealed in
vacuum, Pt particles become encapsulated by a FeO(111) monolayer film which
seems to be driven by the high adhesion energy between Pt and iron oxides.?!:52
Since this thesis aims to study ultra-thin oxide films as surface materials and
their structural changes under ambient pressure conditions, the focus in on a
ultra-thin iron oxide films supported on Pt(111) single crystals.

A thin film of bilayer FeO grown on Pt(111) single crystal was first described
by Vurens et al.?® in 1988. When FeO is deposited onto Pt(111) substrate,
iron metal binds quite strongly to the platinum surface, exhibiting a hexagonal
boron nitride-type structure with oxygen atoms buckled away from the sur-
face.54 56 This is shown in a model on the left-hand side of Figure 2.6. The
lattice constant of FeO(111) (3.1A) is around 12% larger than the lattice con-
stant of Pt(111) (2.77A), and a lattice mismatch between the two results in
a characteristic moiré pattern observed both in the ball model and the LEED
pattern (Figure 2.6 middle and right, respectively). It was shown by Sun et
al.?"8 that under oxygen-rich conditions, FeO film oxidizes to a trilayer FeOo
phase with an additional oxygen layer intercalated between platinum support
and iron layer (Figure 2.6, middle). The trilayer FeOo film was characterized
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by Johansson et al.’ using XPS and LEED. They found that the FeO, also
exhibits a moiré pattern, thus having an overall similar structure to the FeO

bilayer. Upon subsequent CO exposure, the FeOs trilayer reduces back to the
FeO bilayer. 606!

The activity of FeO,/Pt(111) in oxidizing and reducing conditions, coupled with
previous studies of iron oxides in CO oxidation, drives the desire to understand-
ing the mechanism behind these processes on iron oxide thin films. Exposure of
the ’bilayer’ FeO phase on Pt(111) to CO/O2 mixture revealed the activity of
FeO,/Pt(111) in CO oxidation at 450 K, the temperature at which pure plat-
inum is inactive, and proposed high activity of the film due to contributions of
oxygen from the FeOs trilayer in oxidation of CO to COg. Therefore, the low-
temperature CO oxidation activity of FeO,/Pt(111) is suggested to follow the
Mars-van Krevelen type mechanism where CO reacts directly with oxygen from
the trilayer film. So far, the evidence for this is provided by a combination of
ex-situ characterization and near ambient pressure reactivity measurements. 52

At around the same time, Fu et al.®® studied CO oxidation over FeO islands
on Pt(111) under UHV conditions. Saturation of the surface with CO, followed
by Oz exposure, led to the speedy conversion of CO to COg, a process not
observed on pure Pt catalysts. The reaction rate was shown to be higher for
smaller FeO islands compared to the bigger ones, which led to the conclusion
that possibly edge sites of the Fe-terminated islands enable Oy adsorption even
when Pt surface is blocked by CO.

Years later, Zhang et al.%* used DFT calculations and STM imaging of oxidized

FeO films to study successive exposure to increasing doses of CO on the surface.
Their findings suggested that the reaction occurs at the FeO/FeOs boundary,
which is suggested to form under reaction conditions. DFT calculations iden-
tified the presence of reactive oxygen at said boundaries. Therefore, the group
identified the trilayer FeOy phase as the crucial source of oxygen for the low
temperature CO oxidation.

As it can be seen, there are different proposed mechanisms for CO oxidation
over FeO,/Pt(111). For a direct correlation between catalytic activity and FeO
present phases, it is desirable to characterize the films during the reaction. So
far, any evidence supporting the involvement of the trilayer phase has been
provided solely by ex-situ measurements. With the motivation to gain a better
understanding of the iron oxide phases present under CO oxidation conditions,
Paper IT focuses on operando XANES at the Fe K-edge to characterize present
FeO, phases on Pt(111) under CO oxidation conditions.
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Figure 2.6: Top and side views of FeO bilayer structure (left) and FeOs trilayer structure (middle, indicated by circle).
LEED pattern of FeO/Pt(111) (right).

2.3 Platinum-tin surface alloys

Pt3Sn catalyst was shown to exhibit high catalytic activity for many reactions,
such as alcohol electro-oxidation, %> 67 preferential CO oxidation (PROX) in
H,,%59 and low temperature CO oxidation,” 7 where the promoting effect
of Sn was attributed to electronic ligand effects. ™ Michalak et al.” performed
an AP-XPS study, which revealed Sn oxide phase formation during CO ox-
idation over silica supported PtSn nanoparticles. This study suggested that
the CO oxidation occurs at the interface between Pt and SnO, domains, fol-
lowing a Mars-van Krevelen mechanism. Furthermore, it was experimentally
and theoretically shown that CO binds less strongly to PtSn alloys then to
bare Pt, indicating lower CO adsorption on the catalyst surface during reaction
conditions, significantly reducing CO poisoning of the platinum. Furthermore,
Axnanda et al.”!, exposed Sn(II) oxide grown on Pt(111) to CO, and found
the correlation of the Sn(II) state and low-temperature CO oxidation activity.
Their study also suggests that samples with lower oxide coverage, and therefore
presumably higher specific edge densities, exhibited higher activity. The 2+
oxidation state of Sn has been suggested to be particularly important in the
enhanced low-temperature CO oxidation activity of these catalysts.”! However,
the lack of spectroscopic evidence of the existence of the Sn 2+ phase keeps the
reaction mechanism unclear.

For catalytic reactions over reducible oxides, the incorporation and release of
oxygen at the oxide-metal boundary is of great importance. It was reported
that the less oxidized, (4 x 4) phase of tin oxide rapidly oxidizes to a (2 x 2n)
phase under oxygen atmosphere, and it is equally easily reduced back under
CO atmosphere. This transition is considered to be a potential explanation for
the low temperature CO oxidation activity of platinum-tin. In order to shed a
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light on the CO oxidation reaction mechanism over Sn/Pt surface alloys, it is
desirable to study them in operando, at realistic reaction conditions.

With this motivation, Paper III focuses on studies of Sn/Pt surface alloys in
CO oxidation using GI-XANES. We show the formation of surface oxides during
the exposure of the sample to 1:1 CO:02 mixture at 50 mbar and elevated
temperatures.

2.4 NiMo-based oxides

The transition from fossil-based fuels to alternative feedstock, such as biofuels,
is necessary to reach a net/zero carbon footprint. Fossil-based fuels are pro-
duced with hydrotreatment processes, such as hydrodesulfurization (HDS) for
the reduction of sulfur and hydrodenitrogenation (HDN) for the reduction of ni-
trogen. The main difference between the alternative feedstock and fossil-based
fuels is the biofuel’s high oxygen content, which must be reduced to produce
high quality fuels.

Molybdenum (Mo) is a well established catalyst for the hydrotreatment pro-
cesses, and it is widely used in the petrochemical industry””. Mo-based cata-
lysts are highly efficient in the hydrodeoxygenation (HDO) reaction for biomass,
which makes them promising candidates for catalytic hydrotreatment of biomass
instead of Pd and Pt catalysts, which are expensive and tend to be poisoned
by sulphur”®. The precursor for the Mo-based catalyst is the Mo oxide, which
transforms into the active compound, Mo sulfide, when exposed to the sulfur
containing feed-stock. In the slow change towards biofuels, some refineries today
co-feed traditional fossil-based feedstock with the bio-based feedstock, making
the environment in which the active Mo sulfide is produced much more oxidat-
ive, which in turn changes the sulfidation conditions and may result in a less
active catalyst. Furthermore, the sulfidation into the active Mo sulfide strongly
depends on the oxidation state and structure of the Mo oxide, where MoO3 was
shown to be more facile when compared to MoQOs.

Investigations on this catalytic system show that the active phase is the single-
layer MoS, nanoclusters, whose edges are the active sites.” 8! These active
sites are linked to sulfur vacancies, which are responsible for creating reactive
coordinated unsaturated sites (CUS) at the edges of the islands. Further im-
provement of the catalytic activity may be achieved by the addition of metal
promoters, where the most popular options are Ni and Co. Specifically for the
HDO processes, Ni has been the most effective candidate.?? 8% The role of Ni
promoter is to donate electrons to Mo. Donated electrons will then weaken the
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bond to the sulfur, creating more CUS sites. The Ni:Mo ratio in a catalyst
strongly affects its activity, and it is an important component to keep in mind
when designing a catalyst for hydrotreating processes.

Another important parameter in the activity of Mo-based catalysts is the cata-
lyst support, which will determine the size of the active MoS, islands.?® Even
though the most common support for such catalysts is the AloOgs, whose -
phase®0 has a high surface area, a promising support is the §-Al,038788 with
its large pores, which may serve as an advantage in some hydrotreating pro-
cesses. Si09 has also been studies as the possible support in order to further
investigate the importance of the support-catalyst interactions.

Nickel and molybdenum based oxides were studied using XAFS as a part of this
thesis, the results of this study are shown in Paper V. Catalysts studied in this
project are industrial NiMo-based catalysts supported on 6-Al,O3 and SiOs, as
well as pure Ni and Mo metals supported on 5-AlyOs3.
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Chapter 3

Experimental Methods

This section will describe principles of ultra-thin film preparation, delicate sample
transfer and three different measurements modes used in this work.

1 Sample preparation

Pt(111) supported ultra-thin films studied in this thesis are CoO,, FeO, and
Sn/Pt surface alloys. All samples were prepared in UHV chambers with the base
pressure in 107'° mbar range, equipped with LEED, or RHEED optics. Figure
3.1 shows front and back views of the UHV system based at Malmé University
in Malmo, Sweden.

Ultra-thin oxide films were prepared by reactive deposition of desired metal from
an electron-beam evaporator in oxygen atmosphere. Sn/Pt alloys were prepared
by electron-beam evaporation of the tin onto the platinum surface. Evapora-
tion rate was determined using a quartz crystal microbalance (QCM) and the
desired surface structure was confirmed by LEED or RHEED, depending on the
sample and the UHV system used. Another UHV chamber was available for use
in this work, and it is located at the Physics department at Lund University
in Lund, Sweden. This UHV chamber is equipped with LEED, auger electron
spectroscopy (AES) and STM. Prepared samples were transferred to this cham-
ber using the vacuum suitcase to preserve the environment around the sample.
AES was used to estimate the amount of metal and oxide on the surface of the
material, and to confirm there were no contaminations on the surface. STM was
used to confirm the morphology of the thin films.
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Figure 3.1: Front and back views of the UHV system at Malmo University in Malmd, Sweden.

2 Sample transfer

Ultra-thin film samples are prepared in an UHV chamber to control the structure
of the film and to keep obtained structure pure. Since we aim to bridge the
pressure gap and perform measurements outside of the UHV regime, we must
take the sample out of the UHV chamber and load it into the appropriate
environmental cell.

Taking the sample out of the UHV into the air exposes carefully grown ultra-thin
film to many contaminants, which may adsorb on the surface and perhaps react
with the film, resulting in changed surface structure. Therefore, it is desirable
to transfer the sample in as clean as atmosphere as possible. An instrument
allowing for that is called a vacuum suitcase. It can be seen on Figure 3.1a,
that the vacuum suitcase is mounted to the load lock of the UHV system. The
vacuum system has a getter pump which allows for the vacuum to be preserved
even when the suitcase is disconnected from the UHV system.

Once the sample is ready, it is transferred to the vacuum suitcase and the valve
between the suitcase and the load lock is closed. Then, the vacuum suitcase
is disconnected from the system, and the sample is preserved in vacuum and
ready for transfer to the beamline. Several things are required at the beamline
for successful sample transfer from the vacuum suitcase to the environmental
cell. A pumping station, with the vacuum suitcase attached to it as well as a
small chamber are used to preserve the vacuum environment during the transfer
between the suitcase and the small chamber. This is shown in Figure 3.2a. Once
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the pressure in the small chamber and the pumping station is satisfactory, the
valve to the vacuum suitcase can be opened. Then, the sample is transferred
from the vacuum suitcase to the small chamber by the use of both transfer arms.
When the sample is secured in the small chamber, the valve between the small
chamber and the pumping station must be closed in order for the small chamber
to be disconnected from the system. The next step in the transfer process is
to load the small chamber and the environmental cell into the glove box. The
glove box is filled with argon gas, keeping water and oxygen concentrations lower
than 1 ppm. In the glove box, the small chamber is opened and the sample is
carefully mounted on top of the heater in the environmental cell. Figure 3.2b,
¢ and d show mounting of the sample and the final result when the sample is
secured in the environmental cell. Before the cell is taken out of the glove box,
a graphite dome is mounted on top of the cell. The dome preserves the argon
atmosphere inside the cell until the cell is connected to gas lines with He flow
at the beamline end-station.

Vacuum
suitcase

Pumping
station

B Sm:
chamber

Environmental
cell

Figure 3.2: Transfer procedure using vacuum suitcase: a) pumping station with a vacuum suitcase and the small
chamber. b) Small chamber with the sample, positioned in the glove box. c) Mounting of the in the
environmental cell, graphite dome omitted. c) The sample mounted on top of the heater in the
environmental cell, graphite dome omitted.
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3 Fluorescence XAFS measurements

Fluorescence XAFS measurements in this work were performed at two different
beamlines. Fluorescence XAFS on ultra-thin CoO,/Pt(111) was measured at
P64 beamline at PETRA IIT in Hamburg, Germany, while fluorescence XAFS
on ultra-thin FeO,/Pt(111) and on the Sn/Pt surface alloys were measured at
the Balder beamline, at MAX IV synchrotron in Lund, Sweden.

Our first measurements of GI-XAF'S were performed on the ultra-thin CoO,/Pt(111)
catalyst. The experimental set up we used for these measurements is shown in
Figure 3.3a. Here, an environmental cell with a beryllium dome is mounted, and
sample alignment in the beam, as well as adjustment of the incidence angle are
performed. Heating of the sample is done using a pyrolytic graphite/pyrolytic
boron nitride heater, and the temperature is measured using a thermocouple
mounted at the back of the crystal. The cell is connected to gas inlet and
outlet lines which are used to flow inert gas, such as helium, to preserve as neut-
ral environment as possible before the experiment begins, and to flow reaction
gasses during the experiment. The passivated implanted planar silicon (PIPS)
fluorescence detector is positioned in front of the dome.

Fluorescence GI-XAFS on ultra-thin FeO,/Pt(111) and on the Sn/Pt surface
alloys was measured at the Balder beamline, at MAX IV synchrotron in Lund,
Sweden, whose experimental set up is shown in Figure 3.3b and c. The same cell
is used as in the previous measurements, as well as the mounting procedures.
Once the sample is aligned in the beam, reactive gases are flown thorough the
cell, the temperature of the sample is increased and XAFS measurements are
performed using a germanium detector positioned in front of the dome.
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Figure 3.3: a) Fluorescence GI-XAFS experimental setup at the P64 beamline, at PETRA Ill, Hamburg, Germany. b)-c)
Fluorescence GI-XAFS experimental setup at the Balder beamline, MAX IV, Lund, Sweden.)
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4 Transmission XAFS measurements

Transmission mode of XAFS is used when it is possible for the X-ray to pass
through the whole sample. One of the sample types measured in the transmis-
sion mode is a powder catalyst. In Paper V, NiMo based catalysts in powder
form were studied in sulfidation reaction with transmission XAFS.

For this specific in situ transmission XAFS measurement, the catalyst is ground
to a powder and loaded into a quartz capillary. The quartz capillary is then
placed into a flow reactor cell, a thermocouple to measure the temperature is
inserted into the capillary, and inlet and outlet gas lines are connected. At the
beamline end-station, the reaction cell is places in front on the first ion chamber,
and a hot air gun used for heating up the sample is placed under the cell. A
mass spectrometer is installed at the outlet of the gas line to verify flow of the
correct gases through the cell and to record the times at which gas changes
occurred.

In this work, transmission XAFS measurements were performed at the ROCK
beamline at Synchrotron SOLEIL in France. The Quick-XAS setup, character-
istic for this beamline, allows for rapid jumps between two absorption edges due
to two independent sets of monochromators and ion chambers. Figure 3.4 shows
the experimental set up at the ROCK beamline.
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Figure 3.4: Transmission Quick-XAFS experimental set up at ROCK beamline at SOLEIL synchrotron in France.
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5 Refle-XAFS measurements

Refle-XAFS is a mode of XAFS measurements where the intensity of the totally
reflected beam is measured as a function of the incident beam energy. %3 Here,
the sample is a mirror polished surface, and the incidence angle is set below
the critical angle for total external reflection.?® In Paper IV, we have used
operando Refle-XAFS at P64 beamline at PETRA III in Hamburg, Germany,
to study chemical surface changes of industrial alloys and model electrodes in
harsh electrochemical environments.

For this purpose, hat shaped samples were mirror polished and placed in the
PEEK (poly-ether ketone) EC flow cell. Figure 3.5 shows the EC mounted on
the end station of the beamline. The cell is mounted on a linear and tilt stages
which allow sample rotation to set the incidence angle. During the operando
measurements, electrolyte was flown through the cell.

Photodiode 2”d ion
chamber

ion
chamber \\6

Figure 3.5: Operando Refle-XAFS experimental setup at the P64 beamline at PETRA Ill, DESY, Hamburg, Germany.
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Chapter 4

Characterization Techniques

In order to fully characterize a catalyst surface, one would like to have the follow-
ing information: which atoms are present on the surface, where are these atoms
positioned, what is the concentration of the atoms, and what is the environment
of these atoms, i.e., what are they bonded to.

Given the complexity of surface characterization, a single technique is insuf-
ficient. Therefore, my thesis employed a combination of methods. These in-
cluded structural characterization techniques like low energy electron diffrac-
tion (LEED), reflection high energy electron diffraction (RHEED), and scan-
ning tunnelling microscopy (STM), as well as chemically sensitive techniques
such as auger electron spectroscopy (AES) and X-ray absorption fine structure
(XAFS). Other techniques used in the papers included in the thesis were density
function theory (DFT), X-ray photoelectron spectroscopy (XPS), atomic force
microscopy (AFM) and X-ray reflectivity (XRR). This section will describe the
operational principles, and experimental setups of the main techniques used in
my work, which are LEED, RHED, STM and XAFS.

1 X-ray techniques

Traditionally, X-rays are generated using X-ray tubes in which electrons are
accelerated towards a metal target.”> A broadband spectrum of X-rays, called
bremsstrahlung, is emitted when electrons decelerate within a metal target by
deflection due to the interactions with electrons and nuclei, i.e. charged particles.
Furthermore, atoms in the metal target can be excited and re-emit absorbed
energy as electromagnetic radiation, which results in a sharp peak in the X-
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ray spectrum. These X-ray sources still find use in medical applications and
laboratory based instruments.

Synchrotron radiation is a way of producing X-rays by accelerating electrons to
a speed close to the speed of light, in facilities called synchrotrons. Synchrotrons
are particle accelerators where electrons are stored and kept in a circular path in
a storage ring. Outside of the storage ring, the electrons are generated in a linear
accelerator to the desired speed before they are injected into the storage ring. A
schematic of a storage ring with a linear accelerator is shown in Figure 4.1a. In
order to produce a more intense X-ray beam, insertion devices are used in the
straight parts of the storage ring. Both undulators and wigglers (shown in Figure
4.1b and ¢, respectively), are based on a series of magnets with alternating poles,
where electrons are forced to sharply change their trajectory from a straight
line into "wiggles”. Wigglers use very powerful magnets which produce intense
radiation over a wide spectral range by adding up the intensity of the emission
cones inside the instrument. Since many experiments require a narrow range of
wavelengths instead, undulators have been developed. Undulators use weaker
magnets than wigglers which results in interference between photons which then
emit coherent radiation with a wavelength determined by the period length of
the undulator and the beam energy.?® When it comes to many research areas
today, such as studies of atomic surface or chemical changes during a reaction,
synchrotron sources are superior to the classic X-ray tubes due to their ability to
generate monochromatic and broadband radiation in the energy range from UV-
light to hard X-rays, as well as its high photon flux, and the possibility to focus
the X-ray beam to a tens of nanometer spot.?> After the X-rays are generated by
the insertion device, they enter the beamline part of the synchrotron, where the
beam is further tuned to a specific experiment. The research in this thesis was
performed at the MAX IV synchrotron in Lund, Sweden®" ", at PETRA III,
DESY in Hamburg, Germany 199191 and at SOLEIL synchrotron in Saint-Aubin,
France. 102,103

Beamlines used in this work are:

e Balder beamline!®*, at MAX IV, is a hard X-ray beamline with energies
from 2.4 to 40 keV. This beamline is dedicated to X-ray absorption spec-
troscopy (XAS) and X-ray emission spectroscopy (XES), and its layout is
shown in Figure 4.2. We have used this beamline in Paper II and III.

e P64'05 the "advanced XAFS” beamline at PETRA III, is a hard X-ray
beamline with an undulator as an insertion device. The energy range of
this beamline is from 4 to 45 keV and it is dedicated to XAFS experiments.
We have used this beamline in Paper I where we used our own environ-
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Figure 4.1: a) Schematic of an electron storage ring of a synchrotron with bending magnets, wigglers and undulators. b)
Schematic illustration of an undulator insertion device. c) Schematic illustration of an wiggler insertion device.

Figure 4.2: lllustration of the main elements in a synchrotron beamline, shown by the example of the Balder beamline at
MAV |V laboratory. Adapted from reference. 104

mental cell to measure in situ XAFS under ambient pressure conditions.
Furthermore, in Paper IV we used our own electrochemical flow cell to
measure operando Refle-XAFS under electrochemical conditions.

e ROCK beamline %6108 at SOLEIL synchrotron, is a hard X-ray beamline
with energies from 4 to 40 keV. This is a Quick-XAFS beamline which
allows for rapid alteration between two different edges. This beamline
was used in Paper V to follow transition from the oxide precursor to the
active sulfide phase of a NiMo based catalyst during a sulfidation reaction.

1.1 X-ray absorption fine structure

X-ray absorption fine structure (XAFS) spectroscopy is an X-ray based tech-
nique that probes electronic and atomic local structures of different species in
materials. XAFS is a very versatile technique that can be used on many dif-
ferent samples: solutions, powders, films, and pellets. Furthermore, it can be
used in situ/operando as well as ex-situ. The possibility of using XAFS in
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situ/operando makes it a highly desirable technique in studying functional ma-
terials, which are a big part of our future. XAFS detects the local structure of
the material, making it an ideal technique for studying small clusters that are
part of large disordered systems. As XAFS is an element specific technique, it
is capable of studying specific isolated events in a large, complicated material.

Traditionally, XAFS is separated into two parts: X-ray absorption near-edge
structure spectroscopy (XANES) and extended X-ray absorption fine structure
spectroscopy (EXAFS). XANES is sensitive to the formal oxidation state and
the coordination chemistry of the atom in question, thus serving as a chemical
fingerprint, while EXAFS gives structural information about distances, coordin-
ation number, and number of neighboring species to the absorbing atom.!%9
Figure 4.3 shows XANES and EXAFS regions for an XAFS spectra of FeO(OH)
measured at the Fe K-edge (Eg=7112eV). XANES region is considered to be
within around 50 eV of the absorption edge, while EXAFS region is found bey-
ond this energy and up to 1000eV above the edge or more.

Nomalized xu(E)

XANES

7160 7240 7320 7400
Energy (V)

Figure 4.3: Measured XAFS spectrum of FeO(OH) with indicated XANES and EXAFS regions.

1.1.1 Basic operational principles

X-ray absorption spectroscopy (XAS) is performed by tuning the photon energy
which is done by using a crystalline monochromator. XAS is based on the photo-
electric effect, shown in Figure 4.4a, where an X-ray photon is absorbed by an
electron in a core level, resulting in the ejection of an inner shell electron from
the atom. For a core level to participate in the absorption event, the binding
energy of it must be lower than the energy of the incident X-ray. Here, the
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X-ray is absorbed and any excess energy of the binding energy is given to the
photo-electron which is then ejected from the atom, creating a hole in the core
level. The hole created by the photoelectric absorption can then be filled by
two different processes. The first one is fluorescent X-ray emission shown in
Figure 4.4b. Here, one of the outer shell electrons fills the hole, simultaneously
creating a photon. The second process in Auger electron emission (Figure 4.4c)
where the atom relaxes to its ground state by liberating an electron. When the
incident X-ray has an energy equal to the binding energy of the core electron,
a sharp rise in absorption is observed. This sharp rise is called an absorption
edge. Depending on the core electron that gets excited in XAS, a different edge
name is used. Principal quantum numbers n = 1, 2, 3 correspond to the K-,
L-, and M-edges, respectively. Therefore, if 1s electron is being excited, we are
looking at the K-edge, and if 2s or 2p electrons are being excited, we are looking
at the Lj-, La- or Ls-edges. Figure 4.4d shows transitions and corresponding

XAS edges.
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Figure 4.4: Schematic energy level diagrams of an atom. a) The photoelectric absorption process. An X-ray photon is
adsorbed resulting in the ejection of an electron from the atom. The hole created in the shell can be filled by
two processes: b) Fluorescent X-ray emission where one of the electrons of the outer shell fills the hole,
creating a photon. c) Auger electron emission where the atom may relax to a ground state by liberating an
electron. (X-ray book) d)Transitions and corresponding XAS edges.

The probability that X-rays will be absorbed by electron is given by the ab-
sorption coefficient, u. The absorption coefficient is related to the incident and
transmitted X-ray intensities through the Beer’s Law is:

I = Iye ™+ (4.1)
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Where I is the incident X-ray intensity, = is the thickness of the sample, and
I is the intensity transmitted through the sample. In XAFS, one measures p
as a function of energy near and just above the energies of absorption edges.
Since every atom has well defined binding energies of its core atoms, one can
probe selected elements by tuning the X-ray energy to the adequate absorption
edge. This is what makes XAFS an element specific technique. For XANES,
one is interested in the oscillations at and around the absorption edge, but for
EXAFS, oscillations far above the absorption edge are observed.

Absorption depends on an available state for the photo-electron, meaning there
will be no absorption from a specific core level if there is no available state for
the electron to fill. When there is a neighboring atom next to the adsorbing
atom, the photo-electron will scatter from the electrons of the neighboring atom
and return to the adsorbing atom. Therefore, the photo-electron scattered back
from the neighboring atom will affect the absorption coefficient. This here,
the scattering between neighboring atoms, is the origin of the fine structure
of XAFS. Figure 4.5 shows a Fe K-edge XAFS spectra of bulk FesO4 where
EXAFS contributions are highlighted. Since the EXAFS is proportional to the
amplitude of the scattered photo-electron at the absorbing atom, constructive
interference will result in a maximum in the spectra. In contrast, destructive
interference will result in a minimum.
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Figure 4.5: Fe K-edge XAFS spectra of bulk Fe3O4 with a schematic illustration of the origin of EXAFS oscillations.
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The EXAFS fine structure, x(F), is defined as:

p(E) — po(E)

ME) = "8 (B)

(4.2)

where p(F) is the measured absorption coefficient, pug(F) is a smooth back-
ground function representing the absorption of an isolated atom, and Apyg is
the measured jump in the absorption at the threshold energy.'® As mentioned
above, EXAFS is explained in terms of wave behavior of the photo-electron cre-
ated in the absorption process. Therefore, the X-ray energy is converted into
the wave number of the photo-electron, k, which is defined as:

k= ,/Wb;;Eo) (4.3)

where Ej is the absorption edge energy, m is the electron mass. Hence, x(k)
represents the oscillations as a function of photo-electron wave number, and it
is referred to as "the EXAFS”. As described above, the different oscillations
in the EXAFS spectra correspond to different near-neighbor scatterings, which
can be described using the EXAFS equation:

—2D;

(k) = S35 N; {d(fg e AK) Gin[2kD; + 6,(k)] (4.4)

where f(k) and ¢ (k) are scattering properties of the neighboring atoms of the
excited atom, N is the number of neighboring atoms, R is the distance to the
neighboring atom and o2 is the disorder in the neighbor distance. This equations
allows for determination of N, R and o? if scattering amplitude f(k) and phase-
shift 6(k) are known.

1.1.2 Experimental setup

Transmission mode

There are several ways in which the X-ray absorption coefficient, p(E), can be
measured. The simplest way is transmission. In transmission measurement,
absorption is measured using equation 4.1.

As the X-ray penetrates through the sample, transmission mode requires the
sample to be homogeneous, of appropriate thickness, and transparent to X-
rays. If powder samples are measured, the grain size should not be much bigger
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than the absorption length. The transmission mode is appropriate for model
compounds and elements with high concentrations. Figure 4.6a shows a schem-
atic experimental setup for a transmission measurement, and Figure 4.6b shows
a schematic of the XAFS setup at the beamline ROCK at Soleil, with a photo of
the quartz capillary used as a reactor with a heating gun positioned underneath.
The transmission mode experimental setup is fairly simple as all that is needed
are two ion chambers to serve as Iy and I; detectors and a sample of thickness
2 which satisfies all requirements for such measurement.
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Figure 4.6: Transmission mode: a) Schematic representation of XAFS measurement in transmission mode with all
elements included in the text. b) A schematic of the XAFS setup at the beamline ROCK at Soleil, with a
photo of the quartz capillary used as a reactor with a heating gun positioned underneath.

Fluorescence mode

If the sample is too thick or perhaps has a very low concentration of the studied
element, one has to use fluorescence mode to measure absorption coefficient,
1 (E). When measuring in fluorescence mode, the X-rays emitted from the sample
will contain fluorescent lines from the element of interest, fluorescent lines from
other elements in the sample, as well as elastically and inelastically scattered
X-rays. Fluorescence measurement can be represented by the equation:

w(E) o< Iy /1o (4.5)

where Iy is the fluorescent intensity measured by a fluorescence detector posi-
tioned at the specific angle compared to the sample, and I is the incident X-ray
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intensity. Figure 4.7a and b show a schematic representation of a fluorescence
measurement and photograph of the environmental cell containing a single crys-
tal sample during a fluorescence measurement with a seven-element Germanium
detector, taken at Balder beamline at MAX IV synchrotron in Lund, Sweden,
respectively. In order to isolate fluorescent lines from the element of interest
and, therefore, increase the signal-to-noise ratio, one can use physical or elec-
tronic methods. The physical method includes using a filter known as the Z-1
filter. The Z-1 filter is made out of the element with Z-1 relative to the element
of interest. The goal of this filter is to absorb the scattering peak and only
let it go through the fluorescent line of the element of interest. For example,
when measuring at the Fe K, edge, an Mn filter can be placed between the
sample and the detector to absorb the scatter peak preferentially and only let
through the Fe K, line. In some of our experiments, when a PIPS detector
was used, we used a filter of the element with Z-1 relative to the element we
wanted to study. In other experiments, we used a seven-element germanium
detector, which electronically performs energy discrimination on the measured
X-ray emission spectra after the spectra have been collected.
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Figure 4.7: Fluorescence mode: a) Schematic representation of XAFS measurement in fluorescence mode with all
elements included in the text. b) A photograph of the environmental cell containing a single crystal sample
during a fluorescence measurement with a seven-element Germanium detector, taken at Balder beamline at

MAX 1V synchrotron in Lund, Sweden.
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Grazing incidence geometry and Refle-XAFS

As previously mentioned, there are quite many requirements that samples have
to have in order to be measured using XAFS. Everything discussed so far was
based on the bulk samples since the technique has a large sampling depth due
to the use of hard X-rays. For materials where the species of interest is found
on the surface and where there are no bulk contributions, some modifications
have to be made in order to achieve a sufficiently high signal-to-noise ratio. The
use of grazing-incidence geometry, coupled with the fluorescence mode of signal
collection, allows for the XAFS technique to be used on surfaces and interfaces.

In the grazing-incidence geometry, the incidence angle, «, is very small, resulting
in a relatively small sampling volume at the surface of the sample. When the
geometry is set near the critical angle, X-rays will have a very long path length
with very little penetration into the crystal, meaning that very little of the signal
will diffuse, leading to a very good signal-to-noise ratio. Figure 4.8a shows a
schematic illustration of a GI-XAF'S experimental set up. Iy is the the incidence
X-ray beam, the fluorescence signal from the thin film is detected by a SDD
detector, and 6 is the incidence angle of the X-ray beam. In this work, we
reported surface sensitive characterization of CoO,, FeO, ultra-thin films, and
Sn/Pt surface alloys with incidence angle smaller than 1°.

Refle-XAFS, on the other hand, utilizes an incidence angle below the critical
angle for total external reflection.”* Here, the reflected beam intensity is meas-
ured as a function of the incident beam energy.%110:111 In Refle-XAFS geometry,
the reflectivity of the mirror polished surface is close to 100%, and surface chem-
istry and atomic structure details are revealed due to the energy dependent
reflectance in the vicinity of a core-level absorption edge being dominated by
XAFS features. Figure 4.8b shows a schematic illustration of a Refle-XAFS
experimental set up, where Iy is the incident X-ray beam, the totally reflected
beam is measured via photodiode, and the incidence angle 6 is below the critical
angle for the measured material. In this work, operando Refle-XAFS was used
to study chemical surface changes of industrial alloys and model electrodes in
harsh electrochemical environments.
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Figure 4.8: a) A schematic illustration of a GI-XAFS experimental set up will all elements described in the text. b) A
schematic illustration of a Refle-XAFS experimental set up will all elements described in the text.

1.1.3 XAFS analysis

Data processing

No matter if the X-ray absorption coefficient, u(E), is measured in transmission
or fluorescence mode, the data processing follows the same steps. First, meas-
ured intensities are converted to the absorption coefficient, and all systematic
measurement errors are corrected, such as self-absorption and detector dead-
time. Second, a smooth pre-edge function from p(E) is subtracted in order
to get rid of background noise and absorption contributions from other edges.
Third, the threshold energy, Ey, is identified as the energy of the maximum
derivative of u(E). Fourth, p(E) is normalized to the range from 0 to 1. Spectra
normalized until this step is used in XANES analysis. For EXAFS data ana-
lysis, further data processing steps are needed. First, the post-edge background
is removed. Then, XAFS (x(k)) is isolated, and finally, x (k) is k-weighted
and Fourier transformed into R-space.!® Graphical presentation of XAFS data
processing steps is shown in Figure 4.9.

37



07 4a) b)

o
1

W

06 \
05 4 \

— 04 4 Raw data

e
o
1

—~— Normalized data

e
=
1

I
0.3 4

0.2 4
J 02 -
014 T
0.0 -

T T T T T T T T T T T T T T T T
19800 20000 20200 20400 20600 20800 21000 21200 21400 20000 20250 20500 20750 21000 21250 21500

Energy (eV) Energy (eV)

(
Normalized xu(E)

o
IS
1

1.00 4 ¢) d)
0.5 4

0.75 o

0.4 o
0.50 o

=1/ W

-0.25

0.3

KxKA™)
IX(RIA™)

0.2 o

0.1
-0.50 o

T T T T T T T T 0.0 T T T T

kA" r(A)

Figure 4.9: Mo K-edge spectra of NiMo supported on Al2O3 measured in transmission mode at ROCK beamline at
SOLEIL Synchtron in Saint-Aubin, France. a) Raw data with pre-edge normalization lines. b) Normalized
spectra. c) K-weighted EXAFS spectra with Keiser window shown. d) Fourier transform of the spectra in c)
into R-space.

EXAFS fitting

Fitting of the EXAFS data is used for identification of nearest neighbors and
estimation of bond lengths. In this section, I will explain steps and results of
EXAFS fitting on the example of CoO thin films on Pt(111) substrate meas-
ured in fluorescence mode in various gas environments. Full data analysis and
interpretation is found in Paper I.

To fit EXAFS data, it is customary to theoretically calculate scattering paths
from known structures and use those to fit the measured spectra. In this case,
Co-0O and Co-Co scattering paths were calculated and used as references. The
Larch 2 package was used to perform XAFS data processing and analysis, while
IFEFFIT '3 implementation built into the Larch package was used for EXAFS
fits.

Calculated theoretical scattering paths are then used in the EXAFS equation
(see Equation 4.4) to obtain structural parameters from the measured data.
Structural parameters of bond distance (R), coordination number (N), and
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mean-square-displacement (02) are predicted during the fitting while energy
(Ep) is changed until the best fit for x (k) of the data is obtained. Fitting
boundaries are defined both in k- and R-space and are chosen depending on the
data quality.

In this work, EXAFS fitting was used in Paper I and Paper V. In Paper I
and the case of CoO ultra thin films on Pt(111) under CO oxidation conditions,
fitting was done in R-space using the data from k =2.5-7.5 A" 1landR=1-4.5
A. These conditions were chosen based on the data quality, which is significantly
affected by the concentration of Co in the samples. However, the identification
of nearest neighbors and estimation of bond lengths was successful. EXAFS fits
for CoO,/Pt(111) from Paper I are shown in Figure 4.10.

a) b)
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Figure 4.10: From Paper I: Raw EXAFS spectra and fits with specific scattering-path contributions for three gas flows at
RT (a, b) and 150°C (c, d) from Paper I.

Linear combination analysis

Linear combination analysis (LCA) is a tool to quantitatively evaluate the spec-
tra. In LCA, a set of standards is used to identify the composition of the
recorded spectra.''* A mathematical model is constructed, where each stand-
ard is multiplied by a coeflicient and added to the result. The coefficient added
to each standard represents the contribution of that standard to the sample.
The calculations of all possibilities are calculated until a satisfactory fit to the
measured data is obtained. For the LCA to be successful, references should be
measured in as similar conditions as the unknown sample. Ideally, the sample
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and the references are measured at the same beamline, during the course of the
same experiment, for easier energy calibration.

LCA was used in Paper II to analyze components of the FeO,/Pt(111) spectra
at different stages of the CO oxidation process. Previously measured spectra
under pure Os and pure CO, together with spectra of metallic Fe foil, were used
as references. LCA analysis of this experiment is shown in Figure 4.11. At the
start of the experiment, the data is fitted very well with the 3+ iron component,
indicating the oxidation state of iron at the beginning of the reaction to be 3+.
At the onset of the reduction, at ~150°C, a contribution of the 2+ component
raises while that of the 34+ component reduces, indicating the change in the
surface layer to a more reduced one. Furthermore, at the peak of reduction,
at ~230°C, the 24+ component is dominating the LCA fit. Finally, at the end
of the experiment, the inclusion of the metallic component was necessary to
obtain a good fit. The presence of metallic component on the surface indicated
the destruction of the oxide film, probably due to high temperatures. This
example shows how LCA can be used to gain a better understanding of the
surface composition at various stages of the experiment.

a) Start of the experiment b) Onset of reduction

—— Fit

— Data

—— 2+ component
—— 3+ component
— Femetal

7110 7120 7130 7140 7150 7160 7170 7110 7120 7130 7140 7150 7160 7170
Energy, eV Energy, eV

¢) Peak of reduction d) End of the experiment

710 7120 7130 7140 7150 7160 7170 7110 7120 7130 7140 7150 7160 7170
Energy, eV Energy, eV

Figure 4.11: From Paper Il: Linear combination analysis fits for the first temperature ramp over FeO, /Pt(111). a)
Fitted spectra at the start of the experiment. b) Fitted spectra at the onset of reduction. c) Fitted spectra
at the peak of reduction. d) Fitted spectra at the end of the experiment.
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2 Diffraction techniques

Electron diffraction is a technique used to determine the crystal structure by
electron bombardment of a material, causing scattering off of the surface, which
results in a diffraction pattern used to determine the atom arrangement in the
studied material. Electron diffraction is based on elastic scattering, meaning
that there is no energy loss and that wave vectors of the incident (kg) and reflec-
ted (k;) beam are unchanged. The wavelength of the incident, monochromatic
beam is related to the wave vector as follows:

2T

ko| = |ki| = — 4.6
ol = Ikl = 5 (46)

and in the case of an electron diffraction, the de Broglie wavelength if defined
as:

h 150.6

AA) = e x E\ E(eV)

(4.7)

where h is the Planck constant (6.626 x 107374 m?kg/s), m, is the mass of an
electron, and E is the kinetic energy of electrons. Elastically scattered electrons
will leave the material and get collected by an appropriate detector. Their
number, or the intensity of the reflected beam, is dependent by the inelastic
mean free path of the electrons, expressed by:

I(z) = Iye ; (4.8)

where z is the distance electrons travel through a material without being in-
elastically scattered, Iy is the initial flux of electrons and p is the inelastic mean
free path of electrons.''® The surface sensitivity of a technique is determined by
the inelastic mean free path of electrons, as well as their kinetic energy. LEED
exhibits the lowest penetration depth of all UHV surface sensitive techniques
because the inelastic mean free path is very small due to the high interaction of
low energy electrons with matter. 116

In order to observe a diffraction pattern, constructive interference of the out-
going electrons must take place. If one considers elastic scattering events only,
constructive interference at an incident angle # will take place when the atomic
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spacing, dpr; is equal to an integer number of wavelengths, A\. This is shown
graphically in Figure 4.12, and described by Bragg’s law:

n\ = 2dp;sind (4.9)

Figure 4.12: Scattering from a solid crystal resulting in constructive interference governed by Bragg's law.

Bragg’s conditions for constructive interference can also be represented using
von Laue’s formulations, which state that the difference between the incident
(ko) and reflected (k;) wave vectors is equal to the reciprocal lattice vector, Gy
of the crystal.

ki — ko = Ghi (4.10)
where the Gy is related to the dp; as follows:

27
|Gl = —— (4.11)
hkl

The previous equation shows the inverse proportionality between the reciprocal
lattice vectors and the direct lattice vectors, whose direction is given by Miller
indices, h,k,l, thus showing how diffraction experiments are used to obtain in-
formation about the real crystal lattice.

To further visualize the results of a diffraction experiment, one can construct
an Ewald’s sphere based on von Laue’s formulations, and incident (ky) and
reflected (k;) wave vectors. In electron diffraction, the length of the k-vector is
defined by the electron gun energy. |ko| is the radius of the Ewald’s sphere, and
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when the sphere intersects with the reciprocal lattice of the surface, the pattern
will be visible on the fluorescent screen.''” Figure 4.13 shows an illustration
of an Ewald’s sphere during RHEED experiment, when reciprocal space rods
cross the Ewald’s sphere, RHEED pattern will show streaks on the fluorescent
screen. 117118 The pattern observed on the fluorescent screen depends on the
reciprocal space lattice.

Figure 4.13: An illustration of an Ewald's sphere during Reflection High Energy Electron Diffraction (RHEED)
experiment.

2.1 Low Energy Electron Diffraction

Low energy electron diffraction (LEED) is a surface science method most widely
used for studying long range order single crystals. 119120 The technique is based
on material bombardment with a collimated beam of low energy electrons which
produces a diffraction pattern in form of spots on a fluorescent screen. In this
work, I used LEED to quickly and reliably check the surface order or disorder,
and to confirm the uniformity of the surface. Here, I will briefly describe the
basic operational principles of this method and its experimental setup.
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2.1.1 Basic operational principle

LEED uses electrons with energy between 20eV and 1000eV which are elastic-
ally backscattered from a surface to provide its structural information. ! These
kinetic energies result in de Broglie wavelengths of 0.39 - 2.74 A, which are
needed to probe the surface layers of studied materials and will result in diffrac-
tion if atoms on the surface are arranged periodically.

The Bragg’s law needs to be adjusted in the case of LEED, considering the
in-plane lattice spacings along dp; directions, as follows:

nA = dpjsind (4.12)

where 6 is the angle between the normal of the surface and the reflected beam.
In two-dimensional terms, von Laue’s formulation can be defined as:

ki — ko = Gpr = ha™ + kb* (4.13)
where a* and b* are reciprocal lattice vectors defined as:

bxmn nxa
=2n— b =21 — 4.14
@ T % ) Talb x n) (4.14)

where 7 is the surface normal unit vector. Figure 4.14 shows a schematic repres-
entation of Bragg diffraction with a perpendicular incident electron beam (a),
a schematic representation od the atomic configuration of Pt(111) surface with
a and b surface vectors (b) and a LEED image of Pt(111) surface with ¢* and
b* reciprocal lattice vectors (c).

000009535000

ik

Figure 4.14: a) Schematic representation of Bragg diffraction with a perpendicular incident electron beam. b) Schematic
representation of the atomic configuration of the Pt(111) surface with the corresponding surface lattice
vectors. ¢) LEED image of an Pt(111) surface with the reciprocal lattice vectors included.
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2.1.2 Experimental setup

A schematic of the LEED setup is shown in Figure 4.15. An electron gun gen-
erates a monochromatic electron beam, E,, which interacts with the surface
of the sample and diffracts. The sample must be conductive and grounded to
prevent charging. For a diffraction pattern to be visible on a spherical fluor-
escent screen, elastically backscattered electrons have to undergo constructive
interference. Backscattered electrons travel through a series of grids (G1 - G4
in Figure 4.15), which work together to direct the right electrons to the fluores-
cent screen. Grids G1 and G4 are grounded, and they ensure that the electrons
travel in a field-free region. Grids G2 and G3 make sure that only elastically
scattered electrons reach the detector. This is achieved by keeping electrons at a
negative potential V = - E;+AV, where AV is in the range of 0 - 10 V. Finally,
the fluorescent screen is biased at a high positive voltage (in our case, 6 keV)
in order to accelerate the electrons enough so they can reach the kinetic energy
necessary to trigger light emission in the detector. The diffraction pattern is
then captured with a CCD camera or can be observed directly by the eye.

a)

.
V=E+AV -~ N
AV=0-10V ~

Sample

Electron gun CCD Camera

Figure 4.15: a) Schematic representation of LEED setup with all elements included in the text. b) LEED pattern of clean
Pt(111) surface recorded at 54eV. c) LEED pattern of CoO, /Pt(111) recorded at 72eV

2.2 Reflection High Energy Electron Diffraction

Reflection high energy electron diffraction (RHEED) is a surface science method
most commonly used in MBE systems.!??> RHEED can be used to character-
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ize crystalline structures, study surface quality, and chemical composition, and
measure deposited materials’ growth rate. The technique is based on material
bombardment with a finely collimated beam of high-energy electrons, which pro-
duce a diffraction pattern in the form of rods or elongated spots on a fluorescent
screen, representing a single direction on a crystal surface. Here, I will briefly
describe the basic operational principles of this method and its experimental
setup.

2.2.1 Basic operational principle

RHEED uses high energy electrons with energies between 10keV and 100 keV
with an incidence angle of 0.5° - 6°, depending on the desired penetration
depth.!'® The grazing incidence of the incident electron beam makes RHEED
highly sensitive to the surface structure, meaning that RHEED pattern provides
fundamental information about the surface structure and morphology. Fur-
thermore, the arrangement and spacing of the diffraction spots or rods in the
RHEED pattern gives information on surface symmetry, real space lattice spa-
cing and semi-quantitative information on types of surface defects. RHEED
can also be used for quantitative analysis of reconstructed surfaces and surface
disorder. Another great use of RHEED is to follow in situ growth of thin films,
allowing for the determination of the number of atomic layers deposited and the
growth mode of the film.

In this work, I used RHEED to determine the cleanliness of the Pt(111) surface,
and to determine the crystal structure of the deposited films. By acquiring
RHEED patterns at different azimuthal angles, I was able to map the reciprocal
space structure of the surface. As an example, Figure 4.16a shows a reciprocal
space map of Pt(111) surface (black spots) with an FeO thin film overlayer (red
spots). Figure 4.16b and ¢ show RHEED scans of clean Pt(111) surface acquired
in two fundamental directions, Pt[11] and Pt[10]. Figure 4.16d shows RHEED
scans of FeO/Pt(111) in Pt[11] direction, with arrows marking platinum and
iron oxide features. I have used this type of analysis to determine the structure
of the material, and in the case of the clean surface to determine the absence of
the possible contaminants.
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Figure 4.16: a) Reciprocal space map of FeO/Pt(111) surface with Pt[11] and Pt[10] directions indicated. b) RHEED
pattern of clean Pt(111) surface obtained in Pt[11] directions, orange arrows showing matching reciprocal
space points. b) RHEED pattern of clean Pt(111) surface obtained in Pt[10] directions, pink arrows showing
matching reciprocal space points. C) RHEED pattern of FeO/Pt(111) surface obtained in Pt[11] directions,
orange and green arrows showing matching reciprocal space points.

2.2.2 Experimental setup

A schematic of the RHEED setup is shown in Figure 4.17. An electron gun
generates a finely collimated beam with high-energy electrons, which interacts
with the sample and diffracts. The sample must have a pristine surface and be
grounded to prevent charging. When constructive interference occurs, diffrac-
tion patterns are visible on the fluorescent screen. The angle of incidence of the
electron beam is usually relatively low in order to penetrate only the topmost
layers of the material. Typically, magnetic fields are used in a RHEED setup to
change the incidence angle. In the RHEED experiment, it is very important to
be able to rotate the sample along its azimuth. This rotation allows the user to
adjust the diffraction angle and gain information about various surface sections.
Once all diffraction conditions have been met, the naked eye sees the RHEED
pattern on the fluorescent screen. A CCD camera captures it for easier data
analysis and interpretation.
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Figure 4.17: a) Schematic representation of RHEED setup with all elements included in the text. b) RHEED
measurement of the clean Pt(111) surface along Pt[11] direction. c¢) RHEED measurement of the
FeO, /Pt(111) along Pt[11] direction.

3 Microscopy Techniques

3.1 Scanning Tunneling Microscopy

Scanning tunneling microscopy (STM) is an imaging technique which allows for
the surface of a conductive material to be mapped out atom by atom in ultra-
high resolution without the use of electron or light beams. In this work, I used
STM to image prepared surfaces at atomic level and confirm the desired struc-
ture of those materials. Here, I will briefly describe basic operational principles
of this method and its experimental setup.

3.1.1 Basic operational principle

The "tunneling” in STM comes from quantum tunneling, which is the main
concept of STM. 1?3124 During the measurement, a sharp conductive tip is po-
sitioned very close to the surface of a conductive sample. A bias voltage is
then applied, forcing the electrons to traverse the gap between the two. The
tunneling current, which is a result of this process, is a function of the distance
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between the tip and the sample surface, applied voltage, and local density of
states (LDOS) of the sample. While the tip scans the surface of the sample one
line at a time, the intensity of the tunneling current maps out the sample’s elec-
tronic density of states, which is then displayed as an image in the designated
software. 125

3.1.2 Experimental setup

STM has two basic operational modes: constant height mode and constant
current mode. In my work, I used constant current mode. Constant height
mode means that the distance between the position of the tip stays constant
throughout the measurement. The changes in the tunneling current are then
measured as a function of the tip position and bias voltage. This mode is usually
used for very flat samples where the tip scans the surface very quickly, and there
is little to no chance of the tip crashing into any structures on the surface of the
sample.

The schematic representation of STM components is shown in Figure 4.18a. A
tip, in this case made from Tungsten, is atomically sharp and mounted in the
STM head, which is mounted on a piezo-electric tripod. All components are also
indicated on a photograph from an STM, which I used in my work at the Physics
Department of Lund University in Lund, Sweden. Tips are manufactured by
electrochemical etching and can also be manipulated during the measurements
by purposeful crashing into the surface or by applying voltage pulses. The
piezo-electric tripod is used to control the movements of the tip on the surface
of the sample. The highly accurate positioning of the tip is possible due to the
expansions and contractions of piezo-electric materials with an applied current.
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Figure 4.18: a) Schematic representation of STM components explained in the text. b) A photograph of an STM from
Physics Department at Lund University, Lund, Sweden.
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Chapter 5

Summary and Outlook

The thesis focused on the utilization of X-ray absorption fine structure spectro-
scopy to characterize various types of catalysts. The observations of structural
changes of ultra thin oxides in CO oxidation under ambient pressure conditions
on CoO,/Pt(111), FeO,/Pt(111) and Pt/Sn alloys and oxides, as well as the
study of industrial NiMo-based catalysts in the sulfidation reaction using in situ
Quick-XAFS on two different supports, and the use of Refle-XAFS to study
industrial alloys and model electrodes in a harsh electrochemical environment,
provide valuable insights and pave the way for future research in this field.

Paper I investigates structural changes of CoO, /Pt(111) in CO oxidation. This
study provides insight into the changes in the chemical state of Co - predom-
inantly 2+ for CO-rich conditions and 3+ for Os-rich conditions. These exper-
iments demonstrate the power of hard X-ray spectroscopy to probe structures
of well-defined oxide monolayers on metal single crystals under realistic cata-
lytic conditions. Paper II further exploited the power of GI-XAFS on ultra thin
oxide film. Here, monolayer FeO,/Pt(111) was studied under ambient pressure
CO oxidation conditions. The results of this study provide valuable insight into
the unique properties of monolayer FeO during said conditions. Furthermore,
the importance of Pt support for low temperature of CO oxidation over FeO,
thin films is highlighted. Paper III employs GI-XAFS in studies of well-known
platinum-tin catalysts. Light is shed on the structure of these catalysts dur-
ing CO oxidation conditions, which is related to theoretical calculations and
previous studies using near ambient pressure X-ray photoelectron spectroscopy
(NAP-XPS). This investigation shows the ability to use GI-XAFS at high X-ray
energies, and it is the first step towards successful studies of PtSn fuel cell cata-
lysts. A step further into bridging the materials and pressure gap was done in
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Paper IV, where a Refle-XAFS study was done on industrial alloys and model
electrodes. Here, the samples were exposed to a harsh electrochemical environ-
ment. The sulfidation of industrial NiMo-based catalysts on J-AlsO3 and SiO»
supports was studied in Paper V. The results provide insight into the effect of
different parameters on sulfidation and the importance of NiMo interactions for
hydrotreating industrial processes.

Improving data quality (signal-to-noise ratio) for further investigations using GI-
XAFS on ultra thin oxides under realistic conditions will enable more detailed
characterization of relevant phases. To aid the signal-to-noise ratio, we have
improved the sample transfer from the UHV system to the beamline from Paper
I to Papers II and III. From transport in the air, which maintained the CoO
islands morphology, to a more delicate transfer using the vacuum suitcase, a
pumping station, and a glove box, we managed to reduce the time samples
were exposed to air. Furthermore, the detector used in the experiments plays a
significant role in data quality. From a PIPS detector to a 7-element germanium
detector, we improved the signal-to-noise ratio in XANES spectra. Since the
goal is to investigate surface changes during a catalytic reaction, the sample’s
catalytic activity must also be followed. Further investigations would highly
benefit from the activity measurements in situ, making it desirable to develop
equipment in a way that will allow lower flow rates while keeping the desired
conditions.

For further investigations of NiMo-based catalysts, the development of a model
system representing the precursor phase, MoOs, and studying from the funda-
mental perspective how such oxide behaves in sulfidation conditions could have
significant implications. This could shed light on the mechanism of the activ-
ation of such catalysts. Furthermore, model systems with combinations of Mo
and Ni atoms and their behavior in sulfidation would provide even more insight
into the mechanism itself. Finally, exposing both industrial catalysts and poten-
tial model systems to organic molecules resembling those in the biofuel feedstock
could provide insight into the complex processes taking place in the industrial
reactors, opening up new avenues for research and development in this field.

Even though we have shown the promising potential of GI-XAFS in investig-
ations of model and industrial systems in realistic conditions, we know that
more than one technique is required to gain a complete picture of a process.
Current and planned advances in modern synchrotrons worldwide are taking us
a step closer to many dream experiments. One of those experiments has been
showcased in Paper IV, where notoriously tricky solid-liquid interfaces in elec-
trochemical reactors were possible to study by combining in situ XANES and
electrochemical measurements, shedding light on the degradation mechanisms
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of electrocatalysts by gaining knowledge of the dissolution products found in
the electrolyte.

To finalize, the quest for greener catalysts in CO oxidation is not only an aca-
demic pursuit; it holds the potential to revolutionize energy production and
environmental impact. By understanding the atomic level processes on realistic
surfaces, we open the door for more sustainable materials and processes. The
insights gathered during this thesis, however small, can contribute to the innov-
ations in both gas-phase and liquid-phase environments, ultimately contributing
to a cleaner, more efficient energy future.
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