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Abstract

A catalyst is a substance that can speed up the rate of a chemical reaction
without itself being consumed. Catalysts are crucial for chemical production
industries, where about 90% of all chemicals are produced using catalysts. They
are also used for exhaust gas cleaning, for instance in cars, where CO and
unburned fuels are oxidized to COg and NO, is reduced to No. To optimize
catalysts, and develop other or better catalysts in the future, we need to know
how they work on the atomic level.

Industrial catalysts are complicated, consisting of active nanoparticles dispersed
in a porous oxide support and working under atmospheric or higher pressures.
Therefore, it is challenging to study the surface structure. The surface is crucial
because it is the part of the catalyst that interacts with the surrounding gas,
and hence is where the catalytic reaction occurs. To be able to study the sur-
face in detail, researchers in the field of surface science study simplified systems,
typically perfectly flat single crystals in ultra-high vacuum. This enables very
detailed studies but can suffer from being too simplified. The difference in work-
ing pressures and complexity between surface science and industrial catalysis are
called the pressure and material gaps.

In this thesis, I have taken one step to bridge these gaps for CO oxidation over
Rh and Pd. More specifically, I have studied the effect of steps, which are always
present on the nanoparticles in industrial catalysts, by studying so-called vicinal
single crystal surfaces with a well ordered periodic array of steps. Furthermore,
I have studied the role of oxides for the catalytic activity.

My results show that the presence of steps improves the catalytic activity. It is,
however, not the steps as such that are most active, but the flat surface near the
steps. Further, the activity of the oxides I have studied depends on their surface
structure. If there are sites available for CO to adsorb, the oxide is active, while,
for instance, the oxygen terminated Rh oxide shows low activity. These results
may be used to optimize the structure and composition of catalysts to expose a
perfect density of steps and/or active oxides.
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Popular Science Summary

A catalyst is a substance that can speed up the rate of a chemical reaction
without consume or change itself is commonly used for chemical production
and for car exhaust gas cleaning process to remove for instance toxic gases
such as CO and NO. In order to optimize the catalyst and to develop other
or better catalysts in the future, we need to know how the catalyst work on
the atomic level. Industrial catalysts are complex, making it difficult to study
their surface structure. The surface of the catalyst is important because it
interacts with the sourrounding gas, namely, the surface structure directly affects
the catalytic activity. Instead of using the complex material system used in
industry, we use the so-called surface science approach, which means we simplify
the material to single crystal and the reaction condition to ultra high vacuum
conditions, in contrast to the industry working with complex nanoparticle at
atmospheric ambient or higher pressures. Because of the complexity of industrial
catalysts and the harsh operating environment, we can not study the surface of
the catalytic material directly, on the another hand, a too simple model system is
also a problem. Therefore, we want to use conditions more similar to industrial
conditions but still maintaining control over the catalyst surface and the gas
environment, decreasing the so-called pressure and material gaps.

In this thesis, I have tried to bridge these gaps. The catalytically active nano-
particles in an industrial catalyst have defects such as steps, kinks and corners.
To investigate the influence of such defects on the catalytic activity, I invest-
igated flat surfaces as well as surfaces with a high density of defects, so-called
low index and vicinal surfaces, respectively. Further, under more realistic con-
ditions, oxides are believed to play an important role in an industrial catalyst,
and therefore the effect of the oxide on the catalytic activity is also studied. In
this thesis, I studied the vicinal Rh(553) and Pd(553) surfaces. I found that
when exposing Rh(553) to the catalytic reaction condition, the surface will re-
arrange into different facets, meaning the distance between the step changes. To
investigate how the stepped surface influence the activity, the (331) was studied
in more detail. The catalytic activity for CO oxidation varies depending on
the surface structure and step density. Pd(553) also rearrange during reaction
condition, but form different facets as compared to Rh(553). Concerning the
catalytic activity on oxide surfaces, the Rh oxides are inactive, the Rh is active
in the metallic phase. The activity of Pd oxides depends on their thickness and
their resulting change in surface structure. The result presented in this thesis
also show that the presence of steps is important for the catalytic activity, how-
ever, if the steps are too close to each other, the catalyst will be less active, the
optimized step density is good for maximizing activity.
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Popularvetenskaplig sammanfattning

En katalysator ar en substans som kan snabba pa en kemisk reaktion utan att
sjalv forbrukas. Katalysatorer anvands vanligen i kemisk produktion och i bilars
forbranningsmotorer (for att ta bort tex CO och NO). For att optimera katalys-
atorn och utveckla andra och béttre katalysatorer i framtiden sa behover vi veta
hur katalysatorn fungerar pa atomér niva. Katalysatorer i industrin ar kompl-
exa vilket gor det svart att studera deras ytstrukturer. Ytan pa katalysatorn ar
viktig da den interagerar med den omgivande gasen, ytstrukturen har en direkt
paverkan pa processen. Istéallet for att anvianda de komplexa materialsystem som
anvands inom industrin s& anvander vi en ytvetenskaplig metod vilket betyder
att vi forenklar materialet till enkristallina material och later reaktionerna ske
i ultrahogt vakuum. Detta i kontrast till industrins komplexa nanopartiklar
vid atmosfarstryck eller hogre. Pa grund av de komplexa systemen och tuffa
reaktionsmiljoerna i industrin sa kan vi inte direkt studera dessa system, men
inte heller bor vi forenkla systemet for mycket. Vi vill sa gott vi kan efterlikna
de villkor som finns i industrin utan att for den sakens skull forlora kontroll
over ytan eller dess omgivning, pa sa satt vill vi évervinna det vi ofta kallar for
“tryck-gapet” och “material-gapet”.

I den héar avhandlingen har jag forsokt att Overbrygga dessa gap. Den kata-
lytiskt aktiva nanopartikeln i en industriell katalysator har ytdefekter sasom
atoméra steg och hérn. For att studera inflytandet av sadana defekter pa den
katalytiska processen sa jamfor jag katalysatorer med helt platta ytor med kata-
lysatorer med ytor som innehaller manga defekter, sa kallade lag-index och vi-
cinala ytor. Dessutom, i mer realistiska miljéer sa tros oxider spela en viktig
roll f6r den industriella katalysatorn, darfor studerar vi dven oxiders effekt pa
den katalytiska aktiviteten. I den h&r avhandlingen studerar jag de vicinala
Rh(553)- och Pd(553)-ytorna. Jag upptickte att da man exponerar Rh(553)
for den katalytiska reaktionen s omfordelas atomerna pa ytan till olika facet-
ter vilket betyder att steglangden forédndras. For att undersoka hur den nya
ytan paverkar den katalytiska aktiviteten sa studerades (331) i mer detalj. Den
katalytiska aktiviteten for CO-oxidation varierar beroende pa ytstrukturen och
stegdensiteten. Pd(553) omfordelas ocksa under reaktionen men bildar andra
facetter &n Rh(553). Angaende den katalytiska aktiviteten pa ytor med oxider
sa Rh ar aktivt i dess metalliska fas, Rh-oxiderna inaktiva och aktiviteten hos
Pd-oxiderna varierar med dess tjocklek och deras slutliga ytstruktur. Resultaten
som presenteras i den hir avhandlingen visar ocksa att forekomsten av atoméra
steg spelar en viktig roll for den katalytiska aktiviteten. Om stegen ar for nara
varandra sa ar inte katalysatorn aktiv. Att finna den optimala stegdensiteten
ar bra for att maximera aktiviteten.
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Chapter 1

Introduction

1.1 Background

Catalysts play an important role in our modern society. They are widely used
in various fields, such as exhaust cleaning, pharmaceutical industry, and other
chemical production industries [1-5]. By definition a catalyst promotes and
controls a chemical reaction without being consumed by the reaction. Using
a catalyst lowers the reaction energy barriers, compared to without the cata-
lyst. Even though the function of catalysts have been studied for decades,
fundamental understanding is still lacking to a large extent. Therefore, surface
science research is used to obtain a better understanding of catalysis.

The benefit of using a catalyst is illustrated in Figure 1.1. Often a chemical
reaction needs high energy to occur in gas phase, but the addition of a catalyst
can promote it to occur faster and with less energy required. The catalyzed
reaction is more complex, with at least adsorption and desorption as additional
steps, but the reaction barrier of each step is significantly lower than for the
uncatalyzed one. As an example from my studies, for CO oxidation, O adsorbs
dissociatively on the Rh surface into atomic O, while CO mainly adsorbs intact.
CO can then react with atomic O and become COs, and leave the surface.
Therefore, the high barrier of dissociating O2 in gas phase is reduced.

A good catalyst should have an optimum interaction between the catalyst and
the reactants. If the reactants are too weakly bound, the catalyst cannot activate
the reactants for the catalytic reaction. If the reactants are too strongly bound,
they will not be able to react with each other. Therefore, the reactants should
bind well enough to activate them but not too hard to allow them to react



further, as descried by the Sabatier principle [6]. The Pt-group metals have
proved to have the right reactivity for many reactions. For example, for the CO
oxidation reaction, the Pt-group metals are reactive enough to dissociate O,
but not CO, and inert enough for CO and Os to react to form COs that desorbs.
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Figure 1.1: Energy diagram of a chemical reaction occurring with and without a catalyst. Without the catalyst, the reaction
requires high energy in order to proceed from reactants (A and B) to the product (P). However, when the
reactants adsorb on a catalyst, they become activated and the energy barriers for the reaction are lower than
for the uncatalyzed reaction. At the end, the product P separates from the catalyst. Overall, the rate of the
catalytic reaction is much higher and the activation energy is significantly lower than that of the uncatalyzed
one [7].

The Pt-group metals are, however, very expensive and in order to use them as
efficient as possible and minimize the quantity used, it is desirable to maximize
the surface area and create as many active sites as possible. Hence, industrial
catalysts usually consist of nanoparticles dispersed in a porous oxide support.
They also work in atmospheric or higher gas pressures. This makes it difficult
to study the surface of the active nanoparticles, which has an essential role in
catalytic reactions. In addition, these nanoparticles expose different facets, sep-
arated by steps and kinks, as illustrated in Figure 1.2 [8-11]. In order to be able
to study catalytic surfaces, scientists typically use model catalysts consisting of
perfect low-index single crystals and investigate them under ultra high vacuum
(UHV) conditions. These differences, between the industrial and laboratory
conditions, are called the material gap and the pressure gap. In order to
link surface science to industrial catalysis, I try to bridge these gaps by identify-
ing important structures on more complex model systems at higher pressures, in
conjunction with detailed investigations of their reaction mechanisms at lower
pressures and theoretical simulations.
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Figure 1.2: lllustration of the different components in an industrial catalyst, demostrating the material complexity.

1.2 This work

The projects that I have been working with are mainly aimed at finding the rela-
tion between the surface structure and the catalytic activity, so that a structure-
function relationship can be established and a deeper understanding can be ob-
tained. Especially, I have studied CO oxiation over vicinal, or stepped, as well
as oxidized Rh and Pd surfaces, and followed how the surface structure and
catalytic activity changed with experimental conditions, such as gas mixture,
pressure and temperature. This has been done from UHV to close to atmo-
spheric pressures using X-ray Photoelectron Spectroscopy (XPS) and Surface
X-Ray Diffraction (SXRD) in combination with mass spectrometry (MS). In
addition, Density Functional Theory (DFT) calculations, done in collaboration
with the Competence Centre for Catalysis at Chalmers University of Technology,
has played a crucial role for the interpretation of the experimental results.

This thesis consists of an introduction to the field, followed by a number of
papers, where the results are reported. In Paper I and Paper IV, the vicinal
Rh(553) and Pd(553) surfaces are studied during CO oxidation under realistic
condition using SXRD, and certain metallic as well as oxidized surface structures
are identified as being essential for understanding the catalytic activity. The
identified metallic Rh structures are then studied in detail at low pressures, using
XPS, in Paper II and Paper III. The importance of the surface structures of
the oxides formed are studied in Paper V, where it is shown that the certain Pd



oxides are at least as active as the metallic surface, while Rh oxides are inactive.
Finally, in Paper VI, the use of very high energy X-rays, in combination with
a large 2D detector for Surface X-ray Diffraction is demonstrated as a powerful
tool for in-situ studies of model catalysts under harsh condistions.



Chapter 2

Surfaces

Most materials, including most metals, are crystalline. This property is crucial
for the behaviour of the materials, and in this chapter, I will introduce crystal
structures in general and surface structures in particular. I will discuss more
or less simple structures, from flat low-index surfaces to vicinal surfaces with a
high density of steps.

2.1 Crystal structure

A crystal consists of a periodic arrangement of atoms, which gives a crystalline
structures. The crystal structure is described by a lattice, where each lattice
point is connected to one or a group of atoms. The lattice is defined such that
a general lattice vector

R, =nja; +nsas + n3as (2.1)
Here, n1, no and ng are integers and aj, as and ag are the lattice basis vectors.

The simplest structure is the simple cubic (SC) structure, which has one atoms
located at each corner of the cubic unit cell, as shown in Figure 2.1 (a). The
repeated set of atoms are called the unit cell.

Most metals have one of four common structures, namely the SC, face-centered-
cubic (FCC), body-centered-cubic (BCC) and hexagonally close-packed (HCP)
structures shown in Figure 2.1 [12]. BCC and FCC are similar to the SC struc-
ture with extra atoms either located at the center of the cube or on the center



of each face. Viewed along the diaglonal of the cube, the FCC structure is built
up by close packed hexagonal layers, similar to the HCP structure.

I have worked with Rh and Pd, which both have the FCC structure. Hence, the
following discussion will focus on this structure.

(a) Simple cubic  (b) Body-centered  (b) Face-centered (b) Hexagonal
cubic cubic close packed

Figure 2.1: Model of structures for (a) the Simple Cubic (SC) with stacking of abca, (b) the Body-centered cubic (BCC),
which has an atom in the center of the cubic, (c) the Face-centered cubic (FCC) , which additional atoms
locate at center of each face and (d) the Hexagonal close packed (HCP).

2.2 Crystal surface

A surface is created by slicing the bulk structure, as shown in figure 2.1, along
a specific plane. Depending on the orientation of this plane, different surface
structures are obtained, as discussed in section 2.2.1. Creating surfaces includes
breaking of inter-atomic bonds, and hence increases the energy of the system.
The energy needed to break the bonds is the surface energy, typically given per
unit area, and determines the stability of the surface. This will be discussed in
section 2.2.2

2.2.1 Surface structure and Miller index

The orientation of different crystallographic planes are denoted by the so-called
Miller indices. The Miller indices is a set of three integers (h k [) given by
the reciprocal of the x, y and z coordinates of the intersections between the
plane and the corresponding axes defining the lattice. To illustrate this, Figure
2.2 shows a 2D version of a crystal structure with three different lines. The
orientation for these lines are denoted as the reciprocal value of the intersection
of both axes. For example, line (a), intersects both axes at 1. Hence, the line



can be denoted as (1/1 1/1) = (1 1). Line (c), intersects the z- axis in 1
but is paralell to the y- axis, which can be viewed as intersecting in infinity.
This line can then be denoted as (1/1 1/00) = (1 0). Line (b), intersects the
x-axis at 1, and the y-axis at 2, yielding the reciprocal values (1 1/2). For
convenience, this is normalized to lowest possible integer values, in this case by
multiplication with 2, and the corrected Miller index is (2 1).
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Figure 2.2: Miller index calculation in 2D plot. The orientation for these dashed lines are denoted as the reciprocal value
of the intersection of both axes. Line (a)-(c) represent (1 1), (2 1)and (1 0).

The same rule applies to 3D structures, as shown in Figure 2.3 for the (100),
(110) and (111) planes of FCC crystals.

It is worth noting that several miller indices, such as (100), (010) and (001) in the
case of cubic structures, result in equivalent surface structures. To denote any
of these, one often uses curly brackets instead, such as {100}. Square brackets
are used for specifying a certain direction. For instance, the [100] direction is
paralell to the x axis. Note that the [hkl] direction is perpendicular to the (hkl)
plane.
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Figure 2.3: Model of the FCC unit cell with the (100), (110) and (111) surfaces indicated and shown in side and top views.
In the left panel, a FCC cubic structure is shown with a corner atom as origin for the x, y and z coordination
axes. The dark blue area represents the plane for (100), (110) and (111), respectively. The red marker indicate
the planes.

2.2.2 Surface Energy

The structure of a crystal is determined by the interatomic bonds, which are
optimized such that the energy is minimized. When a surface is created, some
of these bonds are broken and the energy is increased. This increase is defined
as the surface energy. The surface energy in turn determines the stability of
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different surface orientations, as well as the reactivity of the surface.

Most important for the surface energy is the number of interatomic bonds that
are broken in the creation of the surface. In the bulk of an FCC structure, all
atoms have 12 nearest neighbours. As seen in Figure 2.3, atoms in the (100)
surface have four nearest neighbours in the surface plane, and another four in
the second layer, yielding a total of eight nearest neighbours. Correspondingly
the (110) surface atoms have seven nearest neighbours, while the (111) surface
atoms have nine nearest neighbours. Hence, the atoms in the (111) surface only
misses three bonds relative to the atoms in the bulk, making these more satisfied
than the ones on (100) and (110) surfaces.

On the other hand, the atoms are more densely packed on the (111) surface
and in order to say anything about the stability of the surface, the number of
broken bonds has to be counted per surface area. Using the simple square unit
cell of the (100) surface as unit area, the area per atom is 0.87 a2, 1 a? and
1.4 a2 for the (111), (100) and (110) surfaces, respectively. The corresponding
number of broken atomic bonds per unit area is 3.5 bonds/a?, 4 bonds/a? and
4.2 bonds/a?. Hence, the (111) surface is the most stable of these surfaces,
followed by (100) and (110).

Although this is a fairly good approximation, it is important to point out that
the surface energy is not perfectly proportional to the number of broken bonds.
Hence, the stability of the different surface orientations varies between different
materials.

The bonds that are broken during creation of a surface can be compensated
by bonds to other atoms and molecules, such as the reactants of a catalytic
reaction. This can then change the stability of different structures and result in
adsorbate induced reconstructions which will be discussed further in the next
chapter.

2.2.3 Low index and vicinal surface

As described earlier in this chapter, low-index surfaces, that is surfaces cut along
planes with A, k and [ being 0 or 1, typically rather stable. In contrast, a high-
index or vicinal surface exposes a periodic array of steps separated by low-index
terraces [13-16]. A real surface is never perfect but will expose a certain degree
of defects. The step is one type of defect which exist in most surfaces and
influence the surface catalytic activity and reactivity [13, 14]. The flat (100)
and (111) as well as the vicinal (553) surfaces of Rh and Pd were studied in



this thesis. The (553) surface consists of periodic array of five atoms wide (111)
terraces separated by steps exposing (111) ! microfacets as shown in Fig 2.4.

One of the aims of the work in this thesis is to study how the steps affect the
catalytic CO oxidation activity. This has been done by comparing the activity
of low-index and vicinal surfaces, and especially connected that to the surface
structure. In Paper II, the results show that the vicinal Rh(553) surface is
indeed more active for CO oxidation than Rh(111). The active site is, however,
found not to be the step, but rather the terrace close to the step. The reason
for the higher activity is relaxation of the atomic structure instead of lower
coordination.

1mn a1

A.Top view B. Side view

Figure 2.4: Model of a (553) surface from (A) top view and (B) side view. The (553) surface is a vicinal surface with
periodical steps. It consists of 5 atoms wide (111) terraces, separated by (111) microsteps.

'For convenience, minus signs in miller indices are usually placed above the index, such
that 1 = —1.
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Chapter 3

Gas-Surface Interaction

When a surface is exposed to a gas, the gas molecules tend to stick to the
surface in order to minimize the total energy. This process is called adsorption
and will result in a compensation of the bonds that were broken in order to
create the surface as well as in a general change in the structure and stability of
both the surface and the molecules. For instance, molecules may dissociate, the
surface may reconstruct and new materials, such as oxides, may form [17-19].
Adsorption is the first step in catalytic reactions.

This chapter will introduce adsorption using CO and Oz on Rh(111) and Rh(553)
as the main examples. We will see how these molecules adsorb on the unrecon-
structed surface at low exposures, while a higher coverage of adsorbates (the
adsorbing molecules) may lead to a reconstruction of the substrate surface or,
in the case of oxygen, to oxide formation.

3.1 Adsorption

Adsorption is divided in two categories; weak physisorption based on van der
Waals forces and hydrogen bonds, and the stronger chemisorption, where the
electronic structure is changed in covalent bonds. For catalytic reactions, changes
in electronic structure and stability is of major importance, so chemisorption is
in focus in this thesis.

11



3.1.1 Adsorption sites

The initial adsorption, especially at relatively low temperatures, typically leaves
the substrate structure close to unaffected, while the adsorbates stick to the sur-
face. Due to symmetry, molecules will usually adsorb in symmetric adsorption
sites. On the low-index surfaces of an FCC crystal, these are on top, bridge,
three-fold hollow (3fh) and four-fold hollow (4fh), as shown in Figure 3.1. For
the 3fh sites on the (111) surface, there are two different possibilities depending
on the position relative to the atoms in the second substrate layer. If there is a
atom right below in the second layer, the site is denoted hcp, due to the simil-
arity to the aba stacking of the hexagonal planes in the hep crystal structure.
Similarly, if there is no atom right below in the second layer, this is an fcc site,
due to the abca stacking in the fcc crystal structure. On the (110) surface, there
are also two different bridge sites, short or long as described in Figure 3.1. As
the coverage increases, the adsorbates will form ordered structures due to the
usually repulsive interaction between adsorbates.

(110) (1171)

1.0n top 4. Three-fold hollow (hcp)
2. Bridge (short) 5.Three-fold hollow (fcc)
3. Bridge (long) 6. Four-fold hollow

Figure 3.1: Model of different adsorption sites on (100), (110) and (111). The diffference between fcc and hcp hollow
sites are whether the position of the adsorbate conincides with an atom in the second layer of the substrate.

3.1.2 Adsorption Structures

When the coverage increases, the adsorbates tend to organize in well-ordered
periodic structures, which most often are described using the so-called Wood’s
notation [20]. It relates the basis vectors of the overlayer unit cell to those of
the substrate according to

12
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where, M(hkl) is the element and miller index of the substrate surface, x is either
p or ¢ denoting whether the unit cell is primitive or centered, respectively, a)
and ah are the magnitude of the overlayer basis vectors, a; and ag are the
magnitude of the substrate basis vectors, a° is the angle between substrate and
overlayer unit cells and nA is the number per unit cell and chemical species of
the overlayer molecules or atoms. The notation include information on the size
of the unit cell, orientation of the structure and adsorbate coverage.

M(hkl)z(

) — Ra® —nA (3.1)

Figure 3.2 shows examples of overlayer structures on a fcc(100) substrate sur-
face. The blue and red balls represent the substrate and the adsorbate atoms,
respectively. The primitive adsorbate structure in Figure 3.2 A has one basis
vector that is twice as long as that of the substrate, while the other is of the
same length. Hence, this is a p(2 x 1) structure. Further the basis vectors of
the overlayer are parallel to those of the substrate, that is, the relative rotation
is 0°. Finally, there is one adsorbate per unit cell and the full Wood’s notation
would be M(100)p(2 x 1) — R0° — 1A. Most often, some of this information is
implied, and therefore omitted. The structure in Figure 3.2 A would then be a
(2 x 1) structure.

The primitive unit cell of the structure in 3.2 B has unit vectors that are /2
times those of the substrate and rotated 45°, yielding a p(v/2 x v/2) R45°. Since
it is often more convenient to use a unit cell that is not rotated relative to the
substrate, this is instead often denoted as ¢(2 x 2), that is a (2 x 2) structure
with an extra lattice point in the center of each unit cell.

An alternative and more general notation is the so-called matrix notation,
which describes the size and orientation of the overlayer unit cell relative to
. . (Gn G
that of the substrate according to the matrix < 1 12) defined as
Ga1 G2
= Gnay + Groaz

ay
ay = Gaag + Gpag :
a)) G Gz (a1
3.4
()= G2) () 60

For the structure in Fig 3.2A, this yields

@} | = 2|a1| + Ola|

jag| = Olaa| + 1|a5)|
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p(2x1) c(2x2) or
p(v2x~/2)R45°

8=1/2 ML 6=1/2ML

el

Figure 3.2: Two examples of adsorption structures on a fcc(100) surface, with their Wood's and matrix notations.

3.1.2.1 CO and O Adsorption on Rh(111)

When O adsorbs on Rh(111), it dissociates into single atoms that prefer to
adsorb in 3fh-fcc sites. As the coverage reaches 1/4 monolayers (ML), where 1
ML means that the same number of atoms are adsorbed as there are atoms in
the surface layer of the substrate, the ordered (2 x 2) structure is formed [21-27],
as shown in Figure 3.3(a). Figure 3.3(b-d) shows the (2 x 1), (2v/3 x 2v/3) R30°
and (2 x 2)-30 structures that form when the coverage increases further up to
the saturation coverage of 3/4 ML. At this point, further exposure to Oz does
not lead to adsorption. In the (2v/3 x 2v/3)R30° structure, O adsorbs not only
in fcc sites but also in hcp sites, as indicated in the figure by red and orange
balls.

Figure 3.4 shows CO adsorption on Rh(111) surface . In contrast to O, CO
prefers to adsorb in on-top sites, forming (2 x 2), (v/3 x v/3)R30° and (2 x 1)
structures at 1/4, 1/3 and 1/2 ML coverage respectively. At this point, it
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Figure 3.3: Model of O adsorption on Rh(111) with increasing coverage. Green balls are Rh atoms, red balls are O atoms
on fcc hollow sites, orange balls are O atoms on hcp hollow sites.

becomes unfavourable to add more CO in on top sites, as the local coverage
would be too high. Instead some of the CO molecules move to 3fh sites, and at
the saturation coverage of 3/4 ML, we again find a (2 x 2) structure with three
molecules per unit cell; one on-top, and two in 3fh sites (one fcc and one hep
site), as shown in Figure 3.4(e). [21-23, 28-35].

The adsorbate structures of CO on Rh and Pd efficiently blocks the dissociative
adsorption of Og, which makes these CO covered surfaces show low activity.
Since CO adsorption is associative, however, O precovered surfaces allows for
CO adsorption, resulting in coadsorption structures that enables the CO ox-
idation reaction. These coadsorption structures on Rh(111) were studied by
Schwegemann et al. [21, 36] and Jaworowski et al. [24] at temperatures below
the activation energy for the reaction, and are summarized in Figure 3.5. Start-
ing with a (2 x 2) structure of O with a coverage of 1/2 ML, there is one Rh
atom in each unit cell that is not coordinated to O. This is where CO starts to
adsorb in the (2 x 2)-O+CO structure shown in Figure 3.5 a. For further CO
adsorption, there are no available on-top sites, and as with only CO, we find
a (2 x 2)-0+2CO structure with CO in both on-top and 3fh sites as shown in
Figure 3.5 b. Finally, starting with the (2 x 1)-O structure with a higher oxygen
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Figure 3.4: Model of CO adsorption on Rh(111) with increasing. Green balls are Rh atoms, red balls are O atoms on fcc

hollow sites. (a) at 1/4 ML, the structure is (2 x 2) - CO.(b) at 1/3 ML, the structure is (v/3 x /3) R30°.
(c) at 1/2 ML, the structure is (2 x 1) - CO. (d) at 3/4 ML, the structure is (2 x 2) - 3CO.

coverage of 1/2 ML, the adsorbing CO pushes half of the O atoms from the 3fh-
fce to 3th-hep sites, hence making the on-top sites available for the formation
of a (2 x 2) — 20 + CO structure as shown in Figure 3.5 c¢. In Paper III, we
find that at a sample temperature of -180° C, this change of oxygen site cannot
occur, and the CO initially adsorbs in 3fh sites. Upon heating, however, we find
that a rearrangement to the structure in Figure 3.5 ¢, before the CO oxidation
reaction starts.

3.2 Oxides

In nature, most metals are found in the form of oxides, and if exposed to high
enough Oy pressures at high enough temperature for the atoms to mix, also Rh
and Pd will oxidize. This drastically changes the interaction with the surround-
ing and especially the catalytic properties. Historically, it has been found that
oxides in general are rather inactive for CO oxidation. More recently, however,
it has been suggested that the oxide phases are responsible for the high CO
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Figure 3.5: Model of O and CO co-adsorption on Rh(111).

oxidation activity over Rh, Pd, Pt, and Ru. This has been under debate for
almost two decades, but in Paper V we show that Pd oxides can be active
while Rh oxides are inactive. The determining factor is the surface structure,
which will be discussed for different Pd and Rh oxide structures in this section.

3.2.1 Palladium oxide

A PdO bulk oxide unit cell is shown in Figure 3.6 A, where the green (100) plane
is the stable surface orientation for pure PdO [37-40]. Here, all the Pd atoms, in
the bulk as well as on the surface, are coordinatively saturated, binding to four
O atoms as shown in Figure 3.6 B. When oxidizing a Pd crystal however, first
a surface oxide with a single PdO(101) layer (the yellow plane) is formed, as
shown in Figure 3.6 C. In this surface, half of the Pd atoms are coordinatively
saturated, while the other half are Coordinatively UnSaturated (CUS), only
binding to two O atoms. The presence of the metal underneath the oxide film
stabilizes the (101) surface instead of (100) [37-39]. This is the case also for thin
bulk oxide films, which thus expose the (101) surface as shown in Figure 3.6 D.
In this case the CUS atoms are also coordinated to O in the second layer, and
bind to three O atoms. If the oxide film grows thick, the stabilization stops and
the (100) surface is exposed. At the same time the connection to the substrate
is broken and the oxide becomes polycrystalline.

Concerning the activity for catalytic CO oxidation, CO does not bind strong
enough to the surface with only fully saturated Pd atoms. Consequently, the
thick bulk oxide is not very active. The CUS atoms on the surface oxide and
thin bulk oxide are, however, able to adsorb CO, and in Paper V we show that
these oxides are at least as active as the metallic surface.

17



PdO(100)

(V5x1/5)R27°-PdO(101) (V/5x1/5)R27°-PdO(101)
(surface oxide) (epitaxial bulk oxide)

Figure 3.6: Models of PdO. A. The unit cell of PdO. The yellow and green planes represent (101) and (100) surface
orientations. B. PdO (100) bulk structure, with each Pd atom coordinated to four O atoms. C. (v/5x+/5) R27°
- PdO(101), which is a surface thin oxide. It is a trilayer O-Pd-O structure, where the Pd atom bind 2 and 4 O
atoms [41, 42]. When the surface oxide grows thicker, it becomes an epitaxial bulk oxide with Coordinatively
UnSaturated (CUS) Pd atoms (denoted as the light blue color balls) as shown in D.

3.2.2 Rhodium oxide

For Rh, the unit cell of the bulk oxide, RhyOs3, is shown in Fig 3.7 A, with
a hexagonal structure with complex stacking order. The stable surface of this
oxide is completely O terminated [43, 44], and does not bind CO very well.
This is also the case for the surface oxide, which consists of a trilayer with three
hexagonal O-Rh-O layers as shown in Figure 3.7 B [45-48]. In Paper V we
show that the Rh oxides are, indeed, not very active for CO oxidation.

The very initial oxidation of Rh(110), however, results in a 1D oxide with a
(10 x 2) missing-row structure as shown in Figure 3.7 C [49-52]. Along the
remaining rows, two out of ten Rh atoms are removed, and the remaining eight
are stretched out over nine lattice distances, and surrounded by 4 O atoms each.
The same structure can be found on Rh(331) facets [53], as well as on surface
with (100) steps [54]. In Paper III we find that this 1D oxide, in contrast
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Figure 3.7: Models of Rh oxides: (A) Bulk RhyO3 unit cell, (B) (9%x9) surface oxide on Rh(111) and (C) 1D oxide on
Rh(110), which consists of a (10 X 2) missing-row structure.

to the other Rh oxides, is highly active for CO oxidation, probably due to CO
being able to adsorb on the narrow (111) terraces separating the steps.

3.2.3 Surface reconstruction and faceting

As mentioned above, the formation of adsorption structures or oxides changes
the energy and hence the stability of a surface. Especially, the relative stabil-
ity of different surface structures may change, resulting in a reconstruction of
the surface layers [55]. For instance, during the formation of the 1D oxide on
Rh(110), every second surface row is removed in what is called a missing row
reconstruction [56]. Another nice example of reconstructions can be seen when
Rh(553) is exposed to Og [53] or reaction mixtures of CO and Og, as discussed
in Paper 1.

After exposing the Rh(553) surface to a CO-rich CO+02 gas mixture, at tem-
peratures where the catalytic activity is high, the steps move closer together in
(110) facets, as indicated by the green atoms in Figure 3.8, while the (111) facets
(yellow) grows such that the macroscopic orientation of the surface is unchanged.
The driving force for this faceting is probably that as much CO as possible shall
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be able to adsorb. The CO prefers to adsorb on steps, since the step atoms,
as discussed in Chapter 2, are most undercoordinated and hence most reactive.
The faceting, however, does not increase the number of steps, so the adsorption
on the steps cannot be the driving force. Instead, the extended (111) terraces
can probably accommodate more CO than when regularly interupted by steps,
which means that the energy is lower for the facetted surface than the original
orientation.

(117)

(110) A
(331)7\ (1171)

(553) 1123

O (111) facet-12.3° @ (110) facet -22.6°
© (117) facet--58.2° @ (331) facet --9.8°

Figure 3.8: Model of vicinal (553) surface with different facets. The facets are (111) (yellow), (111) (light blue), (110)
(green) and (331) (red). The angles to the normal (553) surface is indicated for each facets, respectively.
In order to keep the macroscopic surface orientation unchanged, the shorter terraces of the new facets are
compensated by larger (111) facets.

In a stoichiometric reaction mixture, with this high reaction rate, the coverage
of both CO and O will be very low, and the surface will return to the original
(553) orientation, as shown by the dark blue atoms.

In a slight oxygen excess, the 1D oxide will form along the step edges. Again, the
remaining (111) terraces will not be able to accommodate as much adsorbates as
extended (111) terraces. Hence, the steps will again be pushed closed together,
but the 1D-oxide needs more space than the adsorbed CO, and the result is
(331) facets (red). Note that this is slightly denser than for the 1D oxide on
Rh(110).

Finally, in an even more oxygen rich gas mixture, the surface oxide forms on the
(111) terraces, which means that these grow further together with equivalent
(111) facets, as shown by the light blue atoms.
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Chapter 4

Catalysis

A chemical reaction happens when molecules or atoms of the reactants collide,
break internal bonds and create new bonds forming the products. The breaking
and creation of bonds typically requires a certain energy, which is referred to
the activation energy of the reaction. The role of a catalyst is to provide an
alternative path for the reaction, where intermediate bonds are made between
the reactants and the surface of the catalyst. In this way, the reaction is divided
into several steps, but the involved energy barriers are lower, such that the reac-
tion proceeds faster. This chapter will discuss reaction rates, their dependence
on activation energies and temperature, and how this applies to catalysis.

4.1 Reaction Kinetics

The rate of a reaction expresses how many product molecules are formed, and
reactant molecules are consumed, during a certain time. For non-catalyzed
reactions where the reactants are mixed in gas or liquid phase and directly react
to the product, the rate is usually expressed in terms of the concentration of
reactants and products over time. For instance, for a reaction described by the
simple stoichiometry condition

aA+bB = cC (4.1)

the rate expresses how fast the concentration changes according to
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where d[A], d[B] and d[C] are the changes in concentration of reactants (A and
B) or product (C) over a time period dt and a, b and ¢ are the stoichiometry
coefficients. Note that the negative sign corresponds to a negative change of a
reactant concentration, since the reactant is consumed. On the other hand, the
product results in a positive sign. Such an expression for the rate of a reaction
is called a rate law [57].

The rate of a reaction varies with the concentration of reactants according to

Rate = k[A]*[B]Y (4.3)

where, k is the so-called rate constant, and x and y are the order of the reaction
relative to the reactants A and B, respectively, and relates how the rate changes
with the concentration. For example, if z = 1 the reaction rate increases linearly
with the concentration of A. If the z = 0, the rate does not depend on the
concentration of A, and if x < 0 the rate drops with increasing concentration of

A.

Usually, the higher temperature, the higher reaction rate. This behaviour is
described by the empirical Arrhenius equation, that describes how the rate con-
stant, despite of the name, varies with temperature and activation energy:

k(T) = Ae~FalksT (4.4)

Here, A is a pre-exponential factor, E, is the activation energy, or the reaction
barrier, which describes the minimum energy required for the reaction to occur,
kp is the Boltzmann constant [7], and 7" is the temperature. From this expres-
sion it is directly clear that the reaction rate, which at a certain concentration
of reactants is proportional to the rate constant, increases exponentially with
the temperature. Similarly, the Arrhenius equation says that the reaction rate
increases exponentially with decreased activation energy, which is the most im-
portant aspect of the Arrhenius equation when it comes to catalysis, as discussed
further below.

For a gas phase reaction, the Arrhenius equation can be explained by the
Maxwell-Boltzmann distribution, which describes the distribution of kinetic en-
ergies among gas-phase molecules and hence the available energy in collisions
between these particles. The Maxwell-Boltzmann distribution is described by
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where the first part describes how the number of states varies with the kinetic
energy, and the second part is the Boltzmann distribution describing to what
extent these states are filled depending on the temperature. Figure 4.1 shows
the Maxwell-Boltzmann distribution curve at three different temperatures. The
striped area underneath the curve of temperature 73 and above the activation
energy FE, 1 corresponds to the number of collisions with high enough energy
to overcome this activation energy, such that they can lead to reaction at this
temperature. This area, and hence the reaction rate, increases significantly if the
activation energy is decreased to F, 2 and decreases if the temperature is lowered
to Th or T7. As seen in Equation 4.5, the dependences of the Maxwell-Boltzmann
distribution on temperature and kinetic energy are not strictly exponential but
at higher energies, in which range relevant activation energies usually lie, the
exponential term completely dominates. Hence the empiric Arrhenius equation
shows an exponential dependence, while the non-exponential terms contribute
to the prefactor.

T

Ts

Number of particles

Energy

Figure 4.1: The Maxwell-Boltzmann distribution curve for three different temperatures, describing the distribution of kinetic
energies among gas-phase molecules and the available energy in collisions between these particles. The collisions
with energy above E,. may lead to reaction.

In order to experimentally determine the activation energy of a reaction, it is

useful to express the Arrhenius equation on a logarithmic form:

E, 1
Ink(T) = =+ In A (4.6)

This shows that if the reaction rate is measured at different temperatures and
plotted logarithmically against the inverse temperature, the result is a linear plot
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where the slope is directly given by the activation energy as shown in Figure
4.2.

A InA

4 slope =-E /k,

Rate

>
1/T

Figure 4.2: Arrhenius plot. The logarithm of a reaction rate plotted against inverse temperature. The slope gives the
activation energy.

4.2 Heterogeneous catalysis

Catalysis can be classified into heterogeneous catalysis, where the catalyst and
reactants are in different phases, and homogeneous catalysis, where the catalyst
and reactants are in the same phase [9]. This thesis focuses on heterogeneous
catalysis with solid catalysts and gaseous reactants. More specifically, I have
studied catalytic oxidation of CO over the surface of noble metals. This catalysis
is essential, for instance, for cleaning of automotive exhaust gases.

Figure 4.3 schematically describes the CO oxidation process over a transition
metal single crystal. The reactants are initially in gas phase but adsorb on the
catalytic surface. In the adsorption process, the Oy molecule will dissociate and
occupy two so-called active sites, while the CO adsorbs intact and occupy a
single site. Next, the adsorbed and dissociated CO and O react with each other
to form COs, which desorbs from the surface.

The main function of the catalyst is that it provides an alternative reaction
path, including adsorption on and desorption from the surface. This means
that the reaction process becomes more complex, but the involved reaction
barriers are lower, and as explained above, this significantly increases the rate
constant and hence the reaction rate. Returning to the Maxwell-Boltzmann
distribution in Figure 4.1, this can be illustrated by the higher activation energy,
E, 1, corresponding to the non-catalyzed reaction, while the lower activation
energy, F, o corresponds to the catalyzed reaction.
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Adsorption Reaction Desorption

Figure 4.3: Model of the heterogeneous catalytic oxidation of CO. O2 and CO can adsorb on the catalyst surface and Oz
molecule can disassociate into two O atoms. CO can react with one O atom, form CO» and desorb from the
surface.

As the catalytic reaction, however, is divided into several steps, each of these part
reactions have its own rate law and rate constant. Often, there is one of these
steps that has a higher activation energy than the other. With the exponential
dependence for the rate constant on the activation energy, this means that all
the other steps have a significantly higher rate, and the rate of the total reaction
is determined by this single step. This is called the rate limiting step.

For the catalysed reaction, CO and Os adsorb on the surface, forms COs, which
leaves the surface. The reaction is divided into the following steps.

Og + #x — 20 x* (4.7)

CO+x* — CO (4.8)

O % +COx = COq x + * (4.9)
COyx — COy + % (4.10)

where, Oy and CO are two reactant molecules, * is an active site on the catalytic
surface, where the reactants can adsorb. O* and CO* are adsorbed O and CO
and COs is the final product. Among these, the adsorption and desorption steps
have very low activation energies, and the rate limiting step is the formation of
COs.

One must not forget, however, that the rate constant is not the only thing con-
trolling the reaction rate. If there are no reactants available, the reaction cannot
proceed, as described by the concentration terms in the rate law, Equation 4.2.
In the catalyzed reaction, this does not only include the actual reactant mo-
lecules, but also available active sites, that act as reactants for the adsorption
steps. This becomes crucial in the case of CO oxidation over Rh at low temper-
atures, where CO tends to cover the surface and significantly limit the available
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adsorption sites for Oo. Hence, although the rate constant is very high, the rate
of Oy adsorption, and the whole reaction, is very low. In order for the reaction
to take place, CO first has to desorb from the surface. On Rh(111), this pro-
cess has an activation energy of about 1.1 eV [58] and hence becomes the rate
determining step.

Finally, while testing how good a catalyst is, the reaction rate is often normalized
against the number of active sites on the surface. The catalytic activity is then
expressed as the so-called turnover frequency, that is the number of produced
product molecules per active site per second.

4.3 Catalytic Reaction Mechanisms

In order to properly understand a catalytic reaction, it is important to know how
the reaction proceeds, that is the reaction mechanism. There are three reaction
mechanisms that are relevant for this thesis. Below, catalytic CO oxidation will
be used to illustrate them.

(a) (b) (0

Figure 4.4: Reaction mechanisms relevant for this thesis, illustrated by CO oxidation. (a) Langmuir-Hinshelwood mechan-
ism, (b) Eley-Rideal mechanisms, (c) Mars-Van Krevelen mechanism.

The Langmuir-Hinshelwood mechanisms, which was used in the example
above, is illustrated in Figure 4.4(a). It was suggested by Irving Langmuir in
1921 and developed further by Cyril Hinshelwood in 1926 [59]. The mechanisms
illustrates that, firstly, the two reactant molecules Oy and CO adsorb on the
surface and O dissociates. Secondly, the chemical reaction takes place on the
catalytic surface, resulting in the formation of a new molecule, CO5y as the
product, and eventually the product desorbs from the surface [60]. As described
above, this mechanism involves the following reaction steps.
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Og + #x — 20%
CO + x — COx

O % +CO*x — COg * +x
COg*x — COq + %

Some of the catalytic reactions observed in the present thesis follow the Langmuir-
Hinshelwood mechanisms. In Paper II, oxygen adsorb dissociatively on a Rh
surface and reacts with two adsorbed CO molecules, forming two CO9 molecules
which subsequently desorb from the surface.

The second mechanism is called the Eley-Rideal mechanisms and is shown
in Figure 4.4(b). D. D. Eley and E. K. Rideal proposed this mechanism in 1938.
They suggested that one of the reactant molecules adsorb onto the surface while
the second reactant will react with adsorbed molecule without adsorbing on the
surface. For CO oxidation, this would correspond to the following two steps.

Os + #*x — 20x% (4.15)
O % 4+CO — COz + * (4.16)

The third reaction mechanism is called the Mars-Van-Krevelen mechanisms
and is shown in Figure 4.4(c) and was described by Mars-Van-Krevelen in 1954.
The difference from the other two mechanisms is that one of the reactant is a
part of the catalytic surface, such as oxygen atoms in a surface oxide. The second
reactant adsorbs onto the catalytic surface and reacts with an atom from the
surface structure, which is later on replaced by adsorption of the first reactant
from the gas phase. In the case of CO oxidation, O9 adsorbs and oxidizes the
surface, CO then adsorbs on the surface and reacts with the oxygen in the oxide
to form COy [48]. In Paper III, a 1D oxide on a faceted Rh(553) surface
provides the oxygen for the catalytic oxidation of CO following the Mars-Van-
Krevelen mechanisms:

O +M — MO (4.17)
CO + * — COx (4.18)
MO + COx — COg + *x + M (4.19)
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Chapter 5

Experimental techniques

A fundamental understanding of the relation between catalytic activity and sur-
face structure often needs several techniques. In this work, I have used X-ray
Photoelectron Spectroscopy (XPS), Surface X-Ray Diffraction (SXRD) and low-
energy electron diffraction (LEED) in order to gain comprehensive information
about the interaction between reactants and the surface of a model catalyst
[61-63]. XPS can determine the binding energy of electrons from atoms in the
surface region of the sample, which is directly related to the elemental compos-
ition and chemical state of the sample surface. In addition, thorough analysis
may provide information on film thicknesses and depth profiles [64-66]. Dif-
fraction techniques, on the other hand, determine the periodicity of the sample,
and indirectly the atomic positions. Furthermore, surface diffraction provides in-
formation on the surface orientation and surface roughness [67]. In addition, the
experimental results are complemented with Density Functional Theory (DFT)
calculations, performed by collaborators.

The principles of XPS and diffraction are described in this chapter. For dif-
fraction the basic theory is described followed by a discussion of the differences
between SXRD and LEED.

5.1 Diffraction

Diffraction is a widely used analytical technique for material characterization.
It is used to identify phases and determine orientations, crystallite sizes, and
crystallographic structures. Diffraction occurs when radiation is scattered by
a crystalline structure, producing a pattern of constructive interference at cer-
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tain angles. This diffraction pattern is uniquely related to the periodicity of
the atoms in the material and can be used to determine the structure of an
unknown material, or as a fingerprint of a known material [68]. Diffraction can
be applied on solid crystals or powders and depending on the kind of probe
used, almost all materials can be investigated. While electron diffraction does
not work on insulating materials, X-ray diffraction has no limitation of electrical
conductivity.

5.1.1 Introduction to diffraction

An incoming wave that interacts with an object, will be scattered in all direc-
tions. To simplify the theory, we only consider elastic scattering, that is without
any energy loss during the scattering, so that the in- and outgoing waves have
the same wavelength. Waves scattered by different objects will interfere with
each other when they meet. When they are in phase, the interference will be
constructive and their amplitudes will be added into a larger resulting wave.
When the waves are out of phase, the interference will be destructive and the
two waves cancel each other. This is illustrated in Fig 5.1 A.

Destructive interference
Figure 5.1: A. Constructive and destructive interference. B. Scattering from two objects. In the directions where the

scattered wave are in-phase, there will be an intensity maximum, as shown by the red intensity curve.

A crystal has a structure consisting of an array of periodically separated atoms,
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and diffraction provide information about the atomic arrangement within the
crystal. We assume that the scattering is homogeneous, such that the interfer-
ence pattern from a 1D array of atoms corresponds to the interference pattern
from a multiple slit system. The intensity distribution from such a system is

given by
W N 2
roc () (5.1)

sin T

Here, I is the intensity, N is the number of slits or atoms and © = PD/\ is the
path difference between two adjacent scattered rays relative to the wavelength.
[68-T71].

Figure 5.2 shows the intensity distribution, according to Equation 5.1[72], for
systems of 1, 2, 4, 8, 16 and an infinite number of slits or atoms. The main
peaks show where the constructive interference is maximized. These directions
do not depend on the number of atoms involved in the scattering. Instead, the
number of atoms affects the sharpness of the interference pattern, such that the
more atoms that are involved, the sharper and more intense are the peaks. In
addition, for more than two atoms, there are also secondary maxima appearing
in the directions where the waves from some atoms are in phase, while others
are out of phase. These secondary maxima become weaker and weaker as the
number of atoms increases, and for an infinite number of atoms, all the intensity
is concentrated in the main diffraction peaks, which are infinitely sharp.

5.1.2 General diffraction theory

For a more thorough derivation of the diffraction theory, Figure 5.3 shows a
wave coming in from the left and and two rays being scattered by two different
atoms separated by the vector R. The traveled path difference (PD) between
the two rays, is the sum of the projections of R on each direction of incoming
and outgoing rays. According to Figure 5.3, we can describe the path difference
as

PD=S+5" = Rcosf + Rcost/ (5.2)
where we R = |R|. In order to have a full constructive interference between
these two rays, the path difference should be an integer number of wavelengths

PD =n\ (5.3)

Let us now describe the incoming and outgoing waves with their wave vectors,
k and k', respectively with
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Figure 5.2: Simulation of interference in slits. A-F represent 1, 2, 4, 8, 16 and an infinite number of slits. The more slits
the sharper interference peaks.

2
b=kl = K] == (5.4)
A
We then get
R -k = Rkcos(180° — 0) = —Rk cos 0 (5.5)
and
R -k = Rkcost (5.6)
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Path Difference (PD) =s + s’

Figure 5.3: A wave is scattered by two atoms and a detector looking for intensity in a certain direction. This, in turn
happens when the path difference (PD) is an integer times the wavelength, PD = s + s’ = n\.

By defining AK as the change in wave vector, AK = k’ —k, we get constructive
interference if
R-AK Rk R-K
ko —k * k

2
:S+S':PD:n)\:n% (5.7)

and
R - AK =2mn (5.8)

5.1.2.1 Real and reciprocal lattice

The atoms in a crystalline material are arranged in a periodic lattice described
by the basis vectors aj, ag and ag. A general lattice vector R, connecting two
lattice points, is then described by

R = mja; + meoag + msag (59)

where m; are integers. Intense diffraction peaks are found if the condition in
equation 5.8 is fulfilled for all atoms in the crystal simultaneously, that is for all
possible lattice vectors, R.

The diffraction pattern corresponds to the reciprocal lattice, which is the Four-
ier transform of the atomic lattice [73]. A general reciprocal lattice vector is
described by

G = ¢1b1 + ¢2b2 + g3bs (5.10)
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where ¢; are integers and the relation between the real and reciprocal basis
vectors can be described by

az X as az X aj a] X asg

by = 2 by =2r— 2 (5.11)

b =2r—F——— —F , bg
a; - (ag x a3)’ ay- (a3 xaj)’ a3 - (a1 x ag)

This means that bq is perpendicular to as and ag, and similar for by and bg,
and that the length relation is by : by : b3 = 1/a; : 1/ag : 1/as.

For simplicity, the illustration of a 2D lattice for (A) real space and (B) reciprocal
space is shown in Figure 5.4, where by Lay, bolaj and by : by = 1/ay : 1/ag =
as : a1. As a special case for 2D lattices, the result is that the shape of the
reciprocal lattice is similar to that of the real lattice, but rotated 90°.

A B
© o o o o o
© o o o o o O 0 o o O
o o o o G=b,+2b,
R=a,+2a, o o © 0 O
o o o o © b,
a
o o o o o o b o o
di 1
© o o o o o © 0 0O 0 0O

Real space Reciprocal space

Figure 5.4: A 2D rectangular real (a) and corresponding reciprocal (b) lattice. For 2D lattices, the shape of the real and
reciprocal lattices are similar, but rotated 90°.

5.1.2.2 The Laue condition

Since the reciprocal lattice vector, G, and the wave vectors, k, k’ and AK, have
the same dimension of inverse length, they can be described by the same basis.
Especially

where h, k and [ does not have to be integers.

The diffraction condition (equation 5.8) can then be described as

2mn =R - AK = miha; - by + mokas - b 4+ mglas - bs

5.13
= (mih + maok + mgl)2m ( )
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Therefore,

(myh 4+ mok +msl) =n (5.14)

In order for this to be fulfilled for any R, that is for any combination of my, mo
and mg, h, k and [ need to be integer numbers. This means that a diffraction
peak appear in the directions where AK is a reciprocal lattice vector, or

AK =G (5.15)

which is called the Laue condition.

5.1.2.3 The Ewald sphere

Figure 5.5 shows, for a 2D lattice, how the diffraction corresponding to reciprocal
lattice point (—2,3) is measured. With a certain orientation between k and the
reciprocal lattice, that is between the incoming beam and the crystal, AK can
reach any point on the circle, depending on the choice of k’, that is the position
of the detector. In three dimensions, this circle becomes a sphere, the so-called
Ewald sphere.

Ewald sphere

Figure 5.5: 2D representation of the Ewald sphere. The incoming wave vector, k points at the (0, 0) point. The outgoing
wave vector, k’, and the change in wave vector, AK points at the probed point in reciprocal space. Depending
on the position of the detector, all the points along the Ewald sphere can be probed.

In order to probe other parts of reciprocal space, there are two possibilities. In
X-ray diffraction, the sample, and hence the reciprocal lattice, is usually rotated
such that the desired point coincides with the Ewald sphere, and the detector
is moved to the corresponding direction, see figure 5.7. In LEED, on the other
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hand, one instead changes the energy of the electron beam, and hence the size
of the Ewald sphere.

In Paper IV, Paper V and Paper VI, we pioneered the use of a large 2D
detector, which covered a large range of diffraction angles without moving. In
this case, the 3D reciprocal space can be probed by only rotating the sample,
which speeds up the measurements by several orders of magnitude.

5.1.3 Surface Diffraction

In most diffraction studies, the number of atoms contributing to the diffraction
pattern is large, such that the diffraction spots, according to Figure 5.2, becomes
very sharp. For a 3D sample, the result is a sharp 3D diffraction pattern, where
the maxima are called Bragg reflections. The position and intensity of these
reflections will give the bulk structure. But in this thesis the aim is the surface
structure.

By limiting the number of atoms, the peaks becomes broader, as illustrated in
Figure 5.2. In surface diffraction, we limit the number of layers contributing to
the diffraction, while parallel to the surface plane, the number of contributing
atoms is still very large. The result is that perpendicular to the surface, the dif-
fraction peaks get broader, while parallel to the surface, they are sharp. Hence,
the Bragg reflections turn into so-called Crystal Truncation Rods (CTRs), if
diffraction is from the surface of a bulk crystal, or superstructure rods, if origin-
ating from another structure on top of the substrate surface, and by studying
this rods rather than the Bragg reflections, information on the surface structure
can be achieved.

The intensity variation along these CTRs or superstructure rods varies depend-
ing on the number of layers contributing. In the extreme case with only a single
layer, which would for instance be a qualitative approximation of the surface
oxides on Rh or Pd, this would result in rods without any intensity variations,
in analogy with Figure 5.2 A. For larger number of layers, the Bragg reflections
along the CTRs become stronger and stronger. This is illustrated in Figure
5.6, schematically showing how a single layer results in solid rods without any
intensity variations (A), an intermediate number of layers result in Bragg re-
flections and CTRs (B), and a large number of layers results in sharp Bragg
reflections only. In addition, any relaxation of the surface layers also alters the
shape of the CTRs. Hence, by measuring the intensity along the CTRs, the
surface structure can be investigated quantitatively.
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(@) Real space Reciprocal space

Figure 5.6: lllustration of the how the reciprocal lattice depends on the number of layers contributing to the diffraction.
(a) A single layer give constant CTRs, (b) A few layers give CTRs connecting Bragg reflections, and (c) a large
number of layers give Bragg reflections, only.

5.1.3.1 Surface X-Ray Diffraction

The main diffraction method used in this thesis is Surface X-Ray Diffraction
(SXRD). Due to the low interaction between X-rays and matter, X-ray diffrac-
tion is usually used for bulk studies, but by letting the x-rays hit the surface
under grazing incidence, preferably below the critical angle for total reflection,
the number of contributing layers are limited and the surface signal becomes
available.

Figure 5.7A illustrate how this measurement is performed. The X-ray beam
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comes in from the left and is scattered by the crystal. Concentrating on the
(—=1,1,1) CTR, it intersects the Ewald sphere at the green spot. By placing
the detector in the corresponding k’ direction, the diffracted intensity of the
CTR at this [ is measured. In Figure 5.7B, the sample and the reciprocal lattice
is rotated slightly, such that the (—1,1,1) CTR intersects the Ewald sphere at
a lower [ value. Thus, by rotating the sample and moving the detector, the
intensity along the CTR, or any other line in reciprocal space can be measured.
To map out the reciprocal space using this approach is, however, very time
consuming. In Paper IV, Paper V and Paper VI, we pioneered the use of a
large 2D detector [74], which covered a large range of diffraction angles without
moving. In this case, the 3D reciprocal space can be probed by only rotating
the sample, which speeds up the measurements by several orders of magnitude.
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Figure 5.7: lllustration of the SXRD measurements. Concentrating on the (—1, 1) rod, this intersects the Ewald sphere
at the green dot, and this point is probed by placing the detector in the corresponding k' direction. Between
panel A and B, the sample has been rotated slightly, such the the intersection point is lower and the detector
needs to be moved slightly. Hence, by rotating the sample and following with the detector, the intensity along
the CTRs can be probed.

As an example, Figure 5.8 shows measurements of Rh(553) from Paper I, where
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a plane in reciprocal space close to the Bragg reflection at (h, k,l) = (0,—4,7)
is mapped out at under different conditions. In panel A, the clean surface is
probed, and there is a strong vertical CTR at k = —4 revealing the presence of
the (553) surface. There is also a CTR at k = —5 originating from the Bragg
reflection at (h,k,l) = (0,—5,—6). In addition, there is a rod perpendicular
to the (111) planes, diagonally between these two Bragg reflections. This is
because of the (111) facets that are always present on the (553) surface.
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Figure 5.8: Surface X-ray Diffraction plots from Rh(553) in a CO and Oy gas mixture during reaction. The fact that
CTRs are perpendicular to the surface is used to follow the faceting of the surface. The top panel illustrates
the model of the Rh(553) surface with different gas-induced facets, as discussed in Chapter 3.2.3. The bottom
group of plots: Surface X-ray Diffraction plots with crystal truncation rods in different directions. (A) For
the clean surface, the main CTRs are perpendicular to the (553) surface. In addition, there is a weak CTR in
the [111] direction, revealing the presence of (111) facets. (B) Under CO rich condition, an additional (110)
CTR is found revealing the faceting into (110) facets. (C) In an Os rich gas mixture, the surface is oxidized
and form (9x9) surface oxide, which is formed on (111) terrace, therefore the rod leans the same direction as
(111). There are also (331) CTRs revealing the presence of (331) facets with 1D oxide.
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Figure 5.8 B shows the measurements during CO oxidation in an excess of CO,
where the steps, as discussed in Chapter 2, are pushed closer together into
(110) facets, coexisting with larger (111) terraces. This is revealed in the SXRD
measurement by an increase of the (111) CTR as well as the appearance of a
CTR perpendicular to the (110) planes, on the expense of the intensity of the
vertical (553) rods. In oxygen excess (Figure 5.8 C), the CTR perpendicular
to the (331) planes reveals the growth of the corresponding facets, where the
steps are covered by the 1D oxide. In addition, a new (111) oriented rod, which
does not pass through the Bragg reflections, appears due to the formation of
the surface oxide on the (111) terraces. A similar study is presented in Paper
IV for the Pd(553) surface.

5.1.3.2 Low Energy Electron Diffraction

The most common diffraction method for surface science studies is Low Energy
Electron Diffraction (LEED), which makes use of the strong interaction between
the charged electrons and matter to limit the number of layers contributing to
the diffraction and enable the measurements of the CTRs. Figure 5.9 shows the
so-called universal curve of inelastic mean free path, with experimental data of
the average distance electrons will travel in metals before they lose energy. The
mean free path depends on the energy of the electrons, but not significantly on
the material. In a range of about 15-500 eV, the inelastic mean free path is below
1 nm. This means that the electrons that reach the detector without energy loss
will predominantly originate from the surface of the sample, and methods, such
as XPS and LEED, that are based on low-energy electrons will be intrinsically
surface sensitive and are standard in surface science. It is important to note
that, although most of the signal will originate from the surface, the scattering
process is random and some electrons will travel very far in the material before
they are scattered. Hence, the measurements will always include contributions
from deeper layers, although the corresponding signal will be rather weak.

LEED is based on the fact that electrons can be described as waves with the
wavelength depending on the kinetic energy according to the modified de Broglie

equation [55, 78]
MA) = é?&?) (5.16)

This shows that electron energies between 15 and 500 eV, where the surface
sensitivity is maximized, correspond to wavelengths of about 0.5-3 A, well suited
for diffraction studies [20, 79].
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Figure 5.9: The universal curve for the electron mean free path. Optimum surface sensitivity is obtained with electrons in
the 15-500 eV range. [7, 75-77]

A sketch of the LEED experiment is shown in the Figure 5.10 a. An electron gun
generates an electron beam that is directed onto the sample surface with normal
incidence and the backscattered electrons are collected on a fluorescent screen
[9, 55]. In order for the beam paths not to be effected by any external electric
fields or charging of the sample, the sample and the grid Gs is grounded. The
diffraction theory described above is based on the assumption that the electrons
are scatted elastically. Go serve as a cut-off filter and is set to a negative
potential matching the accelerating voltage in the electron gun, such that any
electrons that have lost energy during the scattering process are stopped from
reaching the fluorescent screen. In order for the screen to light up when hit by
the electrons, the kinetic energy of the electrons have to be very high. Therefore,
the screen is at a positive potential of about 6 keV. Gq is there in order for the
strong field from the screen not to affect the function of the other grids.

The LEED process is illustrated in Figure 5.10 (b). The incoming wave vector
k hits the reciprocal surface lattice under normal incidence and is scattered to
k’. The corresponding AK lie on the Ewald sphere, as described above, and
in the k’ directions corresponding to AK vectors reaching a CTR, there will
be a diffraction maximum. Due to the high surface sensitivity, in a qualitative
study of the surface peridocity, it does not matter where the Ewald sphere
intersects the CTRs. This means that the measurement is independent of the
component of AK that is perpendicular to the surface and we only need to
consider the parallel component, AK|, which due to the normal incidence is
also equal to ki. If ki reaches from one reciprocal lattice point another, we
will see the corresponding diffraction spot from the screen. Therefore, In order
to have constructive interference between the diffract, the changes of parallel
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Figure 5.10: Low energy electron diffraction (LEED). (a) The fluorescent screen shows a picture of the reciprocal surface
lattice. The straight dash lines indicate the direction of electron path for both incident beam and back
scattered electrons. The sample is placed in the center of cruvature for the screen. G1, G2 and G3 are grids
making sure that the scattering is elastic and that the space around the sample is free from electric fields.

momentum needs equal a reciprocal surface lattice vector:

AK| = G, (5.17)

If the diffraction pattern on the screen is viewed from the top, a scaled image of
the reciprocal surface lattice is seen directly, without any scanning of the sample
or detector. Hence, both the LEED experiment and the involved equipment is
much simpler than for SXRD, and most surface science laboratories include a
LEED setup in order to check the periodicity of the surface. The downside of
LEED is that the electrons also interact strongly with gases and, in contrast to
SXRD, LEED does not work under realistic conditions for catalysis.

In spite of the high surface sensitivity, there are still intensity variations along
the CTRs. While, in SXRD, the sample is rotated in order for the Ewald
sphere to intersect the CTRs at different [ values, the orientation between the
sample and the beam is usually fixed in a LEED setup. Instead, the intersection
point between the CTRs and the Ewald sphere may be changed by varying the
kinetic energy of the electrons and hence the radius of the Ewald sphere. This
is often used in order to maximize the intensity of the LEED pattern, but also
for quantitative measurements of the surface structure [80].
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5.2 X-ray Photoelectron Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is a widely used technique for provid-
ing information about the chemical composition of surfaces, the oxidation state
of the material and can also be used to distinguish different phases [20, 81]. XPS
is based on the photoelectric effect, that is when a photon is absorbed by an
atom and its energy is used to emit an electron, which was explained by Albert
Einstein in 1905 [82]. In XPS this effect is used to determine the binding energy
of the electrons in a material, thus providing a unique fingerprint of the elements
in the material, but also information on their chemical states. The method was
developed in the mid 1960’s by Kai Siegbahn and his research group at Uppsala
University, Sweden [83].

5.2.1 XPS principle

The principle of X-ray photoelectron spectroscopy is illustrated in Figure 5.11.
When a sample surface is irradiated by monochromatic X-rays of high enough
energy, a photoemission process takes place and a so-called photoelectron is
emitted from the sample. By analyzing the kinetic energy of the photoelectron,
its binding energy, Ej, is found through

1s core photoeletron

EnergyA
E . Vacuum level
, kin
@ ——— Work function
g ‘Iialence band ™~ Fermi level
2p,, 5955 L,
EB 2p1/2 B0 b 2 L2
hv
2s 19 L,
vlls K core level

Figure 5.11: A diagram of the principle of X-ray photoelectron spectrocopy (XPS). The X-rays interact with a solid surface,
resulting in the emission of a photoelectron. The binding energy is calculated from the difference between
the photon energy and the kinetic energy plus the work function, as shown in equation 5.18.
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Ey=hv—Ej— ¢ (5.18)

where h, is the photon energy and FEj is the kinetic energy. Here the bind-
ing energy is defined as the energy relative to the Fermi level, while the work
function, ¢, is the energy needed to lift an electron from the Fermi level to the
vacuum level. The number of electrons emitted as a function of their binding
energy then provide a photoelectron spectrum. As the electron levels are unique
for each element, this first of all provides information on the elements that are
present in the surface.

5.2.2 Chemical shifts

While the electron binding energies in an atom are mainly determined by what
kind of atom it is, they are also affected by the atoms environment. If the atom
makes chemical bonds to other atoms, their valence electrons will mix, and the
corresponding part of the XPS spectrum will change drastically. Core electrons,
on the other hand, do not take such a direct part in the bonds with other atoms,
and are still possible to identify. Their binding energies do, however, still change
slightly. These chemical shifts are used to investigate the chemical state of the
atoms in a sample.

Most commonly, the chemical shifts are used to determine the oxidation state,
that is the number of electrons each metal atom has donated, for instance, to
oxygen atoms in an oxide structure. For each electron that is removed, the
remaining electrons are more strongly bound and the binding energy, corres-
pondingly increases. Also more subtle changes of the electronic structure are,
however, possible to detect, especially with modern XPS at synchrotron radi-
ation sources, where the resolution is very high. For a metal surface, it is possible
to distinguish between the atoms in the bulk or on the surface of a crystal and
for adsorbates it is possible to distinguish between different adsorption sites. In
section 5.2.5, this is illustrated with an example of CO and O adsorption on
Rh(553).

5.2.3 XPS analysis

In the XPS experiments in this thesis, the main aim is to identify different chem-
ical environments for CO and O on Rh or Pd, and follow how the abundance
of these during a catalytic reaction. The corresponding peaks, however, often
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overlap with each other, and in order to retrieve information about the abund-
ance of each species, the spectra needs to be decomposed in to individual peaks
for each species. For this process, it is important to know the expected shape of
each component, which is given by the convolution of Lorentzian, asymmetric
and Gaussian contributions, as distried below.

The Lorentzian contribution is a result of life time broadening. When a core
electron is removed, there is a finite time, At, until the core hole is refilled.
According to Heisenberg’s uncertainty principle, this gives rise an uncertainty
in the energy of the excited state, and hence binding energy, which results in
a broadening of the peak. The Lorentzian contribution to the line shape is
described by.

I Ty

"7 (B~ Eo)? + (3T

IL(E) = (5.19)
where, Iy is the maximum intensity at the peak at Ey position, F is the kin-
etic energy of the photoelectrons and I'y, is the Lorentzian full width at half
maximum.

A photoemission peak from a metallic sample generally appears asymmetric,
with a tail towards higher binding energy. The origin of this asymmetry is
that, during the photoemission process, not only the photoelectrons are excited,
but also some valence electrons, resulting in the creation of electron-hole pairs
within the valence band. This means that the measured kinetic energy of the
photoelectron is slightly reduced, which according to Equation 5.18 results in
a peak shifted towards higher binding energy. The asymmetry given by the
asymmetry factor, «, is described by

1

f(E) x (Bo—E)= (5.20)

which convoluted with the Lorentzian gives the Doniach-Sunji¢ line shape [84]
as

'l -«
(B~ Bo)? +72)-a072

F(B) = cos(% +(1—a)tan" ((E — Ey) /7)) (5.21)

The Gaussian contribution involves more or less random effects, such as instru-
mental broadening, thermal and vibrational effects. Also, the presence of peaks
with chemical shifts that are too small to be distinguished can often be described
by an increased Gaussian broadening. The Gaussian line shape is described by
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In2(Ey — E)?
o?/4

where o is the Gaussian full width at half maximum [85].

Ic(E) = Ipexp(— ) (5.22)

The XPS spectra in this thesis were analyzed using the FitXPS2 software [86],
using a convolution of Doniach-Sunij¢ and Gaussian lineshapes with a linear
background.

5.2.4 Vibrational effect

In addition to the small vibrational excitations that are adding to the Gaussian
broadening, in our measurement of the C 1s level of CO we see larger vibra-
tional excitations that give rise to extra components. These excitations can be
described by the Franck-Condon principle. Fig 5.12 shows a schematic diagram
of the potential energy as a function of the distance between the two nuclei, for
two electronic states of a diatomic molecule. In the electronic ground state, the
nuclei have the equilibrium distance, ., but this changes to 7, as a result of the
electronic excitation. If the nuclei were separated by the equilibrium distance
before the photoemission process, it will not be at equilibrium afterward, and
the molecule will start vibrating [87].

This excitation of localized C-O stretch vibration during the photoemission pro-
cess results in a split of the corresponding C 1s peaks [34].The energy of C-O
stretch vibration varies depending on the adsorption sites. All the Clg spectra
in this thesis are fitted with each CO peak being split into three vibrational
components, with shifts as published by Smedh et al. [34]. For clarity, only the
main peak is shown in the corresponding plots.

5.2.5 XPS of CO and O on Rh(553)

As an example of the use of XPS in this thesis, spectra from Paper II of O
and CO adsorbed on Rh(553) are shown in Fig 5.13 A. Starting from the top,
exposure of the clean Rh(553) surface to O results in a single peak in the O 1s
spectrum, corresponding to O atoms adsorbed in 3fh sites. As expected, there
is no peak in the C 1s spectrum. The bottom spectrum instead is measured
after exposing the clean surface to CO, which adsorbs in both 3fh and on-top
sites, resulting in two different O 1s peaks.! In the C 1s spectrum, however,

Tt is not well established whether the adsorption of CO on the steps are in 3fh or bridge
sites. For simplicity, in this discussion it is assumed to be 3fh as on the terraces.
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Figure 5.12: The Franck-Condon principle. The potential energy of a diatomic molecule as a function of the distance
between the nuclei, for two electronic states. During the photoemission process, we have an vertical transition
from the electronic ground state (Ep) to the excited state (E1). 7. and 7/, are the corresponding equilibrium
distances between nuclei, from [88].

there are now four different components as this level is more sensitive and can
distinguish, not only between the kinds of adsorption sites, but also if the sites
are on terraces or steps. Hence, the four components correspond to CO adsorbed
in on-top sites on terraces and steps, as well as 3fh sites on terraces and steps.
At this high coverage, however, the CO mainly adsorbs in the 3fh sites on the
steps. Finally, the middle spectra are measured after exposing the O covered
surface to CO at room temperature, such that most, but not all, of the O has
been removed and replaced by CO. The O 1s spectrum reveals the presence of
O in 3th sites and CO in both 3fh and on-top sites, as might be expected. The C
1s spectrum, however, shows that the CO adsorbed on steps almost exclusively
adsorb in on-top sites, in contrast to the case without O. We interpret this
as showing that the remaining O is positioned in 3fh sites on the steps, hence
blocking these sites for CO adsorption.

(at 285.7 €V), on top of terrace (at 286 eV), on hollow of step (at 285.3 eV)
and on hollow of terrace (at 285.5 eV). Now, compare to the for Ol spectra
for CO adsorption on Rh(553) with chemisorbed O, first of all, chemisorbed O
peak is still there, meaning there are chemisorbed O remain on the surface. And
then compare the difference between only chemisorbed CO for Clg spectra, the
intensity of the peak for CO adsorb on step sites is significantly smaller than CO
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on clean Rh(553). Since chemisorbed O prefer to adsorb on 3 fold hollow site
for Rh surface, combining with the C1, spectra, we interpret the remaining O is
positioned on hollow of step sites. Models of the surface structures corresponding
to each set of spectra are shown in Fig 5.13 B, C and D.
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L On-top of step
CO on hollow Chemisorbed O
y Hollow of terrace|
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’5 g s _._th(553)-0 of step
5 i
o
i N
2 IS e
2 \ _COonRh(s53:0 AY ]
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Figure 5.13: XPS measurement of CO and O adsorption on Rh(553). (A) O 1, and C 1, spectra corresponding to (B)

chemisorbed O, (C) chemisorbed CO and (D) a coadsorption phase found after the reduction of the phase in
(B) with CO. From Paper Il
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Chapter 6

Summary of Papers

This thesis includes 6 papers, with research about catalytic CO oxidation over
vicinal and oxidized Rh and Pd surface. We tried to bridge the material gap
using different characterization techniques to relate their surface structure to
catalytic activity.

I - Faceting of Rhodium(553) in Realistic Reaction Mixtures of
Carbon Monoxide and Oxygen

CO oxidation over Rh(553) was studied by Surface X-ray Diffraction and Mass
Spectrometry under realistic reaction conditions. Exposing the sample to dif-
ferent mixtures of CO and O; resulted in rearrangements of the stepped surface
into different facets. We found (110) facets under CO rich conditions, (553)
facets close to stoichiometric conditions, (331) facets with a 1 dimensional ox-
ide along the step edges under mildly oxidizing conditions and highly oxidizing
conditions results in the formation of surface oxide over (111) and equivalent
(1111)) facets. The facets with higher step distance, that is (331) and (101),
coexist with larger (111) terraces, covered by CO or chemisorbed O.

Knowledge about this kind of rearrangements is very important since different
facets have different catalytic activity. Hence, the activity of herein identified
facets and oxide structures is the aim of paper II, III and V.

IT - Steps and Catalytic Reactions: CO Oxidation with Pread-
sorbed Oxygen on Rh(553)
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In this paper, we extend the study from Paper I, by following the reaction
between CO gas and preadsorbed O on Rh(553). In order to investigate the
changes in a controlled way, we performed the experiments under UHV condi-
tion. The result shown that the reduction of Rh(553) with chemisorbed O is
faster than on (111) until 50% of the O has been removed, which shows that
the stepped surface is more active that the flat one. The remaining 50% was,
however, bound to the step edges and significantly more difficult to remove with
CO, showing that it is not the step edges as such that are highly active. Instad,
our DFT calculations suggest that the reaction takes place on terrace near step,
and oxygen atoms from other sites need to diffuse to these active sites before
the reaction can take place.

It is often believed that stepped surfaces are more active due to the low co-
ordination of the step atoms. This study, however, shows that the reason is
rather relaxation of the surface layers, which lowers the energy barrier for the
CO oxidation reaction near the step. This also agrees with the results for Pd
by Blomberg et al [89].

IIT - A Study of Reduction of Oxygen Structures on a Faceted
Rh(553) Surface by CO

In Paper III, the surface with (331) and (111) facets, as identified in Paper
I, was prepared in pure Oz, and reduced by exposure to CO during stepwise
increasing temperature. The XPS results following the reduction show that
the 1D oxide along the steps was very active and reduced first. When about
50% of this O had been removed, the remaining O was found in a chemisorbed
state along the step edges and, in accordance with Paper 1I, relatively hard to
remove since the the (331) facets are too small to expose the active near-step
sites. Instead, the O from terraces was reduced next, suggesting the terraces
are not too wide, such that the O can diffuse from the terraces to near-step
sites, where the reaction takes place. Eventually, when the sample temperature
is high enough, the chemisorbed O at the steps is also removed.

IV - Step Dynamics and Oxide Formation During CO Oxidation
over a Vicinal Pd Surface

Paper IV reports an expoeriment similar to the one described in Paper I, fol-
lowing the faceting for Pd(553) during CO oxidation under realistic conditions
using Surface X-ray Diffraction. Under CO rich conditions, the Pd(553) surface
stays unreconstructed, covered with CO. In small excess of Og, (332) and (331)
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facets with surface oxide can be observed, while under even more O rich con-
ditions, a multilayer PdO bulk oxide with the [101] crystallographic direction is
formed on (331) and (111). Hence, just like Rh(553), the Pd(553) surface un-
dergo faceting when exposed to realistic reaction conditions. The kind of facets
formed, depend on the matching with the O or CO structures formed.

From this we identify the Pd oxides based on PdO(101) as important for further
studies, as done in Paper V

V - The Role of Oxides in Catalytic CO Oxidation over Rhodium
and Palldium

In order to investigate which phase is more active, we started these experiments
at high temperature, so that the surface gets oxidized and is highly active. We
then cool down so that the reaction is slowed down. We follow the extinction
(in MS) as well as the presence of the oxides (in SXRD) for Rh and Pd. The
results shown that, for Rh case, the metal is more active than oxide. For Pd,
the surface oxide and epitaxial bulk oxide are as least as active as the metal,
but the polycrystalline thick bulk oxide is less active. The active oxides is with
Coordinately Unsaturated Structure (CUS) sites.

VI- High-Energy Surface X-ray Diffraction for Fast Surface Struc-
ture Determination

A full view of the High Energy Surface X-ray Diffraction technique is described
in this paper. The high energy of the X-rays results in significantly smaller
scattering angles, as compared to conventional SXRD. Hence, a large 2D de-
tector can collect a large range of diffraction angles at once. This means that
more of reciprocal space can be captured at the same time, which give better
time resolved measurement. Further, it is possible to map out the reciprocal
space in 3D with a simple sample rotation of about 15 min. Such maps are in
practice impossible to produce using conventional SXRD with small detectors.
From this 3D map, it is also possible to extract quantitative data for surface
structure determination, something that usually takes in the order of 10 hours
to measure. For demonstrating the use of high energy diffraction, an example of
surface oxide formation during reaction on Pd(100) was studied in this paper.
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Chapter 7

Conclusions and Outlook

To conclude, I have studied CO oxidation over flat and stepped Rh and Pd sur-
faces using Surface X-Ray Diffraction (SXRD) and X-ray Photoelectron Spec-
troscopy (XPS), and complemented by Density Functional Theory (DFT) cal-
culations. During CO oxidation under realistic conditions, the vicinal surfaces
were found to undergo faceting, in order to match the formed oxygen or CO
structures. Certain oxygen structures were then identified and studied under
simplified conditions, at UHV for the stepped facets and using flat substrates
for the oxide structures. The thesis highlights the fact that the atomic scale
surface structure of a model catalyst is key for the understanding of a catalytic
reaction.

For metallic Rh surfaces, we find that stepped surfaces has higher catalytic
activity compared to low-index surface structure, in agreement with previous
studies. While this difference has previously been attributed to the presence of
step edges exposing atoms with low coordination, we show that the steps as such
are not responsible for the high activity, but instead the active site is found on
the terrace near the step, due to relaxation of the terraces. For Pd and Rh oxides,
it is found that the oxides are active if there are Coordinatively UnSaturated
(CUS) metal atoms exposed for CO to adsorb and react at. This is the case
for thin Pd oxides, but not on 2D and 3D Rh oxides. Under mildly oxidizing
conditions, however, the Rh(331) facets expose a 1D oxide along the step edges,
and CO is able to adsorb just inside on the terrace. This Rh oxide structure
is able to oxidize CO under significantly lower temperatures as compared to
metallic Rh.

These findings can be important in the development of future oxidation cata-
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lysts. The catalytic activity can be maximized by optimizing the surface step
density such that the diffusion of O atoms to the active site close to the step
edge is facile. Further, considering the activity of the oxides, we can understand
why Pd is less sensitive to oxygen poisoning (deactivation due to exposure to
too much oxygen) than Rh [90]. This effect can likely be reduced even further
by producing a thin layer of Pd on an inert metallic substrate, so that the PdO
will not be able to grow into thick bulk oxide which lower the catalytic activity.

The results can most likely be used, not only for CO oxidation, but also for
other oxidation reaction, such as methane. Methane is the main constituent of
bio- and natural gas used as fuel in cars, but also a very strong greenhouse gas.
Hence it is very important to develop catalysts for removal of unburnt fuel from
the exhausts of gas driven cars.
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