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Abstract

This work is focused on the study of transition metal model catalysts for gas-phase heterogeneous catalysis, studied with light-based in-situ 
and operando techniques.

Metallic model catalysts, such as Palladium (Pd) and Iridium (Ir) single crystals and in minor part deposited Rhodium (Rh), were studied 
using a combination of x-ray and non x-ray techniques. The aim was to either acquire structural characterization of new materials or pushing 
the state-of-the-art instrumental boundaries and close the material and pressure gap present in model catalysts studies. In this context were 
developed new techniques, such as Transmission Surface Diffraction (TSD), or further refined and validated, such as 2D Surface Optical 
Reflectance (2D-SOR).

Pd, used in papers I,II , III , V , IX, was studied with a combination of X-ray Photoelectron Spectroscopy (XPS) and X-ray Diffraction (XRD) 
techniques as well as 2D-SOR and planar induced fluorescence (PLIF). This model catalyst was used as proof of concept for new approaches 
and new set-ups developed in collaboration with the combustion physics division, Lund University.  One example is the use of the newly 
developed POLARIS High-Pressure XPS (HPXPS) station at P22 at PETRA III, Desy, Germany, demonstrating the potential and a new state-
of-the-art of operando XPS. During this investigation, we have also confirmed Pd metallic islands' formation on PdO during reduction, a 
potentially critical factor in the modification and/or enhancement of the system catalytic activity. Another important result is obtained 
combining high energy surface X-ray Diffraction (HESXRD) with 2D-SOR and PLIF, and the characterization of 2D-SOR with an atomically 
precise diffraction method. During this investigation in particular we characterized the 2D-SOR sensitivity down to 2-3 Å by the observation 
of 2D-SOR signal from thin PdO (√5x√5)R27°.

Similarly to Pd, in paper VI, we used Rh nanoparticles and films to implements a novel approach of Transmission Surface Diffraction (TSD) 
in which, at normal incidence angle, we performed diffraction in transmission through the sample with the use of high energy x-rays. With 
this contribution, we show that it is indeed possible to obtain reliable data in this configuration, contributing to mitigating the experimental 
challenges of experiments otherwise performed at grazing incidence geometry.

Ir, used in papers VII, IX, VIII, was studied with XPS and XRD techniques to further understand the behavior of this, previously less 
investigated, catalyst that has recently gained popularity in both gas-heterogeneous as well as electrocatalysis community. XPS results provide 
further information on Ir metal and Ir oxide's reactivity and thermal stability while XRD results show the complex behavior of the catalyst 
under oxidation and reduction conditions. In particular, during the reduction it was observed the formation of Ir metallic islands on to of 
IrO₂, in a parallel to the Pd/PdO/Pd case, and suggesting a possible general behavior for oxidized metal catalysts systems. The combination of 
these, both thermodynamic and structural data, provide new and much-needed information to the catalysis community, and at the same 
time, encourage a more well-defined approach to the IrO₂/Ir(100) system.
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Abstract

This work is focused on the study of transition metal model catalysts for
gas-phase heterogeneous catalysis, studied with light-based in-situ and operando
techniques.

Metallic model catalysts, such as Palladium (Pd) and Iridium (Ir) single crys-
tals and in minor part deposited Rhodium (Rh), were studied using a combina-
tion of x-ray and non x-ray techniques. The aim was to either acquire structural
characterization of new materials or pushing the state-of-the-art instrumental
boundaries and close the material and pressure gap present in model catalysts
studies. New techniques were developed in this context, such as Transmission
Surface Diffraction (TSD), or further refined and validated, such as 2D Surface
Optical Reflectance (2D-SOR).

Pd, used in papers I,II , III , V, IX, was studied with a combination of X-
ray Photoelectron Spectroscopy (XPS) and X-ray Diffraction (XRD) techniques
as well as 2D-SOR and planar induced fluorescence (PLIF). This model catalyst
was used as proof of concept for new approaches and new set-ups developed in
collaboration with the combustion physics division at Lund University. One ex-
ample is the use of the newly developed POLARIS High-Pressure XPS (HPXPS)
station at P22 at PETRA III, Desy, Germany, demonstrating the potential and
a new state of the art of operando XPS. During this investigation, we have also
confirmed Pd metallic islands’ formation on PdO during reduction, a potentially
critical factor in the modification and/or enhancement of the system catalytic
activity. Another important result is obtained combining high energy surface
X-ray Diffraction (HESXRD) with 2D-SOR and PLIF, and the characterization
of 2D-SOR with an atomically precise diffraction method. During this investiga-
tion in particular we characterized the 2D-SOR sensitivity down to 2-3 Å by the
observation of 2D-SOR signal from thin PdO (

√
5 ×

√
5)R27◦.

Similarly to Pd, in paper VI, we used Rh nanoparticles and films to im-
plement a novel approach of Transmission Surface Diffraction (TSD) in which,
at normal incidence angle, we performed diffraction in transmission through the
sample with the use of high energy x-rays. With this contribution, we show that
it is indeed possible to obtain reliable information in this configuration, contribut-
ing to mitigating the experimental challenges of experiments otherwise performed
at grazing incidence geometry.

Ir, used in papers VII, VIII, IX, was studied with XPS and XRD tech-
niques to further understand the behavior of this, previously less investigated,
catalyst that has recently gained popularity in both gas-heterogeneous as well
as electro-catalysis community. XPS results provide further information on Ir
metal and Ir oxide’s reactivity and thermal stability while XRD results show the
complex behavior of the catalyst under oxidation and reduction conditions. In
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particular, during the reduction it was observed the formation of Ir metallic is-
lands on to of IrO2 phase, in a parallel to the Pd/PdO/Pd case, and suggesting a
possible general behaviour for oxidized metal catalysts systems to form such lay-
ered structures. The combination of these, both thermodynamic and structural
data, provide new and much-needed information to the catalysis community, and
at the same time, encourage a more well-defined approach to the IrO2/Ir(100)
system.
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Popular Science
Material science is nowadays responsible for our living standards and stands

as a cornerstone of innumerable advances in industry and technology, which we
increasingly rely upon for everyday life. One of the most prolific and industrious
sub-category within material science is chemistry, and within chemistry, one of the
if not the most, relevant classes of chemical reactions are heterogeneous catalytic
reactions.

In this class of reactions the chemicals react on top - and thanks to - materials
called catalysts that are in a heterogeneous phase 1 compared to the reactants.
These catalysts, without being consumed by the chemical reaction, allow the
process to proceed through a different chemical pathway compared to what would
otherwise happen at the same reaction without them, enhancing the kinetics of
the process.

Since the reactions happen at the interface and thanks to surfaces, a great
emphasis has been put on studying them with atomic accuracy, using and devel-
oping new techniques in the field of surface science. This approach has the aim,
once understood the nature of the catalytic process, to be able to tailor future
catalysts for specific applications.

Since industrial chemical reactions usually happen in very complex and dan-
gerous environments, a common approach in research is to simplify them, creating
model systems. Using simplified materials, model catalysts, in low-pressure envi-
ronment and simple chemical reactions. These systems, although they present
a certain "gap" 2 between them and the real systems, are studied as close to
real operation condition (called operando) and without exposing the system to
environmental conditions that could affect the catalyst behaviour (in-situ).

In this work, it has been chosen to study, with spectroscopic and diffraction
techniques, a handful of reactions and model catalysts to further the atomistic
understanding of these during reaction conditions.

1the phase is the state of matter: solid, liquid or gas. A common example of hetero-
geneous catalysis could be, for instance, reacting gasses on top of a solid catalyst.

2This gap is generally referred to as Material and Pressure Gap

xi
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Introduction

"The more I learn, the more I realize how much I don’t know."
-Albert Einstein-

Background

Since the time in which alchemy was beginning its transition to the science
of chemistry during the Age of Enlightenment, there were known some unique
materials which had the propriety of, thanks to their presence, allowing the trans-
formation of a substance into something else [1]. While these first unwittingly
observations of catalysis can be dated back to the second half of the 18th cen-
tury, it will have to wait until 1835 with J.J. Berzelius [2], to have a first and
rudimentary definition of the term itself.

With its roots in the Age of Enlightenment and developing parallel to the
industrial revolution, the importance of catalysis grew slowly until its almost
literal explosion, in the revolutionary synthesis of ammonia at the beginning of
the 20th-century [3]. This process fed both Europe and the world, thanks to
the artificial fertilizers derived from it. At the same time, though, from the
1910s to 1950s, also fuelling the first and second global conflicts thanks to the
manufacturing of explosives, produced from the same nitrates used for agriculture.
Mainly thanks to these two contributions and much more since then, catalysis has
cemented its position in an increasingly industrialized world. For these reasons,
since after WWII, a great deal of money and resources has been put into catalysis
resulting in countless achievements, numerous Nobel prises [4–9], and a major
impact worldwide [10].

Nonetheless, a unified theory and complete understanding of the catalytic
processes is still lacking due to its complexity. During the years, the catalysis
community focused more and more on what today is recognized as the most
relevant part for a catalyst: the active sites that are on the catalysts surface [11].
Using Surface Science characterization tools, in between chemistry and physics,
the aim is to catalog and study various catalytic phenomena at the interface
between catalysts and reactants. With atomic precision, the goal is to understand
the mechanisms behind it to ultimately engineer the catalyst for the future.
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Due to the complexity of catalytic systems combined with technical limita-
tions, a common approach in catalytic surface science studies is the use of so-
called model system. These normally consist of simplified catalysts, performing
simple chemical reactions at low pressures. The advantage of this approach is
the relative simplicity of of both data acquisition and analysis, often allowing to
obtain atomistic overview on the process itself. Unfortunately, by definition, the
condition at which the process is studied can considerably vary from the indus-
trial process at which its originally connected to. This discrepancy between "real
world" applications and scientific investigations takes the name of material and
pressure gaps [12, 13].

Nowadays, pushing the state-of-the-art consists of mainly two approaches:
first is pushing technical limitations with new and innovative techniques, second
is the investigation of new catalytic materials aiming to reveal another piece of
the puzzle of catalysis as a whole.

This work

This work will present a combination of both technical developments and
material investigation and it will be divided into four main sections, introducing
the relevant topics treated in the included publications.

Chapter 1 is focused on introducing crystals and important crystallographic
concepts and jargon.

Chapter 2 will introduce important chemical notions such as activation en-
ergy and chemical pathway as well as treating general concepts about gas-surface
interaction. It will also be given some information on oxidation processes, and
a few paragraphs about relevant reactions such as CO and CH4 oxidation will
conclude the chapter.

Chapter 3 will be the most important and detailed of the ones presented.
It will explore both theory and experimental setups for the various methods
used in this work: from general proprieties of light-matter interaction and their
implications to synchrotron light and specific techniques. Both diffraction and
spectroscopy methods will be presented, with a short paragraph about supporting
theoretical calculations.

After a short introduction to each publication in Chapter 4, the final Chater
5 will present the conclusions, along with some suggestion for the future work.
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Publications

This Ph.D. work is focused on both technical and new material challenges in
their own rights.

On the one hand, using well-known catalysts and reactions, such as CO oxi-
dation using Pd model catalysts, we implemented complex experimental setups
to combine x-ray, visible, and IR light. In paper I we performed a quantitative
study on single crystal Pd(100) oxidation with a combination of HESXRD, XRR,
and 2D-SOR technique, showing a remarkable sensitivity of the optical method,
with resolution up to 2-3 Å in thickness measurements. In paper III we present
the setup used in paper I. Here, combining HESXRD, 2D-SOR and PLIF we
could also confirm previous findings [14–16] reinforcing the case for the use of
multi-technique investigations while dealing with operando studies.

In papers II, IV and V, using CO oxidation on Pd(100) model catalyst, we
tried to push the envelop of the "high pressure" in HP-XPS, presenting results
obtained from few hundreds to a thousand millibar of total pressure. In specific,
in paper V we discuss the experimental setup at beamline P22. Here it is
highlighted the importance of inclusion of evanescent wave integration for data
acquired at extremely low angles while at the same time confirming previous
findings on metal island formation on PdO during reduction. In paper IV we
present high resolutions HPXPS results, at near stoichiometric conditions, for
CO oxidation on Pd(100) at 1 bar of total pressure. In paper II we present
results for HPXPS of the same system presented in paper IV in lean conditions,
integrating important experimental variables from both paper V and paper IV,
and presenting interesting results for CO oxidation at highly non-stoichiometric
conditions.

In paper VI we present some developments on a new approach to x-ray
diffraction, and nominally consisting in normal incidence Transmission Surface
Diffraction (TSD) by use of very thin substrates. We followed in-situ and operando
the oxidation on Rh nanoparticles (NPs) and thin film and the results show that
it is indeed possible to record thin oxide formation in transmission geometry.
Specifically, this technical development aims to solve thermal expansion misalign-
ment issues, typical of grazing incidence geometry experiments and at the same
time enhancing the spatial resolution through the use of tightly collimated x-ray
beams.

In papers VII, IX and VIII we instead investigated a relatively novel
system such as Ir/IrO2 and it’s proprieties during oxidation as well as CO/CH4
titration. To do so we employed both HESXRD and XPS to study both morphol-
ogy and chemical states of the surface. Specifically in paper VIII we present
high resolution core-level spectroscopy (HRCLS) results on IrO2/Ir(100) corre-
lated with Density Functional Theory (DFT) studies. In paper IX we present
the APXPS results from CH4 titration of IrO2, in combination with DFT calcu-
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lation. We observe efficient oxidation of CH4 with consequent reduction of the
oxide. A suggestion for an oxidation reaction path is provided from the data
collected, supported with DFT calculations.

Finally, in paper VII, we present our HESXRD findings on morphology
and epitaxy of IrO2/Ir(100). Showing a more complex behaviour of the sample
than previously expected, and correlating it with O2 pressure. Furthermore, we
conclude that this system is unfortunately worse suited for model catalysts studies
if compared to similar layered systems such as IrO2/RuO2 [17].
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1. Crystals and crystal surfaces

"That which is Below corresponds to that which is Above,
and that which is Above, corresponds to that which is Below,

to accomplish the miracles of the One Thing"
-Emerald Tablet, Hermes Trismegistus-

As we will later see, in heterogeneous catalysis the nature of the catalytic
process is directly correlated to the atomic structure at the surface [15, 18] so
that an introduction to crystals, crystal surfaces and some symmetry concepts is
needed.

For this reason the current chapter will shortly present the proprieties of crys-
talline materials, what defines a crystal, and will give important crystallographic
definitions relevant for later discussion.

1.1 Crystalline materials
A perfect crystal is, by definition, a material in which the atomic structure

is constituted of atoms arranged in a perfect 3D lattice. This lattice itself is a
semi-infinite repetition of a primitive unit called unit cell, which characteristic
consists in filling completely the 3D space simply by rigid translation along its
crystalline directions, also called basis vectors. [19].

Crystalline materials are generally defined as those substances that are con-
stituted of crystal phase. They are named differently depending on the number
and/or dimension of the perfect crystal grains, or crystallites, that constitute
them. Single crystals are only those materials that are constituted by a single,
uninterrupted crystal grain. While, in case only a limited ensemble of crystallites
are present, the material will be named poly-crystal. Finally, in the case of a
high number of statistically random distributed grains, the sample is defined as
powder-like. [20]

In this work we will focus mainly on metallic single crystal as model cata-
lysts of Pd and Ir, with only paper VI treating Rh film and NPs grown on
MgO substrates. Crystal morphology and evolution will become apparent during
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Figure 1.1: Cubic and orthorhombic crystal families with in a) Primitive b) Body-
centred and c) Face-centred Bravais lattices schematically shown. Cubic lattice have all
vectors a = b = c and angles α = β = γ = 90◦, orthorhombic a = b ̸= c and angles
α = β = γ = 90◦. d) rhombohedral-hexagonal Bravais lattices with basis vectors a = b ̸= c
and angles of α = β = 90◦, γ = 120◦. Angles of 90◦ highlighted in yellow, and 120◦ in
green.

oxidation and reduction cycles with the use of in-situ HESXRD, where the poly-
crystalline as well as some powder-like oxides formation will be shown in paper
I , VII, III.

1.1.1 Crystals and symmetry
Given the crystal characteristic of 3D semi-infinite repetition, it follows, for

geometric restrictions, that there are only a limited number of "shapes" for crys-
tal unit cells that can be periodically translated to constitute the crystal itself.
These distinct groups, 14 in a total, divided in 7 families, take the names of Bra-
vais Lattices. Analogously, given the 14 Bravais Lattices and so-called symmetry
operations such as rotation, translation, etc., there are only a limited number
of ways a certain set of points can be re-arranged inside the cell without being
identical to some other given disposition. All the possible lattices can then be
subdivided into 230 different Space Groups each of which with unique symmetry.
This will become especially relevant during acquisition and reconstruction of x-
ray diffraction data, since given this inherent symmetry in the cell, we will be
able to reduce the amount of data needed in order to be representative for the
whole system. [19, 20]

Given the materials used in this work, such as the transition metal Pd, Ir, Rh
and their oxides, the groups of interest will be group 225, 131 for Pd and PdO,
group 225, 136 for Ir and IrO2, and 225, 167 for Rh and Rh2O3.
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Figure 1.2: a) Low index crystal planes visualized on a single lattice unit with b) per-
spective and side view of (510) vicinal surface with highlighted step and terraces. c) Side
and orthogonal view of generic (100), (510) and (110) FCC facets to emphasise their
relative inclination.

Group 225 is the Face Center Cubic (FCC), in fig. 1.1c), along with group
229 Body Center Cubic (BCC), in fig. 1.1 b), one of the two most common crystal
structure for transition metals and as previously said, all metallic Pd,Ir and Rh
are FCC metals with cubic cell. PdO, along with IrO2, have an orthorhombic
unit cell, with slightly different subset of symmetry operations. PdO belongs
to group 131 while IrO2 to group 136. Rh2O3 is a corundum crystal, with an
Hexagonal Rhombohedral crystal structure and a trigonal unit cell belonging to
group 167, as shown in fig. 1.1d).

1.1.2 Crystal surfaces
Now, considering a crystal surface or crystal facet, this can also be uniquely

identified indexing its orientation with respect to crystal lattice and basis lattice
vectors and this is made with the use of so-called Miller indexes. Given an
arbitrary plane cutting the fundamental unit cell, the Miller indexes for the plane
are calculated multiplying the fractional distance between origin and point of
intersection (for every basis vector) by the minimum common multiple of all the
vector distances so that integer indexes values are always obtained 1.

1As a practical example, if a plane cuts at h,k,l=(1/3,1/4,1) it will then have Miller
indexes of (4,3,12)
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Figure 1.3: a) Unreconstructed Ir(100)-(1x1) surface b) Reconstructed Ir(100)-(5x1)
surface c) IrO2(110) with highlighted IrCUS sites (in green) and the bridging oxygen

Moreover and by convention, depending on the kind of brackets in which these
indexes are enclosed, they can indicate either a single plane family, in case of "()",
all symmetry-equivalent family of planes by "{}" or the direction perpendicular
to the plane with "[] ". The surfaces with lower miller index such as 100/110/111
take the name of low index surfaces while high index surfaces, or vicinal surfaces,
will have progressively higher numbers the shallower the dihedral angle 2 of the
crystal plane with respect to the main crystallographic directions. Few examples
of low and high crystal surfaces for FCC crystal can be seen in fig. 1.2. Fig.
1.2a) shows low index plane, while 1.2c) present (100)/(510)/(110) planes and
their respective orientation. Fig. 1.2b) shows an example of the characteristic
terrace-step interval found in the vicinal surface.

Until now the surface has been considered only from a crystallographic point
of view, as a perfect extension of the crystal lattice present in the bulk. Contrary
to these bulk atoms though, which electronic proprieties can be considered per-
fectly identical, the surface belongs to a truncated part of the crystal lattice by
definition and as such it exhibits slightly inferior electronic density. These surface
atoms, due to the lack of this electronic valence, are then defined as Coordina-
tively UnSaturated (CUS). In particular, most relevant for crystal structures, is
that this difference in electronic valence often require a different crystal cell in
order to be energy stable, consequently reconstructing the surface to compensate.

This phenomenon takes the name of Surface Reconstruction and it has been

2For dihedral angle is intended the solid angle between two planes of interest
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observed for a number of conditions and materials [21–23] with important conse-
quences on many chemical reactions at surfaces [11]. Example of un-reconstructed
and reconstructed [24, 25] surface for Ir(100) is shown in fig. 1.3a) and b), while
in fig. 1.3c) is presented a relevant oxide surface structure with highlight on the
IrCUS sites [26, 27]. Finally, since these reconstructions formally alter the surface
symmetry, a unique superstructure with its surface cell must be identified. This
will then be defined according to the so-called Wood’s notation[28].

Relevant for this work are mainly low index facets of metal oxides and their
epitaxial relationships to the surface, that is, the relative crystal orientation be-
tween the different phases present in the system.
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2. Gas-surface interaction

"God made the bulk; surfaces were invented by the devil."
-Wolfgang Pauli-

While the previous chapter focused on crystallographic concepts, this sec-
tion will focus on interaction between surfaces and gas-phase introducing some
fundamental concepts on thermodynamics and kinetics.

As a simple introduction to catalysis, and to illustrate its use in chemical
reactions, we can write one of the most critical reactions in the field [29] , as well
as a central reaction for this work: CO oxidation.

The CO oxidation reaction can be written as:

Reactants (Transition states) Product

CO + 1
2
O2 
 (CO∗ +O∗) 
 CO2

(2.1)

Formula 2.1 indicates the chemical reaction between the reactants, through
transition states, to the products. The "
" symbol indicate the thermodynamic
equilibrium between the reactants and products according to Le Chatelier’s prin-
ciple [30]. Depending on the relative energy/stability of the chemicals on either
side of the formula, the reaction will reach an equilibrium state based on the
lowest overall energy configuration. These energy considerations, the thermody-
namics, will tell us the overall equilibrium state but nothing about the rate at
which the reaction takes place, or the kinetics, of the process. [2]

In this regard, CO oxidation is, yet again, an excellent candidate to highlight
the importance of kinetics considerations. Is then shown in fig. 2.1 how the CO
oxidation thermodynamics is heavily biased towards CO2, but due to the high
stability of the C-O and O-O bonds they require considerable energy in order
to be broken so that this activation energy would practically block the reaction.
As schematically shown in fig. 2.1, then the catalyst role is then to provide
alternative intermediate states, with lower activation energy barriers between
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Figure 2.1: Potential energy diagram for CO oxidation over a catalyst surface. The
reaction path is shown for the cases without (red) and with a catalyst (blue). The indi-
cated energy values correspond to a reaction via the Langmuir-Hinshelwood mechanism
on Pt(111), assuming low surface coverages [31].

them. This newly created reaction path between reactants and products will
consequently yield higher energy efficiency, allowing it to occur several orders of
magnitude faster than otherwise possible.

2.1 Heterogeneous Model Catalysts
Generally, catalysts can be classified in two broad sub-categories: homoge-

neous and heterogeneous. The terms are referred to the physical states of the
catalysts respect to the reactants/products in which they are operating [32]. A
homogeneous catalyst is in the same physical state as the reactants/products.
This class of catalyst is extensively used in organic chemistry and industry but
well outside the scope of this work. Heterogeneous catalysts, like the ones used
in this work, are catalysts present in different phases compared to the reaction
chemicals.

This work will specifically focus on gas-solid heterogeneous catalysis. Par-
ticularly, this work will focus on model catalyst [33] to distinguish it from the
industrial standard of multi-material, multi crystalline and not homogeneous ma-
terial system [32].

Model catalysts can be broadly defined as simplified systems that, approxi-
mating industrial catalytic conditions, try to bridge the material and pressure gap
between real-world application and instrumental capabilities for scientific analy-
sis, schematically represented in fig. 2.2. In this work the model will consist
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Figure 2.2: Overview of the phase space of materials and pressures for catalysis research.
While real catalysts operate at up to tens/hundreds of bars, with a high degree of material
complexity (upper right corner of the diagram), research typically happens for simple and
idealized systems (lower left corner). The figure illustrate the origin of the pressure and
material gaps, which is an important goal of fundamental catalysis research to bridge

mostly of metal single-crystals, Pd(100) and Ir(100) or hepitaxial Rh(100) thin
films, that consequently will expose only a single crystal facet to the reaction. In
minor part also Rh NPs will be studied as benchmark for instrumental capabili-
ties. For what concern the catalytic reactions, they will be performed at slightly
lower pressures than industrial conditions, up to a few hundred millibars in most
cases.

The model catalyst approach will then significantly reduce the variable space
available and facilitate experimental interpretation and theoretical modelling of
the catalyst/reaction system.

2.1.1 Gas-Surface Interaction
As previously introduced, the role of heterogeneous catalysts is to provide a

different reaction pathway, specifically interacting and stabilizing molecular/atomic
transition states onto their surfaces. Depending on the electronic affinity between
molecular/atomical species and the surface, and their interaction energy, multi-
ple intermediate states and electronic interactions are possible. These interaction
can be then classified in three main categories depending on the type of chemical
bond and the associated interaction energy. In case of Wan-der-Waals interaction
or hydrogen bonds, with typical interaction energy weaker than roughly 2 eV, the
interaction is called Physisorption. In case of covalent or ionic bonds that do not
brake the original species apart, and with energy between 2 eV and 10 eV, is called
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Figure 2.3: a) Example of a Lenard-Jones [31] energy potential diagram for different
adsorption mechanisms of a gas molecule on surfaces. b) Different adsorption sites on
(100) and (111) FCC metal surfaces.

Associative chemisorption. Finally, when the surface interaction brakes the origi-
nal species and with typical energy above ∼10 eV Dissociative chemisorption[31]
. A schematics of the energy potential for the three interactions and for a generic
diatomic molecule is displayed in fig 2.3a).

One of the factors that can influence this interaction, apart from material and
surface morphology, is the position on the surface in which this takes place. This
is because the chemical coordination of every single surface adsorption site will
greatly vary depending on the surrounding, as also mentioned for CUS sites in
sec. 1.1.2. For unreconstructed surfaces, based on the number of surface atoms
involved in the adsorption process and the following geometry, the interaction
site can be classified as: atop, bridge, 3-fold or 4-fold when interacting with
respectively one to up to four atoms on the surface, as seen fig. 2.3b) [28].

For reconstructed surfaces, more complicated geometries can arise, and they
are more complex to classify. One of such geometries relevant for this work is the
aforementioned CUS site, that can be seen in fig. 1.3c) for IrO2. As the name im-
plies, this catalytic-active site presents unsaturated metallic atoms at the surfaces,
which presenting a local difference in electronic valence, shows enhanced catalytic
proprieties compared to otherwise electronically saturated surfaces. CUS sites can
be found particularly in step-sites of metals, oxide-metal interfaces as well as in
oxide structures such as RuO2 [34, 35] ,PdO [15, 36] or IrO2 [37] where a ridge
formation of missing oxygens can be present at specific facets, as for instance for
(110) on rutile structures. [38].

As far as the reactions mechanisms on the surface are concerned, and indepen-
dently on the adsorption site which will be specific for any reactions/catalyst/pressure
combination, the chemical reaction can occur following three broad reaction mech-
anisms that encompass all possible alternatives: Langmuir-Hinshelwood, Elay-
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Figure 2.4: Diagram of different reaction mechanisms for CO oxidation on a hetero-
geneous catalysts. From left to right a) Elay-Rideal, b) Langmuir-Hinshelwood and c)
Mars-van-Klevelen mechanism

Rideal or Mars-van-Klevelen [3]. The Elay-Rideal mechanism, 2.4 a), consists in
the reaction between one adsorbed reactant and one from the gas phase. The
Langmuir-Hinshelwood mechanism, in fig. 2.4 b), sees all the reactants to be
adsorbed on the surface first, either molecularly or in a dissociative fashion, and
only after reacting between the adsorbed species. Lastly, the Mars-van-Klevelen
mechanism in 2.4 c), requires the presence of an oxide surface onto which the
reactants can adsorb and subsequently react with the oxygen atoms from the
oxide layer.

2.1.2 CO Oxidation

CO oxidation is one of the most critical reactions in catalysis, for both scien-
tific and industrial applications[39], and it has been subject to extensive studies
over several decades. Its relative simplicity, involving two of the most basic and
important molecules in nature, combined with the ubiquity and usefulness of the
process, makes it a cornerstone in chemistry. For these reasons, CO oxidation is
today considered a major benchmark for catalytic surface science studies, as far
as being defined as the prototypical catalytic reaction [29].

Is important to remark though, that depending on the catalytic surface and
experimental conditions, the CO oxidation is reported to proceed by different
mechanisms. On metallic Pd(100) [40] or Pd(111) [41] for instance is concluded
to oxidize with Langmuir-Hinshelwood mechanism. On oxidized samples as the
rutile oxides RuO2 [38] and PdO [42] is reported to react by Mars-van-Klevelen
mechanism, even though it has also been suggested reacting with Elay-Rideal
mechanism on PdO(101) [43].

In this work CO oxidation reaction has been used, on Pd(100) model catalyst,
in paper II, III, IV and V with a combination of diffraction and spectroscopic
techniques.
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2.1.3 CH4 Oxidation
Methane oxidation, and specifically direct partial methane oxidation, sits at

the opposite spectrum compared to CO oxidation and is nowadays considered a
sort of "holy grail" of catalysis [44]. Methane, formula CH4, is highly abundant
and cheap, coming from several sources ranging from bio-methane [45] to a by-
product of oil drilling [46]. Conversely, its partial oxidized derivatives are a
fundamental building block for most of the chemical industry, although being
relatively expensive to produce. The straightforward solution would be to react
the excess CH4 into added value product, but unfortunately, due to the extreme
chemical stability of the C-H bond in methane [47] nowadays, there are no known
direct pathways for CH4 → CHxOy.

For this reason, and due to recent surge of interest, part of this work has been
focused on the study of CH4 oxidation and characterization of its known most
efficient catalyst to date: IrO2 [26].

In particular paper IX presents a preliminary study of CH4 titration of IrO2,
studied by HPXPS, but further studies are still ongoing.

2.2 Oxidation of catalysts
As also discussed above, understanding the proprieties of metal and metal

oxide catalysts, including the oxidation/reduction process at the surface and re-
sulting morphology changes are of primary importance to characterize the overall
reaction mechanism. For this reason, part of this work has been dedicated partic-
ularly to the analysis of catalysts oxidation process and its consequences at the
surface.

Chemisorption and surface oxide formation

The first step for a metallic sample, before the oxidation, is the chemisorp-
tion of the oxygen onto the surface (formal definition in section 2.1.1). Given
the unstable nature of metallic surfaces as they are, this step may result in a sur-
face relaxation, "lifting" metal atoms out of the bulk into a reconstructed form.
Depending on the type and amount of gas present, more or less dense recon-
structions/superstructures will be formed. The resulting gas coverage is usually
reported in Mono Layers (ML), which can be estimated by the crystallographic
considerations once the surface structure has been determined, and in which 1
ML will be defined here as the number of gas molecules equivalent to the metallic
surface atoms.
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Figure 2.5: a) Surface reconstructions for oxygen on c(2x2)-Pd(100) at 0.5 ML. b-c)
top and side view for (

√
5 ×

√
5)R27◦-PdO(101) and bulk-PdO(101). The unit cells are

highlighted as white squares.

Some example of such reconstructions are the PdO(100)-O c(2x2) at 0,5 ML
[48], shown in fig. 2.5a), similar to what was observed on Ir(100)-O c(2x2) in
paper VII.

Second stage in oxidation process is the formation of so called surface oxide
of thin oxide [49]. Given the quasi-2D nature of this oxide, and similarly to what
happens for metallic surface reconstruction, to stabilize the oxide its unit cell "re-
laxes" and deforms to better fit the underlying metal. The resulting combination
of surface oxide and underlying bulk component then generates a so-called super
lattice cell. When multiple oxide layers are deposited, at later stage of oxidation,
the oxide crystal cell will stabilize and coincide with the commensurate oxide bulk
cell.

Example of this oxidation process is clear on Pd, were the (
√

5x
√

5) R27◦ -
PdO(101) [50], shown in fig. 2.5b), is formed at low O2 pressures and prior to
bulk oxidation. On a later stage of the oxidation process, the (

√
5x

√
5) R27◦

form disappears, and only the bulk PdO(101), fig. 2.5c), remain visible [14].
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Figure 2.6: Oxidation mechanisms for bulk oxides. a) Frank-van-der-Merwe, with a
layer by layer growth. In b) Stranski-Krastonov, with initial total wetting of the surface
followed by island growth on top. c) Vollmer-Weber, with island growth and minimal
wetting of the metal surface.

Bulk oxide formation

After the transitions from surface to bulk oxide and beyond crystallographic
considerations, it is important to notice that the force of the oxidation will often
physically modify the morphology of the surface on µm scale [28]. This process
of oxide thickening can be generally classified into three prominent families [3]
depending on the resulting surface, and which layering can be seen from fig 2.6.

The "simplest" of these arrangements is a layer-by-layer stacking in which the
oxide will try to wet (cover) the surface evenly: this atomistic model, shown in
fig. 2.6a), takes the name of Frank-van der Merwe growth. The second kind of
atomic behaviour, at the opposite side of the spectrum, is when the oxide wets
as little surface as possible, forming oxide islands on the surface, as shown in fig.
2.6c). This growth model takes the name of Vollmer-Weber. Lastly, taking the
name of Stranski-Krastonov, in fig. 2.6b), is a mixture of the prior two modes:
with the oxide forming some layers at first and subsequently developing islands
on top of that. This last oxidation mechanism is what commonly occurs in in
PdO/Pd(100), as observed also in paper I and V.

Important note is that the oxidation process can generate several relatively
stable oxide phases and/or facets at the same time, which equilibrium will highly
depend on many thermodynamic factors such as pressure, temperature, interfa-
cial energy between different epitaxial orientation, etc. In paper VII we en-
counter such behaviour and we present a detailed analysis of IrO2/Ir(100) facets
and hepitaxis, clearly showing the delicate and metastable equilibrium just de-
scribed.
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Oxide reduction

The reduction process of the oxide to the original metallic form can happen
for both thermal decomposition of the oxide, as well as through the use of reducing
agents such as H2, CO, CH4 etc.

Similar to what happened for the oxidation, the reduction process begins
from the oxide surface forming metal islands [36] on top of it and resulting in a
multi-layer Metal-Oxide-Metal structure.

This relatively recent insight could be of particular interest, since peculiar
synergy effects in enhancing catalytic activity are known in mixed metal catalysts
[51, 52].

Moreover, in paper VII on IrO2/Ir(100) system the morphology resulting
from the newly reduced sample shows the presence of metallic island on top of the
original metallic substrate, with preference for a specific facet island orientation.
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3. Methods

"I think that modern physics
has definitely decided in favor of Plato.

In fact, the smallest units of matter
are not physical objects in the ordinary sense;
they are forms, ideas which can be expressed

unambiguously only in mathematical language."
-Werner Heisenberg -

This work’s main investigation toolbox has been based on several light-matter
interaction techniques, ranging from x-ray diffraction (XRD) to x-ray and laser
spectroscopies. Moreover, whenever possible, a multi-technique approach has
been used to acquire information with orthogonal investigation methods for the
correlation of surface and gas-phase signals and methodological validation. Fur-
thermore, on few occasions the experimental results have been coupled and con-
fronted with theoretical calculations to extrapolate overall reaction mechanisms.

After a general introduction to relevant light-matter interaction phenomena,
the first part of the chapter will be dedicated to synchrotron and x-rays based
techniques. The following sections will be dedicated to non-x-ray methods such
as Surface Optical Reflectance (SOR) and Planer Induced Fluorescence (PLIF),
with a short closing paragraph about computational methods such as Density
Functional Theory (DFT).

3.1 Light-matter Interaction
The unified nature of different electromagnetic waves (EM) such as radio

waves, visible light and x-rays, schematically visualized in fig. 3.1, can be ex-
pressed by two principles, both dated to the beginning of the 20th century, such
as Planck relation and the De-Broglie principle [19].
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Figure 3.1: Schematic visualization of electromagnetic spectrum from radio to γ-rays.
Important quantities, such as wavelength and photon energy is provided. At the bottom
is reported an approximate wavelength the methods used in this work.

The first formulation of Plank’s relation, in 1900, can be written as:

E = hν = hc

λ
(3.1)

Followed after few years by the De-Broglie principle formulated as:

λ(Å) = h

c · E
≈ 12400
E[eV]

(3.2)

where in both h is the Plank constant, ν is the light frequency and c the speed
of light.

These two formulas unify many experimental observations under the concept
of a continuous EM spectrum and establish a direct correlation between energy
and wavelength.

According to formulas 3.1 and 3.2, and as can be seen in fig. 3.1, the typical
energy range of x-rays is between 1 keV and 100 keV, corresponding to a wave-
length of 12 and 0.12 Å. With atoms whose dimensions are in the Å range, it will
be shown how the use of this wavelength allows atomic diffraction phenomena
while at the same time, due to the high energy associated with the radiation, this
also enables investigation of atomic core-level spectroscopic phenomena. Lower
in energy and employed in 2D-SOR, we use visible light in the range of a few
hundred nm taking advantage of optical reflectivity of the surface. Finally, at
lower end of the energy spectrum, IR light in the micron range is used molecular
spectroscopy targetting CO2 molecules by means of PLIF.
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Figure 3.2: a) Schematic representation of total external reflection. In the sample
(grey) is highlighted the volume of the evanescent field (orange) and its intensity respect
to depth, with definition of penetration depth Λ. b) Angle dependent reflectance and
penetration depth curves for Pd at lower and higher energy.

Refractive index

Considering the energy/wavelengths range employed, the treatment of some
optical proprieties of the material investigated will be essential in the following
discussion. Primary among these is the refractive index n expressed as:

n = 1 − δ + iβ

δ = nareλ
2

2π
· f1 β = nareλ

2

2π
· f2

(3.3)

Combining eq. 3.3 with Snell’s law:

n cos θ = n′ cos θ′ (3.4)

a critical angle Θc can be expressed as a function of δ, θ′ = 0 so that θ = Θc:

Θc =
√

2δ (3.5)

The critical angle Θc is then based on the real part of the refractive index n,
referred to as δ, and which in turn is based on electron density na, the classical
electron radius re, the radiation wavelength λ and the dispersive atomic scattering
factor f1. The imaginary part of n is β and it has a similar formulation to δ with
the difference being based on the abortive atomic scattering factor f2.

With incident angle below the Θc the light is almost completely reflected with
either total internal/external reflection with the side of the reflection depending
on n being greater or smaller than unity [20, 53]. Given the energy dependence
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of n, and for x-rays in the keV range, we generally observe that the refractive
index becomes less than unity with radiation undergoing total external reflection
for angle α < Θc, as shown in 3.2a), .

For transition metals and light in the keV range, typical Θc values are smaller
than 0.1◦. For Pd and Ir at ∼ 80 keV Θc correspond to 0.04◦ and 0.06◦ respec-
tively, as can also be seen for Pd case in fig. 3.2b) or from experimental X-ray
Reflectivity (XRR) curve in fig. 3.10.

At angles close to the critical angle, in the transition between total external
reflection and refraction regimes, a EM phenomenon know as evanescent wave
or evanescent field arises [54]. This phenomenon will have repercussion on both
scattering and spectroscopic techniques, and its contribution are now used in
physics [55] and life sciences [56] alike in a variety of applications. In this work it
will be mainly connected to the x-ray scattering, and in particular the limitation
of penetration depth Λ 1of x-rays when close to Θc.

Few example of reflectivity [57, 58] and penetration depth [59–61] are pro-
vided for relevant conditions in fig. 3.2b), and which implications will be become
apparent in section 3.3.2 and 3.5 respectively.

3.2 Synchrotron Radiation
X-rays will be a primary investigation tool during the development of this

work and although other more conventional methods of producing x-ray are com-
monly available, due to the high photon flux and energy tunability required for
the experiments presented in this dissertation, the chose generation methods of
interest is Synchrotron radiation [62]. For this reason this section will present
a short introduction on synchrotrons, which schematic overview is shown in fig.
3.3a), and their general operation principles.

Synchrotrons are circular electron accelerators which storage ring contains
the electrons, whose speed and relative energy will determine the energy interval
of the light produced. Inside the ring, the electrons are kept in bunches at a
constant speed and along the correct path using a combination of RF cavities,
bending magnets and collimators. When passing along magnetic arrays called
insertion devices, in the case presented a type called ondulator, the electron
beam are forced to oscillate on their path, with the oscillation determined by the
magnetic field. This wiggle motion will then produce photons by Bremsstrahlung
effect.

The photons will propagate tangentially with respect to the ring and along
which optical path is placed the beamline. This consist of optical hutches whose

1The penetration depth Λ is defined as the distance in the material at which the
intensity of the field decays to 1/e of the surface value
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Figure 3.3: a) Schematic representation of synchrotron facility with its most important
components highlighted. In the inset: visualization of Bremsstrahlung effect inside the
undulator b) Brilliance vs Photon energy for different insertion devices available at syn-
chrotron facilities.[63]

custom optical elements are selected based on the beamline speciality, as well as
the experimental hutch, where the measurement takes place.

The unique scientific contribution of the synchrotron lies in the intrinsic qual-
ities of the light produced: brilliance and coherence. Most relevant for this work
is the brilliance, which is defined as photon flux per unit area, solid angle and a
very narrow (0.1%) bandwidth (BW ), with its formula written as:

Brilliance = Flux
As · ∆Φ · ∇ψ

=
Photons

s·BW
As · ∆Φ · ∇ψ

;
[

Photons
(s ·mm2 ·mrad2 · 0.1%BW )

]
(3.6)

where the flux is given as photon/seconds, As is the source area, ∆ϕ is
the angular divergence, and ∇ψ is the bandwidth. Where the coherence
can be expressed as bandwidth generated by the light-source as

(
λ

∆λ

)
. [54]

A short summary of the beamlines and associated synchrotron-based
techniques used are reported in table 3.1.

3.3 X-ray Diffraction
X-ray diffraction (XRD) is one of the principal investigation methods

used in this work and it has been utilized for more than a century [68, 69] as
one of the main tools for the investigation of both organic [70] and inorganic
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Paper Synchrotron Beamline Research
Paper I

Paper VII
Paper III
Paper VI

DESY, Hamburg, Germany P07 [64] HESXRD
TSD

Paper II
Paper IV
Paper V

DESY, Hamburg, Germany P22 [65, 66] HAXPES

Paper IX
Paper VIII NSLS II, New York, USA 23-ID-2 [67] AP-XPS

Paper VI ESRF, Grenoble, France ID31 TSD

Table 3.1: Short summary of papers associated with the synchrotron/beamline at which
the experiments took place. The right hand column represent the beamline speciality, but
for most of the experiments additional non-synchrotron based methods were also imple-
mented.

[71] crystal structure, as well as becoming a a cornerstone surface science
[72]. The XRD mechanism relies on the elastic scattering of x-rays by the
crystal periodic lattice, generating a 3D interference pattern.

This generated pattern, analogously to a simple double-slit experiment
[28, 33], can yield through standardized procedures [73] a large amount of
information on crystal structure and sample morphology.

In the following, some theoretical details needed for the interpretation
of an XRD pattern will be presented.

3.3.1 XRD General Concepts
To analyse crystal structures we need a probe with adequate spatial

resolution. This implies for crystal diffraction, and according to eq. 3.7,
that a wavelength of approximately of 1 Å or smaller is needed in order to
successfully probe atomic structures. From equations 3.1 and 3.2 previously
presented, it then follows that the required radiation energies are the keV
range, classified as x- and γ-rays.

The scattering phenomena on which XRD is based upon can be inter-
preted using two slightly different approaches. Although both equally valid,
they present different subsets of pros and cons for the experimental frame-
work explanation. For this reason both the semi-classical Bragg Diffraction
approach and the individual-scatterer Laue Diffraction approach will be
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Figure 3.4: Schematic representation of the diffraction by two parallel planes visualized
according to the Bragg diffraction principles. The path difference (PD), in the left figure
given by AC + CD, depends on the angle θ and the interplanar distance d

introduced in the following [20, 54, 72].

Bragg Diffraction

The Bragg diffraction principle is based on the assumption that the
incoming light will be diffracted from the crystal’s atomic planes, similar
to as it would be from a birefringent mirror. For visualization purposes fig.
3.4 consider a single set of planes in a 2D scenario, so we can write:

PD = 2d sin(Θ) = nλ (3.7)

The Bragg diffraction law states that the difference in the optical path
(PD) can be trigonometrically calculated by the interplanar distance d as
the spacing given by nλ, such that diffraction spots are only produced when
the two light paths show constructive interference.

Iterating this approach for every family of planes in the crystal, as seen
in chapter 1, will generate a 3D distribution of Bragg diffraction spots with
the positions uniquely identified by the sum of all inter-planar distances in
the original crystal.

The main advantage of this method is the simplicity of the calculations
involved that make it especially suitable for simple diffraction pattern, such
as with powder samples, or "back of the napkin math" check for many
chemists and physicists alike.
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Figure 3.5: a) Schematic representation of elastic scattering of electromagnetic radia-
tion from two atoms, according to the Laue formulation. b) Real space at the top and
corresponding reciprocal space representation at the bottom including the orientation of
the base vectors a⃗1, a⃗2 and the corresponding reciprocal space vectors b⃗1, b⃗2

Laue Diffraction

The Laue interpretation is based on the photon momentum transfer
principle, treating the atoms as single point emitters. The vectorial inter-
pretation is schematically presented in fig. 3.5 a).

In this model, the EM wave with wavevector k⃗ scatters from two atoms
at a distance R⃗ from each other. Due to momentum conservation, and after
the elastic scattering, the outcoming wavevector k⃗′ differs in direction with
unchanged intensity and can be written as:

k = |⃗k| = |k⃗′| = 2π
λ

(3.8)

The resulting momentum q⃗ is proportional to the wave vector k⃗.

q = |q⃗| = |q⃗′| = h

λ
= h

2π
k (3.9)

with h being the Plank’s constant. The condition for constructive inter-
ference based on fig. 3.5, can be derived as:

PD = S + S′ = R cos θ′ +R cos θ = R⃗ · k⃗′

k
− R⃗ · k⃗

k
= R⃗ · ∆k⃗

k
= nλ = n

2π
k

(3.10)
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Where the path difference (PD) has to equal an integer number of wave-
lengths. It follows that:

R · ∆k⃗ = 2πn , n ∈ Z (3.11)

where equation 3.11 represents the explicit condition for constructive
interference.

We can then expand the case from two scatterers to an infinite crystal
lattice where all the distances R⃗, written as 3D vectors as R⃗ = ua⃗1 + va⃗2 +
wa⃗3, that satisfy eq. 3.11 will generate constructive interference. In this
case, the generic vector R⃗ is expressed as a combination of a⃗1, a⃗2, a⃗3 as
orthonormal Real Space basis vectors where u, v, w are integer numbers.

Similarly to the Bragg diffraction, and due to symmetry considerations,
it can be shown [19, 20] that these scatterers will generate an infinite amount
of Bragg reflections. Analogously to the real space vectors for atom posi-
tions, we can then define for the Bragg spots reciprocal space vectors b⃗1, b⃗2, b⃗3
such as K⃗ = hb⃗1 + kb⃗2 + lb⃗3, which have to fulfil the bijective relationship
with the real space given by:

eiK⃗·R⃗ = 1 (3.12)

The base vectors can then be constructed as:

b⃗1 = 2π a⃗2 × a⃗3

a⃗1 · (a⃗2 × a⃗3)
; b⃗2 = 2π a⃗3 × a⃗1

a⃗1 · (a⃗2 × a⃗3)
; b⃗1 = 2π a⃗1 × a⃗2

a⃗1 · (a⃗2 × a⃗3)
(3.13)

from which we can derive:

b⃗i · a⃗j =

2π if i = j

0 if i ̸= j
(3.14)

Eq. 3.14 shows that b⃗i is perpendicular to two vectors a⃗j with (i ̸= j)
and length:

|b⃗i| = 2π
|a⃗i| cosϕ

(3.15)

with ϕ being the angle between vectors a⃗i and b⃗i, with bi measured in
[Å−1].

The relationship between the lattice geometry in the real space and the
one in reciprocal space can schematically be seen in fig. 3.5 b).
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With a relatively simple computational procedure, this vectorial inter-
pretation will allow us to obtain detailed crystal geometry information from
a recorded diffraction pattern.

The Ewald’s sphere

As concluded in both diffraction approximations, the resulting scattering
from a crystal will be a 3D distribution of Bragg reflections which coordinate,
from Laue interpretation, will be expressed in reciprocal lattice unit [Å−1].
As visible from eq. 3.11, with k⃗′

n = |⃗k|, the resulting construction for all
possible scattering vector orientations is a sphere of radius |⃗k|.

This construction is called Ewald’s sphere and presents two main visual-
ization benefits. On the one hand, it will provide the accessible reciprocal
space volume for a given radiation energy. On the other, it will aid in
visualizing the diffraction condition.

Demonstrating the first point is rather intuitive because, given the cited
diffraction condition and momentum conservation k⃗′

n = |⃗k|, everything be-
yond a |⃗k| radius is not accessible by definition. It is also relevant consid-
ering how the sphere radius is directly connected to x-ray energy through
3.8, as can be schematically seen in fig. 3.6b), and as seen in section 3.3.2
concerning HESXRD.

To illustrate the second point about the diffraction spot visibility, it is a
little less straightforward and is illustrated in fig. 3.6a) in which the Ewald’s
sphere surface and the desired reciprocal space lattice point overlap. Since
the reciprocal space origin (0, 0) must always be visible, it always lies on the
sphere, thus it follows a real space rotation of the crystal results of rotation
of reciprocal space around (0, 0). Since the momentum conservation law
require k⃗′

n = |⃗k| it follows that any |∆⃗k| associated with a reflection must
lie on the sphere itself.

A final consideration is the relative thickness of the sphere. Although
considered infinitely thin until now, due to a perfect coherence in k⃗, real
sources always present a small error δ⃗k given by the inevitable characteris-
tic bandwidth ∇ψ, as from eq. 3.6. This, in turn, contributes to generate
a Ewald’s sphere of non-zero δ shell thickness. Since the XRD signal in-
tensity is correlated to the intersected volume between Bragg peak and
Ewald’s sphere, the chosen energy bandwidth is then an important variable
to consider.
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Figure 3.6: a) 2D representation of the Ewald’s sphere’s azimuthal rotation around
the reciprocal space origin (0,0) for two different orientations. The visible reflection is
highlighted by a blue arrow. b) Projection in the lab frame of reference for low (

−→
k1) and

high (
−→
k2) energy x-rays on 2D detectors with the Ewald sphere thickness given by

−→
δk2

Bragg Reflections and Crystal Truncation Rods

As previously mentioned, diffraction is based on the bijective relation-
ship between real (R-space) and reciprocal space (K-space), and it can be
demonstrated [54] that this relationship is described by a Fourier transfor-
mation, such as:

R
f


f ′

K (3.16)

f(x) =
∫ ∞

−∞
f(x)e2πixξ dξ

f ′(ξ) =
∫ ∞

−∞
f(x)e2πixξ dx

(3.17)

Where x is the distance in real space, while ξ represents the spacing
in frequency domain, or reciprocal space. The conventional unit for XRD
reciprocal space measurements will then be [Å−1].

From the Fourier transform properties, in 3.17, we can mathematically
derive how the diffraction pattern generated from an infinite 3D lattice will
produce an infinite collection of infinitesimally sharp Bragg reflections in
reciprocal space, as can be seen schematically in fig. 3.7.

Application of the same procedure on a finite crystal will consequently
result in broadened Bragg reflection, with the size in reciprocal space corre-
lating to the size in real space.
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Figure 3.7: a) schematic visualization of 3D reciprocal space. Bragg reflections are
highlighted as red spheres while the green vertical cylinders represent the intensity of the
CTRs. b) An example of a (12L) CTR profile is plotted as Intensity vs L-value. Bragg
reflections have been arbitrarily put at L=2 and L=4. As a consequence, positions L=1
and L=3 corresponds to Anti-Bragg positions. These are the points in which a maximum
change in signal intensity occurs when the surface, and so the CTR in green, undergoes
a structural change.

Consequently, the analysis of the peak shape will then yield the lower
limit for the size of crystallites that generated the reflection in the analyzed
direction. This is presented in the simple formula:

D = 2π
∆Q · ax

(3.18)

Where D is the real dimension, ∆Q is the Full With Half Maximum
(FWHM) of the reciprocal space feature, and ax is the lattice dimension of
the feature of interest in the specific momentum transfer direction.

If we extend this approach to its extreme such as for semi-2D structures,
for instance, thin oxides or surface reconstructions, the reciprocal space
signal will result in a line feature. These signals are then called Crystal
Truncation Rods (CTRs) [74] in case of a truncated surface or, in the case
of a thin oxide, Superstructure Rods.

In fig. 3.7 presents a schematic view of CTRs (green columns) along
with Bragg spots (red spheres) positions. Fig. 3.7a) shows a 2D section
representing the rod intensity in the L direction, with oversaturated Bragg
reflections at L=0, L=2, and L=4. For reference, in fig. 3.7b) two examples
of CTR profiles are shown: full line, with higher intensity, for the case of
a smooth surface, while the low intensity profile represents a rough surface.
In this representation, the most sensitive positions to surface morphology
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Figure 3.8: Schematic representation of reciprocal space signal and 3D model for a)
superstructure rods for an epitaxial thin film b) Bragg peaks for a film slightly misaligned
on z-axis c) Diffraction spheres (more commonly known as rings for 2D detectors) for
powder distribution.

are at L=1 and L=3, and are called Anti Bragg positions.

Single and Poly- Crystals vs Powder in diffraction

Above the ideal case of a semi-infinite, single crystal is presented.
For a poly-crystalline or powder sample, a set of Bragg spots will appear

for every individual crystallite domain orientation in the sample. Specifi-
cally, the intensity of the spots will be correlated, among other things, to
the orientation statistics of the original ensemble.

That means that, for a poly-crystalline sample, where the epitaxial ori-
entation marginally deviates from a single crystal, we will have a set of
Bragg spots smeared out perpendicular to the crystallites’ most common
rotational axis, as can be schematically seen in fig. 3.8 b).

For powders, where the orientation is completely random, the Bragg
spots will for an homogeneous distribution result in concentric spheres in
reciprocal space, centred around spot (0, 0, 0), as from fig. 3.8 c). If we
project these spheres on a 2D detector, or line detector, as a function of
the diffraction angle Θ, they will be recorded as the more common powder
rings or powder diffraction line profiles, respectively.

Ultimately, independently of the data set, we can apply the Rietveld
refinement [73] to analyse the phase and size distribution of the sample.
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3.3.2 High-Energy Surface X-ray Diffraction and
Transmission Surface Diffraction

As mentioned in section 3.1 for all materials there exists a Θc angle below
which the incoming x-ray light get almost totally externally reflected and
the penetration depth is severely limited. By limiting the x-ray penetration
depth this phenomenon can consequently enhance significantly the surface
sensitivity of techniques such as XRD. This approach is commonly referred
as Surface X-ray Diffraction (SXRD) [75]. In SXRD experiments then the
signal from CTRs and surface reconstructions is amplified with respect to
the bulk Bragg reflections gaining more detailed information on the surface
compared to other diffraction geometries.

This work has employed a high energy SXRD variant called High Energy
Surface X-ray Diffraction (HEXSRD), which further improves on SXRD.
The high energy employed, ranging between 60 and 80 keV compared to the
conventional energies of 10 to 30 keV, greatly expands the volume of the
Ewald’s sphere due to due to high k⃗, as can be seen from fig. 3.6b). This
has the main advantage of drastically reducing the data acquisition time,
or alternatively, allowing the acquisition on high throughput time-resolved
experiments.

Moreover, the combination of high energy x-rays and grazing incidence
geometry means that in the data analysis not only the surface sensitivity will
be enhanced, but also that the out-of-plane direction of reciprocal space ∆k⊥
will be aligned with the z-axis of the reference lab frame. This, combined
with the almost negligible curvature of the reciprocal space with respect to
the 2D detector, will result in a more intuitive real-time visualization of the
data if compared with conventional energies XRD.

Combined with high brilliance sources and large area 2D detectors, HES-
XRD has proven extremely effective for time resolved [14, 15, 76] as well
as detailed fundamental studies [14, 77, 78] of complex sample surfaces in
both in-situ and operando conditions. In this work it has been employed
in paper I and III to generate high frequency, time resolved XRD data
following oxidation processes. On paper VII it has shown its capabilities
not only in time-resolved experiments, but also aquiring a great deal of
structural information in a remarkably short amount of time.

Another variation on XRD experimental geometry, and only recently
feasible due to a combination of the characteristic high penetration depth
of hard x-rays with the very high photon flux and high sensitivity of recent
detectors, is the use of transmission geometry XRD. Using this, and fol-
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Figure 3.9: a) Schematic visualization of acquisition for HESXRD. On the left the
catalytic chamber, on the right a visualization of the 3D reciprocal space acquired by a
rotation along Θ b) TSD set-up with inset showing the sample holder used in paper VI.
c) The different representations used for the HESXRD data. d) Example of the TSD
differential signal taken from paper VI.

lowing previous works [79, 80], we have demonstrated in paper VI that,
given a careful subtraction of previous frames, it is possible to follow oxide
formation in x-ray Surface Transmission Geometry (TSD) maintaining high
structural resolution.

Simplified schematics for both HESXRD and TSD setups are shown in
fig. 3.9a-b).

HESXRD data visualization

In this work two main acquisition procedures are implemented. The first
is time resolved acquisition, which using fixed sample orientation permits to
perform operando studies generating high frequency 2D diffraction frames.
These data are usually analysed without further reconstruction focusing on
crystallographic considerations. This approach has been used because, as
presented in previous sections, the minimal correction that would be needed
to transform the high k⃗ spherical projection of the Ewald’s sphere onto the
2D detector. These type of data has been extensively used on paper III,
I and in minor part on paper VII.

The second and more complicated acquisition procedure is a rotational
scan, which individual frames are integrated in 3D recirpocal-space dataset,
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as shown in fig. 3.9a). This in turn allows great variety and flexibility in
the subsequent data analysis.

There are three possibilities of plotting HESXRD datasets obtained from
rotational scans. The first is just to sum them in order to maximize the
signal from every individual pixel. The 3D information is lost, but we
acquire a fast and comprehensive overview of the sample.

The other two methods are used in order to retrieve the epitaxial nature
of the structures present using 3D datasets. In this, the second method
projects the 3D reconstructed data into the HK-plane, in a LEED-like fash-
ion, as shown in 3.9c). This representation will have a cartesian coordi-
nates with the in-plane along H and K, while the out of plane along L. This
view onto the HK-plane, from the top, integrates the spot intensities over
a L-interval, highlighting ROD and CTRs and overall reducing Bragg peak
signals.

Third method, to better visualize spots against CTRs/RODs, is the
generation of polar plots from 3D datasets. These corresponds to signals
integrated over an hemispherical slice of given thickness around relevant
Q values. These plots will be then plotted with a view from the top, but
their coordinate system will be spherical, with φ as rotational axis along
the corresponding L axis, and χ around the X axis.

Finally, for both LEED-like and polar plots, we can integrate the data
based on the crystal symmetry of the analysed systems.

3.4 X-Ray Reflectivity

Used as a complementary method, X-ray Reflectivity (XRR) is a tech-
nique that takes advantage of the short wavelengths in the x-ray regime in
order to generate interference fringes based on the classical Fresnel case of
layered multi-material samples [54, 81].

The angular range of the technique is based on the energy used, but
usually lies between 0 and 10◦ for conventional x-rays energies of ∼ 10 keV,
and between 0 and 1◦ for high energy x-rays of ∼ 70-80 keV.

To infer the structure of the material, the experimental interference
curve, shown in fig. 3.10c), is evaluated against a simulated one, generated
by an electron density distribution function, exemplified in fig. 3.10b). This
is in turn extrapolated from a guess model featuring different layers, in
fig. 3.10a). The simulated curve is then made to converge, with a self-
consistent procedure, to obtain the best fit between the experimental and
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Figure 3.10: a) Schematic representation for sample comprised of a substrate (green)
with two generic layers on top (red-pink). On the left, incident light (x-rays) and on the
right both reflected and refracted light is indicated. At the bottom σ1 refers to the substrate
roughness. b) Representation of the electron density perpendicular to the sample surface
similar to what would be generated for model fitting c) Example of an XRR measurement,
with experimental results and simulation indicated by blue line and red circles respectively,
taken from Paper I.

the calculated model [82]. At the end of the procedure, several parameters
are available such as material coverage, overall interfacial roughness, and
thickness of every layer present in the system.

We used XRR as calibration tool for deposition parameters for Rh in
paper VI, while we used it as supporting technique to HESXRD in paper
VII.

3.5 Ambient Pressure X-ray Photoelectron
Spectroscopy

X-ray Photoelectron Spectroscopy (XPS) is the main spectroscopic tech-
nique used in this work. As the name implies, it is a spectroscopic technique
that, using photoelectric effect acquires surface sensitive atomic chemical in-
formation by analysing the kinetic energy (Ek) of the generated outcoming
photoelectrons.

The phenomenon upon which is based is the photoelectric effect, dis-
covered in 1887 and by which explanation Einstein was awarded the Nobel
prize in 1906 [83], is the excitation process by which electrons in the target
material are excited to the vacuum level and consequently emitted by high
energy EM irradiation.
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Figure 3.11: a) Rendering of POLARIS end station at beamline P22, DESY, Germany.
Inset shows the close-up cross-section of nose cone for the endstation analyser. [84] b)
Energy diagram for core-electron photoemission process.

The photoemission process, schematically visualized for a core-electron
in 3.11b), can be generally expressed by using the energy conservation law,
as:

EBE = hν − Ek − ϕs (3.19)

Where the binding energy EBE equals the photon energy hν minus ki-
netic energy Ek and sample work function ϕs At this point it has to be
differentiated between the sample (s) and analyser (a) frame of reference:

Ek,s + ϕs = Ek,a + ϕa (3.20)

Furthermore, since the photoelectrons from the Fermi edge have EBE =
0 by definition, we can write ϕa = Ek,a,F E. Re-writing 3.19 in 3.20 we get:

EBE = hν − Ek,a − Ek,a,F E (3.21)

so the the binding energy EBE is obtained by the difference between pho-
ton energy hν and measured photoelectron energy Ek,a minus a correction
term Ek,a,F E.

From this follow a few important considerations.
Although this process is possible for all electrons in the material, since we

want to acquire atomical information in a chemically reactive environment,
2It has been chosen the energy of 4065 eV as example because it is the mean Ek for

Pd3d core-level photoelectrons for POLARIS experiments
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Figure 3.12: a) Calculated energy dependent IMFP for Pd [85] b) Comparison of
angle dependent x-ray penetration depth and IMFP for POLARIS HAXPES experimental
conditions 2.

we need to photo-emit core-electrons. Because of this, given typical core-
electron EBE from few tens to few thousands eV, we require radiation in
the x-ray energy range, hence the use XPS. The chemical information will
be provided through the so called chemical shift of the core-electron EBE.
This energy shift in core-level EBE is connected to the variation in electron
coordination of the valence electrons, that as mentioned in sec. 2.1.1 and
1.1.2, are connected to a number of relevant chemical and physical processes
such as oxidation/reduction, physi/chemi-sorption at the surface as well as
surface reconstruction.

Once generated, the electrons have to travel to the analyser. It is im-
portant to note however, that the electron scattering cross-section is much
larger compared to photons, so that the Inelastic Mean Free Path (IMFP 3)
[85] severely limits the electron travel through matter. This electron scatter-
ing process usually is the limiting factor for probing depth of XPS signal in
the sample as well as limiting factor for environmental pressure surrounding
the sample itself.

One way to improve the IMFP [85], is to increase the kinetic energy of
the electrons which energy dependence is shown in fig. 3.12. Consequently,
and according to eq. 3.19, the Ek can be increased using higher incident
energy radiation.

From the experimental point of view the considerations on the limited
IMFP explain why XPS is originally used as an Ultra High Vacuum (UHV)

3Inelastic Mean Free Path (λ) is defined as the distance an electron beam can travel
before its intensity decays to 1/e respect to the original intensity I0.
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technique, so to limit the electron scattering with gas molecules. Through-
out the years though, with improvements such as differential stage pumping
for gasses and short distances between pumping stages and the sample, XPS
setups have been improved to be performed at gradually higher and higher
pressures [86]. These high pressure variants then can take several names
such as High Pressure XPS (HPXPS) or Ambient Pressure XPS (APXPS),
but all presenting similar approaches/results from the experimental point
of view.

Another possible variation on the technique, called HArd Xray PhotoE-
mission Spectroscopy (HAXPES) uses high energy x-rays to increase Ek and
IMFP, so to reduce the electrons scattering cross-section with gas molecules
and enhance the over signal for higher gas pressures. The drawbacks of this
approach though, for surface science community in particular, is the de-
crease in surface sensitivity due to the higher electron escaping depth from
the bulk of the sample as well as the lower photo-ionization cross-section of
materials for higher energies.

To counterbalance these disadvantages for hard x-rays the experiments
can be performed in Grazing Incident geometry (GI-XPS [87]), to take ad-
vantage of the evanescent field interaction as explained in sec. 3.1. With
x-ray incident angle α << Θc, the x-ray penetration depth decreases such
that this process now represents the bottle-neck for electron generation in
the sample, as illustrated in fig. 3.2b). The altered penetration depth, inte-
grated in a so called effective IMFP (λeff ), will result in λeff < λ and so to
enhance surface-to-bulk signal in GI-HAXPES [87, 88] compare to higher
incident angles.

In this work we present APXPS results, with x-ray energies between
250 and 720 eV and α << Θc, acquired at beamline 23-ID-2 in NSLS-II,
Brookhaven, NY. Here we follow IrO2 titration via CH4 in paper IX and
performed HRCLS on Ir/IrO2 system in paper VIII.

HAXPES experiments, at 4600 eV and α < Θc, are performed at the
POLARIS endstation at P22 beamline at DESY which results are presented
in papers II, IV and V. As aforementioned, a grazing incidence setup is
used to achieve high surface sensitivity using hard x-rays. At the same time,
due to an innovating design of the nozzle for the electron analyser, shown in
inset of fig. 3.11a), we acquire at pressures significantly higher than what
has been previously achieved, and up to 1 bar of total pressure.
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Figure 3.13: a) Surface Optical Reflectance schematic setup. On top is shown the
reflection from metallic (smooth) sample. On the bottom the case of scattered light, typical
from oxidized (rough) sample. b) Example of 2D-SOR data over time, taken from Paper
I, with insets showing both the raw images and the ROIs from which the plotted signal is
integrated.

3.6 2D Surface Optical Reflectance
The 2D Surface Optical Reflectance (2D-SOR) presented in this work

can be considered a natural evolution, utilizing a 2D detector [16, 89, 90],
of the well established industrial point-source reflection spectroscopy [91].

As shown in fig 3.13a), 2D-SOR uses LED light scattered from the sam-
ple to probe the change in surface reflectance during, for instance, a catalytic
oxidation. The change in reflectance depends either on a change of the ma-
terial optical properties due to oxidation or other reactions at the surface,
or on a change of the surface roughness.

The disentanglement of the various components can be difficult due to
the inherent morphological modification due to the chemical reaction at the
interface. Nonetheless, the technique is relatively low-cost, simple, and easy
to implement on many experimental setup. For these reasons it can be
used as a complementary technique, or after being externally validated on
a system, used it as main.

Using light in the visible spectrum, 2D-SOR can be used in vacuum,
ambient pressure [92] or in liquids [93] regardless and therefore also presents
itself as a useful in-situ and operando technique.

Generally the change of intensity of the signal, usually integrated over
a region of interest as shown in fig. 3.13b), is reported such as:

∆R = (Rox −R0)
R0

(3.22)
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Figure 3.14: a) Close-up schematic representation of PLIF setup, showing the typical
CO2 cloud over an active CO-oxidation catalyst. b) example of systematic use of PLIF to
visualize and reconstruct the gas volume, as presented in [95]. c) fluorescence transition
for CO2 [96]. Incoming radiation at 2.7 µm excites electrons from the ground to the
(1001) state to de-excite to (1000) emitting a photon at 4.3 µm.

Where the signal ∆R is a relative quantity, based on the clean sample
R0, so that the nature of the sample is not of relevance. In addition to this,
recent improvements to its 2D resolution have brought the resolving power
to a few µm2, so that polycrystalline samples such as foils or industrial-grade
steel could be studied under operating conditions [92].

In paper I and III the method has been combined and compared with
HESXRD and PLIF. In particular, we show in paper I that the formation of
a surface oxide only 2-3 Å thick corresponds to a decrease of the reflectance
of around 0.5%, potentially opening the possibility to identify the formation
of the surface oxide by 2D-SOR.

3.7 Planar Laser Induced Fluorescence

Planar Induced Fluorescence (PLIF) is a 2D IR laser spectroscopy tech-
nique that, using the fluorescence from the de-excitation of pumped molec-
ular rota-vibrational states, probes the concentration of a target gas species
in 2-3D fashion [94, 95].

The base phenomenon of fluorescence is a photon absorption-emission
phenomenon. The absorbed light, with λa and energy Ea, promotes the
transition of electrons between two specific ground and excited states of
the target molecule, with transition specifically occurring only for non-zero
changes in a dipole moment [54]. After a characteristic lifetime, in which
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typically a non-radiant de-excitation occurs, a fluorescence photon is re-
emitted at Ee < Ea and corresponding λe > λe. The intensity of the signal
can be expressed as:

IP LIF = ηcEgf(T )σ0χabs
P

KBT
ϕ (3.23)

Where ηc is the collection efficiency, E is the laser energy, g is the func-
tion describing the spectral overlap laser-absorption lineshape, f(T ) is the
Boltzmann fraction, σ0 is the absorption cross-section, χabs

P
KB
T is the num-

ber density of the target species and ϕ is the fluorescence quantum yield
[97].

While for many molecules of interest such as CO [98], NH3 [99], NO
[100], OH [101] etc., the optimal region is typically in the IR range, the spe-
cific excitation wavelength has to be appropriately tuned to avoid spurious
signals.

In the case of the rotational-vibrational transition chosen for CO2 in this
thesis, the excitation is at 2.7 µm and the fluorescent signal is at 4.3 µm
[102], as shown in 3.14c).

From the experimental point of view, once the laser is properly tuned,
the beam can then be shaped by optical elements in a quasi-2D sheet. The
fluorescent signal generated will be recorded on a 2D IR detector at a per-
pendicular angle with respect to the excitation source, as schematically seen
in fig. 3.14a). This will produce a single cross-section image of the gas pro-
file in the Region Of Interest (ROI). Reshaping the laser and/or moving the
sample across the beam will provide a 3D representation, similarly to what
presented in fig. 3.14b).

Moreover it is important to note that the laser source must undergo care-
ful and frequent calibration due to several relevant experimental variables
affecting measurements such as temperature, pressure, and laser-instability.
For these reasons every measurement must include an associate background
to yield meaningful data.

PLIF measurements are included in paper III to cross-validate the
HESXRD and 2D-SOR data about the reactivity/morphology correlation
in the PdO/Pd(100) system.
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3.8 Density Functional Theory
Density Functional Theory (DFT) is a computational method to calcu-

late the most stable configuration of a given atomic system. At the very core
of the method, there are the quantum-mechanical calculations that consist
in solving, in approximate form, of the Schrödinger equation for every given
atomic arrangement.

The DFT algorithm then iterates these self-consistent calculations, from
an initial guess configuration, over several possible other configurations. The
algorithm allows the electronic system to relax with each step, adjusting the
overall energy landscape and correlated atomic positions until convergence
is reached.

This method, although having powerful prediction/explanatory power,
represents rather computationally cumbersome tasks. For this reason, while
applying the technique, a reasonable sample boundary, optimization meth-
ods, and potentially use of cluster computing is advised.

Note that, although present in paper IX and paper VIII, the calcula-
tions were not personally performed and this section is meant only as short
introduction to the topic. For further details on theory and applications,
please refer to [103, 104]
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4. Summary of Papers

This work has been focused on in-situ and operando multi-technique
approach of catalytic surfaces under various catalytic conditions.

Depending on the point of interest, a different line of inquiry can be
separated. On the material side, we can distinguish between Pd paper I,
II, III,V, and VIII; Ir in paper VII, VIII and IX while Rh on paper
VI. On the technique point of view, XRD techniques are used in paper I,
III, VI and VII while XPS is employed in paper II and in paper IV, V,
VIII and IX .

Paper I: Surface optical reflectance combined with x-
ray techniques during gas-surface interaction

In this report, the change of the 2D-SOR signal has been correlated
to the change in the HESXRD signal. The chosen experiment was the
oxidation of the Pd(100) surface, in 37 mbar of O2 partial pressure with
370 mbar total pressure. The experiment has been carried out at the P07
beamline, DESY, Hamburg.

Simultaneous in-situ and operando HESXRD and 2D-SOR have been
performed over a clean Pd(100) during oxidation/reduction cycle to esti-
mate the sensitivity of 2D-SOR as the sample is oxidized. Moreover, af-
ter the initial oxidation and before reduction, an XRR measurement was
recorded to confirm the HESXRD measurements concerning the oxide thick-
ness. The gas-phase composition was recorded using a mass-spectrometer
(MS) throughout the experiment. The slightly different sensitivity has been
observed between HESXRD and the 2D-SOR to the two surface oxida-
tion/reduction phenomena has been attributed to a difference in surface
roughening behavior, the sensitivity of the 2D-SOR could be shown to be
at least in the 2-3 Å range.
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Paper II: CO oxidation under lean conditions over Pd(100)
model catalyst studied by photoelectron spectroscopy
at total pressure of 0.5 bar: closing the gap

This work presents HPXPS results of CO oxidation over Pd(100) at PO-
LARIS endstation at P22 beamline in PETRA III. A total of three pressures
up to 500 mbar and two stoichiometric conditions are probed.

The experiments were performed during a heating-cooling ramps in con-
stant pressure and stoichiometric conditions. The high temporal resolution
allows to follow operando the reaction on Pd and the results show similar
CO2 production with both metallic and oxidized surface, further support-
ing prior finding concerning the similar catalytic activity of metallic Pd and
PdO. After finding the ignition and extinction temperatures we also noted
that in all experiments the thermal hysteresis is quite limited, suggesting
a less pronounced by-stability effect at higher pressures compared to that
previously observed at lower and UHV pressures. Finally, we also calculate
the activation energy for the two stoichiometric ratios with values that dif-
fers from the previously tabulated one at UHV as well as at high pressure
but different stoichiometry. We argue that this might be connected to the
nature of the gas mixture and that the pressure seems to play only a minor
role for determining the activation energy of this specific reaction conditions
but further investigation are needed.

Paper III: Combining High-energy x-ray Diffraction
with Surface Optical Reflectance and Planar Laser In-
duced Fluorescence for operando catalyst surface char-
acterization

In this contribution, a combination of the in-situ techniques: HESXRD,
2D-SOR, MS, and PLIF is used to study the CO oxidation over Pd(100), us-
ing a total pressure of 180 mbar and various O2:CO2 ratios. The experiment
was performed at the P07 beamline, DESY, Hamburg.

The synchronization of the techniques has been implemented using a
trigger from the beamline. After the initial triggering, both PLIF and SOR
were synchronized at a 10 Hz acquisition rate, while HESRXD and MS were
∼2 Hz. Through 2D-SOR images from the surface, the inhomogeneity of
the sample during oxidizing conditions could be confirmed and correlated
to the CO2 gas phase distribution above the sample measured by PLIF.
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The measurements show that the direct gas-phase measurements by
PLIF have a noticeable time-resolution advantage compared to MS. This,
in turn, shows the need for as delay-free as possible investigation methods
when dealing with operando measurements.

Paper IV: Bridging the pressure gap in CO oxidation

This contribution presents the HPXPS results for CO oxidation over
Pd(100) model catalyst, obtained up at 1 bar of total pressure, with the
POLARIS endstation at beamline P22 in PETRA III, DESY, Hamburg.

The reaction of CO oxidation is performed at 1:1 CO:O2 ratio and O2
partial pressure up to 100 mbar with He as filling gas. The temperature
range between 50 and 480 ◦C, with the 1 bar experiment between 360 and
480 ◦C.

The results show, with remarkably high-quality data, that the barrier
activation energy of CO oxidation at high pressure is comparable to the
literature data for lower pressures, so beginning to bridge the pressure gap
between model and industrial catalytic reactions.

Paper V: The Structure of the Active Pd state During
Catalytic CO oxidization

This paper presents the angle-dependent HPXPS results from CO oxida-
tion and reduction on PdO/Pd(100) system with the POLARIS endstation,
beamline P22 in PETRA III, DESY, Hamburg.

The reaction of CO oxidation was performed on Pd(100), at a 50:4
O2:CO ratio, 300 mbar of pressure, and a temperature between 200 and
450 ◦C. Initial the sample is oxidized to bulk PdO(101) at high temper-
ature. During the descending temperature ramp, the reduction phase is
halted. An angle dependant HPXPS series of spectra were taken under
reaction conditions to investigate the reduction mechanism of the newly
formed PdO.

The results, combined with a modeling of the proposed reduction mecha-
nism, show that a multilayer system is formed with metallic islands growing
on top of the reducing oxide during reduction.
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Paper VI: Transmission Surface Diffraction applied to
model catalyst surfaces during catalytic gas-surface in-
teractions

The paper presents the results of the novel developed for Transmission
Surface Diffraction (TSD) from operando oxidation on Rh film as well as
Rh nanoparticles (NPs) deposited on MgO substrate.

The experiments were performed at beamline ID31, ESRF at 70 keV
and at beamline P07, DESY at 79.5 keV.

The films were tested under 1 bar of total pressure, with alternating
reducing and oxidizing conditions and at constant 700 K. In these conditions
it was possible to follow formation of Rh2O3 with a 10 min time resolution.

Rocking scans were performed around (200) Rh Bragg spot to test the
resolution and accuracy of TSD. It was possible to distinguish and recon-
struct in the 3D reciprocal space the characteristic star patterned metallic
CTRs passing by the (200) spot.

The results show that with the current setup, it is possible to follow
the oxidation on top of both film and metallic nanoparticles. The current
method presents multiple advantages compared to the traditional XRD tech-
nique and could represent an interesting tool for the surface science commu-
nity with further development.

Paper VII: Oxidation and reduction of Ir(100) studied
by High Energy Surface X-Rays Diffraction

The paper focused on the structural determination of Ir/IrO2 during
red/ox reaction of the surface at 775 K and 500 mbar of total pressure and
under 3 different O2 partial pressures such as 2.5, 5, and 10 mbar. The in-
situ and operando measurements were carried out at beamline P07, DESY,
Hamburg.

The results show gradual evolution from oxygen adsorption, through on-
set of different phases, to the dynamical equilibrium of multiple oxide factes
on the surface. Specifically for the 2.5 mbar O2 condition a coexistence of
c(2x2) Ir(100)-O, to our knowledge never observed before, and IrO2(110)
is present whaeter at higher O2 partial pressures a mixture of IrO2(101),
IrO2(110) and IrO2(100) is present.

Upon reduction with CO, the formation of metastable Ir(111) facets
and/or vicinal Ir(221) surfaces are observed. This metallic island formation
on top of the oxide layer, similar to what is observed for the Pd case, could

50



be the insight in yet unknown catalysis behaviour with future implications
for dynamic metal-oxide systems.

Paper VIII: High-Resolution x-ray Photoelectron Spec-
troscopy of an IrO2(110) Film on Ir(100)

This paper presents results from high-resolution XPS data, combined
with DFT calculation, on the thermal oxidation of Ir(100)/IrO2(110).

After thermal oxidation of Ir(100), at 3 Torr and 775 K for 10 min,
high-resolution Ir4f, O1s spectra are gathered to chemically investigate the
IrO2(110) surface structure. After oxidation and spectra are taken at a
high temperature (600 K), the sample is let cool down. For both cases,
high-resolution spectra are taken, and the surface and bulk components are
identified. Furthermore, upon cool down, it is noted that surface terminal
oxygens (Oot) in the bulk oxide is reduced to hydroxyl groups, attributed
to reaction with residual H2 or H2O in the chamber.

For all the observations mentioned above, DFT calculations have been
provided as validation methods for our findings.

Paper IX: Isothermal Reduction of IrO2 (110) Films
by Methane Investigated Using In-Situ x-ray Photo-
electron Spectroscopy

This contribution investigates the titration of IrO2(110) via CH4, inves-
tigated with both DFT theoretical method and in-situ XPS; performed at
the beamline 23-ID-2 at National Synchrotron Light Source II, Brookhaven,
New York.

The IrO2 oxide films are prepared by Ir(100) thermal oxidation in 3 Torr
of O2 at a temperature of 775 K for 10 min. The films are then isothermally
reduced in 10−5 Torr of CH4 for 50 min or until the extensive reduction
of the surface. During the whole experiments, Ir4f, C1s and O1s core-level
spectra were continually collected to form a trend for temperatures from
500 K to 650 K, at 50 K intervals.

Theoretical DFT calculations were used to support the experimental
finding.

Our findings confirm previous observations about the selectivity of CH4
oxidation for IrO2(110) compared to metallic Ir. DFT calculations suggest
that oxidation of CH4 in the tested conditions convert Obr sites of IrO2(110)
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into HObr. At the same time, upon complete reduction of top layer oxide,
the subsurface oxygen replenish the top Obr. This proceeds until complete
titration of the oxide of interest.
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5. Conclusion and Outlook

"The aim of science is not to open the door to infinite wisdom,
but to set some limit on infinite error."

- Life of Galileo (1939), Bertolt Brecht -

Catalysis and catalysts represent a fundamental part of modern liveli-
hood nowadays and are likely to grow in importance, similarly to their rise
in the 20th century. The study and atomic characterization of heteroge-
neous catalysts through their model systems and the reactions at surfaces
represents the first and essential step in understanding and engineering for
the future of the field. With this perspective, it is also fundamental to
continuously improve and validate new methods to push the limits of the
state-of-the-art and enhance the toolbox available for surface science and
catalysis for the future.

This work has presented a number of different light-matter interaction
techniques, mainly based on synchrotron radiation methods, to investigate
a reaction in-situ and operando, further closing the material and pressure
gap typical for model catalysts studies.

To summarize some of the findings some of the result in this thesis.
It has been shown that upon oxidation, the Ir(100) surface do not only
exposes the IrO2(110) surface as previously reported, but also IrO2(100)
and (101) surfaces (paper VII). Although this discrepancy may be due to
differences in oxidation temperatures or residual gas composition, the results
still demonstrate the more complex oxidation behavior of the Ir(100) surface
compared to the Pd(100) surface. As a consequence, more well-ordered
IrO2(110) surfaces has been made by using thin IrO2 films on various rutile
(110) surfaces [17].

Another highlight is the observation of the formation of metallic island
in the Ir and Pd oxide films studied in reducing conditions (papers VII
and V). Such a metal-oxide mixed system observed on both Pd and Ir could
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point to a generalization for reduction conditions. This could provide an
interesting and dynamic system under reaction conditions for future studies
and, in particular, the study of the promoting or poisoning effects could be
interesting point of investigation by various methods.

On the technical side, the thesis shows the benefit to use 2D-SOR in
combination with grazing incident techniques. In particular, this thesis
shows that the 2D-SOR signal is able to detect a flat ultra-thin surface
oxide forming on a Pd(100) surface. The limit of the sensitivity is not yet
fully explored, and could be an interesting future research topic.

Finally, a new XPS analyser has been used, capable of performing surface
sensitive XPS at pressures far beyond what has been previously possible.
Our measurements confirm previous observations, and in this way validate
the surface sensitivity while using HAXPES in grazing incidence geometry
to enhance its surface sensitivity. Although the POLARIS setup is technical
demanding, it finally brings XPS to atmospheric conditions and is likely to
have a tremendous impact on catalysis related research.
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