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Abstract

Size-selected clusters have emerged in the past decades for their unique features, which
often differ from those of their bulk analogues. In a cluster, the electronic and chemical
features can be tuned be changing n, exact number of atoms composing them, offering
an unmatched playground to look for new properties of matter. However, clusters are
hard to handle due to their high reactivity and mobility when they are deposited on
solid surfaces. In particular, understanding the interaction of supported metallic size-
selected clusters with simple molecules such as oxygen and their oxidation process in
conditions where the mass selection is not compromised is experimentally challenging.

During my PhD, I was able to focus on this aspect using ENAC (Exact Number
of Atoms in each Cluster), the cluster source designed and built at the Nanoscale
Materials Laboratory of the Elettra synchrotron facility in Trieste. The unique feature
of ENAC is that it can be directly connected to the SuperESCA beamline of Elettra
to deposit and study the cluster in situ by means of experimental techniques based
on synchrotron radiation, such as X-ray photoelectron spectroscopy (XPS). This
offers the opportunity to characterize the clusters in controlled conditions, avoiding
critical issues such as the presence of contaminants and drastically limiting their
diffusion.

In the first part of my research activity, I have been involved in the commission-
ing and optimization of the cluster source, and in its installation at the SuperESCA
beamline. When this crucial goal was accomplished, I participated to the first ex-
periment ever performed with the cluster source at the beamline. We studied the
adsorption of size selected Agn clusters with n = 1, 3 and 7 on Ru(0001) by means
of XPS and with the support of density functional theory (DFT) calculations. Our
results indicate that using different clusters as building blocks, it is possible to form
two-dimensional Ag islands on Ru(0001) with different degrees of order that depend
on the size of the cluster. In particular, Ag7, thanks to its hexagonal shape, was
proven to be the best building block to minimized the density of defects on the
islands. This experiment acted as benchmark to test the capabilities of ENAC, and
was instrumental to address our investigation towards more complex systems.

The following experiments were dedicated to the main topic of my PhD project,
i.e., the oxidation of graphene-supported size-selected clusters. We focused on three
technologically relevant materials such as Ag, Pt and Fe. Especially in their oxide
phase, these elements play major roles in several industrially relevant reactions such
as the epoxidation of ethylene, the oxygen reduction reaction and the CO oxida-
tion. Understanding their fundamental properties at the sub-nanoscale can offer the
possibility to further optimize their catalytic activity and to reduce the cost of the
catalysts. Epitaxial graphene, grown on Ru(0001) and Ir(111), is the template that
was selected for the cluster deposition due to the combination between its low inter-
action with the clusters and to the high diffusion barriers on its corrugated moiré
lattice. To further reduce the cluster mobility and preserve the mass selection, all the
experiments were performed at the temperature of 20 K and the cluster oxidation
was achieved by exploiting a method based on the photo-induced dissociation of
physisorbed O2, which led to an efficient production of atomic O in an extremely
clean environment. The three different clusters, in a size range n = 7 − 20, were
studied combining XPS with DFT calculation both in the metallic phase and after
the exposure to oxygen. The analysis was performed by constantly comparing the
properties of the clusters with their counterparts at larger scales, looking for analogies
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and differences.
The oxidation of a Ag cluster composed of 11 atoms induced a final stoichiometry,

as well as geometric and electronic features, similar to the AgO bulk oxide, proving
that, unlike their metallic counterparts, bulk oxide features can appear also at the
sub-nanoscale. Afterwards, we extended the study also to Ag7 to investigate the core
level shift anomaly of Ag, which is characterized by a negative shift upon oxidation.
Our work highlighted a unique behavior of the Ag 3d core levels and Ag 4d-band
with oxidation that is not observed in bulk and metallic surfaces, highlighting the
different electronic properties of matter at this scale.

After Ag, we moved to Ptn clusters, with n = 7, 12 and 13, supported on graphene
epitaxially grown on Ir(111). Following the same approach adopted for Ag, we have
shown that the stronger interaction with the substrate induces an asymmetric ox-
idation of the clusters, with the upper atoms that reach an higher oxidation state
than those at the cluster/graphene interface. In particular, the atoms with the high-
est oxidation state resemble the Pt3O4 oxide phase, which is generally associated
to an high chemical reactivity. Finally, we moved to the oxidation of Fen clusters
for n = 11, 12, 13, 15 and 20 supported on graphene on Ru(0001). In this case, the
oxidation led to homogeneous clusters with a stoichiometry close to (FeO)n, where
all the atoms reach an oxidation state 2+. This is in agreement with observation for
clusters in the gas phase and in contrast with the properties of Fe at larger scales,
where the FeO oxide phase is thermodinamically unstable.

The experiments that we performed withing my PhD project aim to extended our
knowledge on the fundamental oxidation process at the sub-nanoscale in the case of
graphene-supported size-selected clusters of various catalytically relevant materials
to set the bases to further optimize their applications in nanostructerd catalysts.
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CHAPTER 1
Introduction

Driven by innate curiosity, mankind started manipulating the surrounding world
starting from its very first appearance in our planet. It began with the development
of tools for cutting, chopping or scraping and it has evolved over the centuries with
an ever more refined level of precision, always paralleled by technological innovation.
When this manipulation reaches the atomic scale, we enter the field of Nanotechnology.
Here, some objects have properties that depend on the exact number of atoms
composing them. They are known as clusters.

Clusters are generally defined as atomic agglomerates composed of less than
1000 atoms which can exhibit a large variety of fascinating physical and chemical
properties that are not observed in their bulk counterparts [1, 2]. Their astonishing
size-related behavior was first investigated for well-defined clusters in the gas-phase
using pioneering techniques for cluster generation, based on laser ablation and mass
spectrometers. These pivotal experiments showed that some clusters with a specific
well-defined number of atoms were associated to a higher production yield and
stability (Fig. 1.1)[3, 4]. The importance of this first result is perfectly described by
the adjective that was attributed to those numbers: magic. The efforts to interpret
this fascinating behavior led to the development of theoretical models to describe
and predict the properties of the clusters. The jellium model [5, 6] describes how
the individual atoms in the clusters delocalize the valence electrons over a uniformly
charged spherical volume. This electron confinement leads to quantized orbitals
labeled as, for example, 1S, 1P, 1D, 2S, 1F and 2P. When a cluster has just enough
valence electrons to complete one of these shells, it becomes more stable. This happens
when the clusters are composed of a number of atoms n = 2, 8, 18, 20, 34, 40 and 58,
which correspond to the magic numbers measured for alkali and coinage metals (Cu,
Ag and Au). In fact, the jellium model is based on the assumption that each atom
in the cluster contributes with one single valence electron [7]. In other cases, such
as for noble gas and transition metal clusters, the magic numbers can be related to
the geometric structures. An enhanced stability is obtained based on the most dense
icosahedral packing, with the most prominent peaks in mass spectra corresponding
to completed icosahedral shells of 13, 55, 147 and 309 atoms (Fig. 1.2) [8].

Once the appearance of clusters with enhanced stability was proven, the atten-
tion shifted to a second question: what happens if you add or remove one or few
atoms from a magic number cluster? The remarkable answer is that it becomes less
stable and, therefore, more reactive [9, 10]. This simple concept set the basis for the
application of clusters in catalysis, where the ability to tune selectivity and activity
in chemical reactions through minor changes in cluster size and composition opens
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Figure 1.1: Mass spectra measured for Ar and Na clusters. The intense peaks cor-
respond to the magic numbers reported in the spectra and indicate enhanced stability.
Adapted from Ref.s [8, 15].

the doors to a new world of possibilities [11, 12]. Moreover, heterogeneous cataly-
sis is a surface scenario, with bulk atoms that play an inert role in most reactions.
Getting rid of those unnecessary atoms is particularly important as many catalysts
are composed of precious metals. Clusters offer a great opportunity to overcome the
limit imposed by the cost and low abundance of such metals, since they posses the
highest ratio of surface-to-bulk atoms that nature can offer. This ratio drastically
increases the number of under-coordinated atoms in the clusters compared to sur-
faces and nanoparticles. The coordination number of an atom, i.e., the number of
atoms bonded to it, plays a key role in the reaction path of molecules on a surface
[13] due to the modifications that it induces to the d-band center, a well known
indicator of chemical reactivity [14]. Low coordinated sites, i.e., those composed of
under-coordinated atoms, are considered to be the most active ones, and clusters,
which are the structures with the highest density of under-coordinated atoms, have
the potential to be the most reactive catalysts.

Due to their unique behavior, clusters represent an unprecedented playground
to look for new properties of matter towards applications in several fields of science.
Their properties are not related only on which atoms compose them, but also on
how many. Therefore, it is possible to introduce n, the number of atoms in the
clusters, as a third dimension of the periodic table [1, 16]. However, this fascinating
discovery is inevitably accompanied by the need for a new characterization of this
newly-defined periodic table, since the known properties of a material in the surface
or bulk phase may drastically change at the sub-nanoscale. Such characterization
has been extensively performed for a wide range of clusters, first in the gas-phase
and later for clusters deposited on solid surfaces. The investigations in the gas-phase
showcased once again the catalytic potential of the clusters in several reactions such
as the activation of methane [17] and oxygen [18], or the breaking of C−C and C−H
bonds in hydrocarbons [19, 20]. The transition from the gas-phase to supported
clusters is a necessary step towards technological applications [21]. Two fundamental
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Figure 1.2: Stable geometries of the smallest closed shell magic number clusters
according to the icosahedral packing and percentage of surface atoms for each of them.
Adapted from [46].

ingredients played a key role in moving towards this direction: (i) the continuous
development of size-selected cluster sources that allow to produce, transport and
deposit the clusters on suitable substrates in the so-called soft-landing conditions,
i.e., with a kinetic energy per atom EK < 1 eV/atom [22–24], and (ii) the possibility
to fully exploit surface science techniques to characterize the supported clusters [11].
Besides microscopy techniques such as scanning tunneling microscopy (STM) [25],
atomic force microscopy (AFM) [26] and transmission electron microscopy (TEM)
[27], photoelectron emission spectroscopies (PES) played a crucial role in linking
the geometric and electronic properties of the clusters to their catalytic reactivity
[28, 29].

A major challenge that had to be faced when the clusters where first deposited
on surfaces was their stability, since they are prone to sinter and agglomerate into
larger structures. To overcome this problem, oxidized surfaces have been adopted as
templates where to deposit the clusters, exploiting the high surface-cluster interaction
to reduce the mobility of the atomic aggregates. Among the first XPS experiments in
this context, it is important to mention the pioneering works by Cox and co-workers
[29] and by the group of Eberhardt [30] who, in the ’90s, studied the size-related
features respectively of Ptn and Aun clusters deposited on the natural oxide coating
of a Si wafer (Fig. 1.3a-c). Their results evidenced features in the XPS spectra of
the clusters such as a size-dependent gaussian brodening and a positive core level
shift with respect to the bulk references that were inversely linked to the cluster
size. Similar features were later generalized and observed also in other systems such
as size-selected Agn clusters deposited on sputter sputter-damaged highly oriented
pyrolytic graphite (HOPG) [31], where the mobility and electronic properties of
the clusters where compared to larger nanoparticles by means of XPS and STM
measurements.

The studies on the fundamental properties of supported size-selected clusters
where followed by experiments focused on their chemical activity in a wide range of
reactions. Regarding the use of XPS, a prime example is the work by Anderson and
co-workers on Pdn clusters deposited on rutile TiO2(111), where XPS measurements
were paralleled by an experimental analysis on the CO oxidation activity for clusters
in a size range n = 1 − 25. By removing the contribution coming form final state
effects to the size-dependent core level shifts of the supported clusters, the authors
directly linked the Pd 3d binding energies to the CO oxidation activity (Fig. 1.3)
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Figure 1.3: a) Au 4f and b) Pt 4f core level XPS spectra of size-selected Au clusters
deposited on the natural oxide coating of a Si wafer and c) 4f7/2 binding energy shift
of the Au (filled squares) and Pt (open squares) clusters relative to the bulk values of
83.9 eV for Au and 71.2 eV for Pt as a function of size. a) Adapted from [29], b) from
[30]. d) Comparison of the Pt 4d3/2 binding energy (top, note inverted scale) of Pt
size selected clusters and the background-subtracted peak ethanol oxidation reaction
currents per gram Pt for different cluster sizes. Red: 1st oxidation peak, green: 2nd
oxidation peak, blue: reactivation peak. Adapted from [33]. e) Pd 3d core level XPS
spectra for as-deposited Pdn for n = 1, 2, 4, 7, 10, 16, 20, and 25 on TiO2(110) and
f) comparison of CO oxidation and deviation from expected Pd 3d core levels as a
function of cluster size. Adapted from [32].

[32]. The correlation between core level binding energies and chemical activity was
further extended by the same group also to other clusters such as Ptn deposited on
indium tin oxide, where they investigated the electro-oxidation of ethanol [33].

The CO oxidation and other reactions were deeply investigated also in the case
of size-selected Aun clusters supported on magnesia [34], HOPG [35] and SiO2 [36],
where the combination of experiments and ab-initio theoretical calculations allowed
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to reach a deep understanding of the behavior of gold at the nanoscale. As a matter
of fact, size-selected clusters are well suited for computational calculations due to
their well-defined and relatively small size. In the past 20 years, DFT calculations
have been extensively adopted to support and interpret the experimental outcomes
[37, 38], allowing to obtain information hardly accessible by experiments alone and
to probe industrially significant reactions [39, 40].

Although supported metallic size-selected clusters have been intensively studied
in the last 25 years, much less has been done on oxidized size-selected clusters.
Transition metal oxides are widely used as the primary catalysts in industrially
relevant reactions such as the epoxidation of ethylene [41], the oxidation of CO [42]
and the ammoxidation of alkenes [43, 44]. Therefore, oxidized size-selected clusters
present a wide range of interesting applications, also in the field of inverse catalysis,
where an oxide nanostructure is supported on a metallic substrate. The limited
amount of reports on oxidized clusters is related to the fact that an unambiguous
mass selection can be affected by the presence of oxygen due to the mass vicinity and
overlap of metallic and partially oxidized clusters in the same mass spectrum [12].
A different approach that has been adopted involves the production of (WO3)n and
(MoO3)n clusters obtained from high temperature sublimation of the corresponding
bulk oxide. This process, although it does not grant an accurate mass selection,
leads to preferential sublimation of trimers, whose properties have been intensively
investigated on several different substrates [45].

It is clear that the general task of characterizing clusters in the three-dimensional
periodic table gets drastically more complicated in the case of oxides, as they reveal
a structural complexity that is higher than for metals. At the same time, the ability
to understand at atomic level the behavior of matter is of paramount importance
to achieve an atomically precise control in the design of low-nuclearity supported
catalysts [47, 48]. The work performed on size-selected oxidized clusters with precise
stoichiometry provides precious information on their behavior and potential appli-
cations, but a fundamental questions remain unanswered. How does the transition
from the metallic to the oxide phase take place at the sub-nanoscale? Does it follow
the same rules that apply for bulk materials, or the oxidation process is dominated
by the unique electronic and geometric structure of the clusters? Some effort has
been dedicated to this topic, but the study of the oxidation of supported size-selected
clusters in conditions where the clusters are not partially oxidized already by the
interaction with the surface (as when they are deposited on oxide layers) and where
the mass selection is preserved is experimentally challenging. For example, the oxi-
dation and chemical reactivity of Agn clusters deposited on sputter-damaged HOPG
were greatly limited by the strong interaction with the surface defects that were
used to anchor the clusters [31]. On the other hand, the deposition of size-selected
clusters of the same element on free standing graphene at room temperature led
to the agglomeration of the clusters into nm-sized Ag-nanodots of 2-3 nm size [49].
Moreover, the experiment was partially affected by contaminants arising from the
fact that the clusters where not characterized in situ.

Herein, I will present the work I performed in this framework, exploiting the
possibility to produce and characterize size-selected clusters in situ in UHV conditions
offered by the newly built cluster source ENAC (Exact Number of Atoms in each
Cluster). ENAC can be connected directly to the SuperESCA beamline of the Elettra
synchrotron facility (Fig. 1.4), where it is possible to investigate the adsorption and
oxidation of size-selected clusters of transition and noble metals deposited on different
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Figure 1.4: Photograph of ENAC (top center) connected to the prechamber of the
SuperESCA beamline (bottom left) taken in June 2020 during the first beamtime
performed using the clusters source.

substrates by means of synchrotron-based XPS, the prime technique to investigate
the oxidation state of matter [50].

ENAC played a central role in my research activity. The possibility to connect
it directly to the SuperESCA beamline offers a unique opportunity to investigate
the properties of supported size-selected clusters in situ at different temperatures
and with an extremely low degree of contaminants. The connection of the two
experimental setups was the first accomplishment of my PhD activity, which allowed
me to further proceed with my research project. For this reason, the first part of
chapter 1 is dedicated to the description of the working principles of the cluster source,
to the role played by UHV in the measurements and in the sample preparation and to
the SuperESCA beamline. The second part focuses on the XPS technique and on the
data analysis performed to interpret the experimental data. Finally, the last section
of the chapter introduces the DFT calculations that were performed in collaboration
with the group of prof. Dario Alfé from University College London to support the
experimental results for different clusters and substrates.

The following five chapters are dedicated to the studies on size-selected clusters
of Ag, Pt and Fe in a size range n = 1, 20. Each chapter begins with a introduction
that describes the main objectives of the experiments and contextualizes them into
a general picture on the state of the art in the field. The three materials have been
selected for the relevance in the field of catalysis, especially in their oxide phase.
Moreover, we selected three transition metals with different atomic masses, ranging
from 56 amu for Fe up to 195 amu for Pt, to test the efficiency of ENAC in mass-
selecting clusters in a wide mass range.

The first experiment described in chapter 2.6 focuses on the deposition Agn
clusters composed of 1, 3 and 7 atoms at RT on a Ru(0001) surface to to investigate
their adsorption and the formation of two-dimensional Ag islands using size-selected
clusters as building blocks. This experiment involved a relatively well-known template
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and acted as a benchmark to prove the capabilities of this experimental station to
investigate this regime of matter with atomic precision. To results that we obtained
were essential in the moving to more complex system: the oxidation of noble and
transition metal clusters supported on epitaxial graphene.

The template we used for the cluster oxidation is epitaxial graphene. This is a inert
substrate with a relatively weak interaction with the cluster, therefore it can be used
to study their properties while, in first instance, neglecting the graphene-substrate
interaction. Graphene was epitaxially grown on Ru(0001) for the deposition of Agn
and Fen for the highly corrugated morphology of the resulting moiré lattice that
can drastically reduce the cluster diffusion. In the case of Ptn clusters, the overlap
between the Ru 4s and Pt 4f core levels does not allow to use the same substrate
to perform XPS studies. Therefore, graphene was grown on Ir(111). This template
has a reduced corrugation compared to graphene/Ru(0001), but the mobility of the
clusters is limited by the interaction of Pt with C, which is stronger than for Ag and Fe
[51, 52]. The graphene layers are grown in situ following well established procedures
that have been studied and optimized in the past decade at the SuperESCA beamline
and that are reported in chapter 1. To further reduce the cluster mobility on the
surface the temperature of the sample was kept to the extremely low temperature T
= 20 K for all the stages of the experiments.

The first study presented in chapter 4 is dedicated to the oxidation of graphene-
supported Ag clusters composed of 11 atoms. In this chapter it is also described the
oxidation method that we adopted to oxidize the clusters at a temperature (T = 20 K)
where the O2 dissociation barriers on the different clusters cannot be overcome. It is
based on the production of atomic oxygen in extremely clean conditions by inducing
the dissociation of physisorbed O2 with the secondary photoelectrons obtained by
irradiating the sample with a high flux of photons in the soft X-ray range. With this
method, we where able to highly oxidized the Ag11 clusters and, by combining the
experimental outcomes with DFT calculations, we concluded that the oxidized Ag
clusters present a stoichiometry and hybrid structure that strongly resembles the
AgO bulk oxide phase, with the presence of atoms with two distinct oxidation states,
1+ and 3+. Thanks to the low interaction of Ag with graphene, in chapter 5 we were
able to further investigate the electronic modifications induced by O adsorption on
each single atom composing the clusters. We extended the study also to a smaller
cluster composed of 7 atoms and discovered that, despite the similarity with the
bulk oxide, the Ag−O bonds in the clusters behave differently if compared to bulk
and surfaces and they are the cause of an anomalous trend in the Ag 3d core level
binding energies for increasing oxidation state.

In chapter 6 we extended the use of the same oxidation method for the clusters
composed of the other precious metal, Pt. In particular, we investigated the oxi-
dation of graphene-supported Ptn clusters with n = 7, 12, 13 combining XPS with
DFT calculations. Our results indicate that, despite the direct interaction between
graphene and Pt is relatively low, a rehybridization of the C atoms induced a charge
redistribution in the clusters that causes an asymmetric oxidation, with the Pt atoms
further away from the surface that reach an higher oxidation state (close to 2+) than
those at the cluster/graphene interface, which remain close to the metallic phase.
Similarly to the case of Ag, the oxidized part of the clusters presents local geometric
and electronic features that resemble a bulk oxdide phase, Pt3O4.

Reducing the size of expensive metals such as Pt in catalysts constitutes a possible
approach to overcome their high cost and low abundance. Another viable strategy
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relies on replacing them with cheaper elements with a higher efficiency-to-cost ratio.
Fe clusters are among the best candidates in this respect [53], and thus the subject of
the experiments described in chapter 7. We oxidized graphene-supported Fen clusters
for n = 11, 12, 13, 15 and 20, and we found that the oxidation process leads the clusters
to an homogeneous final structure composed of only atoms with oxidation state 2+,
which can be linked to the formation of the (FeO)n stoichiometry. We attributed a
lower reactivity to the magic cluster Fe13, comparing the trend of the Fe 2p binding
energies to the lineshape of the spectral components obtained through the fitting
analysis.

Finally, in chapter 8, the results obtained for the different clusters are compared
and contextualized into a larger picture. Moreover, a few words are dedicated to
the description of the future perspectives related to the presented results and to
the cluster source ENAC. During my research activity, the potentialities of ENAC
kept growing everyday, as it was tested for the production of size-selected clusters
composed by a wide range of transition and noble metals. An important upgrade of
the system concerns the possibility to extend the amount of experimental techniques
for the characterization of the clusters. In particular, some preliminary testing on the
use of X-ray absorption spectroscopy (XAS) at the SuperESCA beamline have given
excellent results. Moreover, a low-temperature STM dedicated to ENAC is currently
under development. This instrument will offer the possibility to study the mobility
of the clusters on different substrates and to find those that suitable to study the
clusters also at higher temperature and pressure and to transport the samples to
various other laboratories and beamlines for a more complete characterization.
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CHAPTER 2
Experimental setup and techniques

This chapter is dedicated to the description of the experimental setup and of the ex-
perimental and theoretical techniques that were involved to perform the experiments
described in this thesis. First off, the cluster source ENAC is presented starting from
a brief general introduction on cluster sources, followed by a description of its work-
ing principle and components and finishing with a description of the mechanisms
involved in the cluster deposition on a sample. In the second part of the chapter, the
importance of UHV will be discussed in relation to presence of contaminants on the
chamber that could potentially compromise an experiment involving size-selected
clusters due to their particularly high expected reactivity. In this regard, the method
adopted to prepare the sample in UHV conditions will be described, starting from
the sample cleaning and then moving the GR growth. Afterwards, I will move to the
description of the SuperESCA beamline of the Elettra synchrotron facility where
the experiments of this thesis have been performed and to XPS, the experimental
technique that was adopted to characterize the graphene-supported size-selected
clusters. Finally, the last section of the clusters is dedicated to an introduction to
DFT and to provide the technical details of the calculations that were performed to
support the experimental data.

2.1 The cluster source ENAC
ENAC is the cluster source that has being designed and built at the nmLab in
collaboration with the group of Prof. Heiz from the Technische Universität München.
The design and working principles of this cluster source are an evolution of the
project developed by Prof. Heiz and co-workers [1], where laser ablation is adopted
to produced plasma from a metal target. The plasma is then thermalized by a carrier
gas and undergoes a supersonic jet expansion, leading to clusterization.

Pioneering machines based on laser ablation were developed by Smalley [2] and
Maruyama [3] in the ’80s, and have been further developed by Heiz’s group [1, 4, 5].
Another family of cluster sources uses magnetron sputtering to produce tha plasma
that will generate the clusters [6, 7], but this approach has the drawback of presenting
difficulties when dealing with ferromagnetic materials. On the contrary, laser ablation
is a very versatile and reliable approach that allows for the creation of plasmas of
most elements. The unique feature that characterizes ENAC is that it was designed
with the possibility to be connected directly to the SuperESCA beamline of the
Elettra synchrotron facility to perform in situ studies on supported size-selected
clusters by means of experimental techniques bases on synchrotron radiation.
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Figure 2.1: Schematic representation of ENAC. The five different sections are
indicated. The red (green) line represent the cluster (laser) path.

ENAC can be schamatically divided into five sections (Fig. 1.1). In the first
section, the clusters are generated from the plasma that is thermalized in a gas
carrier that undergoes a supersonic jet expansion. After the supersonic expansion,
which takes place in a carrier gas inside a specially shaped nozzle, the clusters are
already formed with a mass dispersion that depends on many parameters such as
the laser power and the pressure of the carrier gas. The second section is dedicated
to transport the cluster towards regions of increasingly better vacuum by exploiting
an octupole ion guide and different sets of electrostatic lenses. In the third section,
an electrostatic bender is used to select the charge of the clusters and remove the
neutral ones from the cluster beam. For mass selection purposes, charged clusters
are required, with the additional limit that neutral clusters cannot be manipulated
by the electrostatic fields. After the bender, the size of the cluster is selected with
atomic precision exploiting an Extrel quadrupole mass spectrometer (QMS), capable
of selecting aggregates with a mass up to 16000 amu. At this point, the mass selection
is completed and the clusters are ready to be deposited. However, a fifth stage is
required to further transport the size-selected clusters onto the sample located at the
center of the SuperESCA preparation chamber. Finally, the clusters can be deposited
on the sample in soft-landing conditions.
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Figure 2.2: a)Schematic representation and b) photograph of the first section of
ENAC. c) Sketch of the mechanism that allows the target to rotate and an insert
shows an ablated Ag target. d) Section of the nozzle, where the supersonic expansion
begins.

2.1.1 Cluster generation

In the first stage of ENAC, the clusters are generated from a metal target. A sketch
and a photograph of this section are shown in Fig. 1.2a and b. The ablation of a
metallic target is performed using the output of a pulsed Nd:YAG laser, equipped with
a second harmonic-generation crystal (light wavelength λ = 532 nm). The repetition
rate is 120 Hz, with a pulse that lasts 7 ns and with a tunable energy per pulse between
3 and 140 mJ. The choice of the wavelength is due to practical considerations, since
the laser enters the vacuum chamber of the cluster source through a fused silica
window. The wavelength of 532 nm grants the maximum possible transmission of
the laser beam through the window and therefore minimizes the thermal stress. To
further increase the power density on the metal target and optimize the ablation
process, the laser beam is focused by a convex lens with a 1200 mm focal length
which reduces the diameter of the laser spot profile on the target to less than 1 mm.
The target is a cylinder of 45 mm diameter and 3 mm thick and, if it were fixed on
a static position, it would quickly be ablated only in the 1 mm spot hit by the laser
pulse. To prevent this from happening, the target is constantly in motion, so that all
the surface is subsequently exposed to the laser in a uniform way. This movement
is achieved by letting the sample rotate simultaneously around two eccentric circles:
the laser, therefore, draws a cycloidal path on the target. The mechanism allowing
this movement is sketched in Fig. 1.2c, where an insert shows the ablated Ag target
that has been used for the experiments reported in this thesis. In this target, it is
possible to notice the cycloidal path followed by the laser beam.

Once the plasma is created, it has to be cooled down to favor the formation of the
clusters. The cooling process is achieved by a carrier gas pulse that is injected through
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an opening placed close to where the plasma is generated [8]. The carrier gas (He, in
our case) accelerates the ionized particles within tha plasma into a thermalization
chamber inside a specially designed nozzle (Fig. 1.2d). In this chamber, the plasma is
cooled down by energy transfer to the nozzle inner walls through the carrier gas. At
this stage, small, hot clusters are formed. The temperature of the clusters is further
decreased and they are allowed to aggregate during the adiabatic expansion from the
tube of the nozzle into the vacuum chamber [9]. The fundamental mechanism that
describes the cooling and condensation of the plasma in the supersonic expansion is
extremely complex from a theoretical perspective, since the system is in a strongly
non-equilibrium thermodynamic state [10, 11]. It leads to formation of both neutral
and charged clusters; the charge can be positive or negative, and it is usually unitary.
The cross section of the electron capture process in a collision is generally lower than
that of the loss, unbalancing the population of positively and negatively charged
clusters in favor of the former family. For this reason, the ENAC cluster source
focuses on the production of ionized clusters with a unitary positive charge, although
it could as well be used also for negatively charged one.

The clusterization process and the mass-dispersion of the clusters that leave
nozzle depend on several parameters. Some of them are linked to the geometry of
the thermalization chamber and therefore are kept constant during an experiment,
although the nozzle can be easily removed and replaced with a different one. Other
parameters that can be tuned during an experiment to modify the cluster generation
are the laser power, the characteristics of the gas pulse and the carrier gas itself. The
gas injection is obtained and controlled through a home-built piezoelectric valve. It is
composed of a piezoelectric disk glued to a stainless steel diaphragm with conductive
epoxy, whose center has a needle that seals an aperture by means of an elastic O-ring
(Fig. 1.3a). A potential in the order of -300 V can be applied to the piezoelectric
disk to deform it and to bend the metallic diaphram, opening the channel that
connects the piezo valve to the thermalization chamber. By applying the voltage
to the piezo valve using different signal shapes, it is possible to change the pulse
duration and the He pressure in the thermalization chamber. The latter is going to
be a fraction of the pressure inside the piezo valve, which typically is within 3 and 15
bar. Pulse duration, He pressure and the time delay between the laser and gas pulses
are all parameters that affect the supersonic expansion and, therefore, determine
the mass distribution. The carrier gases that are employed in similar cluster sources
are typically noble gases, which do not chemical interact with the clusters. For the
experiments described in this thesis, we decided to work with He due to its high
thermal conductivity compared to the other noble gases [12].

The supersonic expansion takes place outside the nozzle, where the clusters
propagate within the He carrier gas. The expansion of a gas in this conditions
leads to a zone of silence, where the particles contained within are moving with
narrow kinetic energy distribution in linear trajectories without colliding with each
other. The zone of silence is bound to the sides by a barrel shock, and to the front
by a Mach disk (Fig. 1.3b) [14]. By placing a conical skimmer within the zone of
silence, it is possible to obtain a collimated beam behind it and drastically reduce
the pressure that propagates from the first section of the cluster source to the others.
This process depends on the relative pressure inside the nozzle and in the vacuum
chamber. In particular, given the pressures that are necessary for the clusterization
of the plasma (few bar), the pressure outside the nozzle must remain below 10−1

mbar. This requirement is achieved thanks to a Pfeiffer Okta 1000 roots pump with
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Figure 2.3: a) Section of the piezoelectric valve used in ENAC. b) Shadowgram of
the silence zone in the supersonic expansion of N2 from a reservor. Barrel shock and
Mach disk are visible. A conical skimmer is placed inside the silence zone to obtain
a N2 beam. Adapted from. [13].

a pumping speed of 1200 m3/h which is connected directly to the chamber, and is
pre-pumped by a double stage 80 m3/h Edwards rotary vane pump.

2.1.2 Cluster transport

After the skimmer, a cluster beam is formed and potentially ready for the mass
selection. However, the maximum background pressure allowed for a safe operation
of the QMS is 10−5 mbar, which does not allow to place it already in the second
section of ENAC, where the pressure in working conditions can reach 10−3 mbar.
Moreover, an even lower pressure will be needed in the last stages of the cluster
source in order to ensure that no significant amounts of contaminants are deposited
together with the clusters. Therefore, intermediate chambers are needed to build a
differential pumping system to progressively decrease the background pressure in the
cluster source, where each chamber (but the first one) is pumped by turbomolecular
pump (pumping speed ∼ 600 m3/h at 1× 10−3 mbar).

The use of several stages requires to efficiently transport the cluster beam through
them. For this purpose, ENAC is equipped with several sets of electrostatic lenses
and with two octupole wave guides. The first octupole is located in the second section
of the cluster source, behind the skimmer. The octupoles (Fig. 1.4) are composed
of 8 cylindrical rods, and a radio frequency (RF) voltage is applied to alternating
bars, so that half of them are always oscillating in counter phase with the other half.
In addition, a direct current (DC) offset is applied to all of them [4]. The second
octupole, which is located after the QMS to transport the clusters onto the sample,
follows the same working principles, although it is 200 mm longer than the first one
(600 mm against 400 mm) and requires slightly different voltages to operate. The
combination of the RF with the DC offset determines an electromagnetic field with
a relatively wide interval of charge-to-mass ratios that can be efficiently transported
[15].

The electrostatic lenses used in ENAC are based on the typical Einzel lens
configuration, which are a set of three consecutive coaxial elements with cylindrical
symmetry (Fig. 1.5a) [16]. In their original design, Einzel lenses are used to focus
a beam of charged particle by setting the first and last lenses to the same voltage,
while the potential applied to the intermediate lens determines the focal length. In
more complex setups, such as those used in ENAC, it is possible to tune the two
focal points into asymmetric position by changing the voltage of the first lens with
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Figure 2.4: Technical drawing (left) and photographs of the first (center) and second
(right) octupoles.

M+

M

QMSa) b)

Figure 2.5: a) Set of three electrostatic lenses mounted on a CF100 flange. b) Top
view of the bender inside ENAC. Charged (M+, red) and neutral (M, blu) metallic
clusters arrive from the right. The trajectory of the positively charged is deflected by
90◦ towards the QMS, while neutral clusters proceed straight

respect to the third one, or by adding two (or four) more lenses to the system. In
total, ENAC counts three sets of asymmetric Einzel lenses and two sets of seven
lenses. They are used to focus the cluster beam through the pinholes that separate
each chamber of the differential pumping system, as well as to focus the clusters
inside the QMS and on the sample.

Another electrostatic element that plays a central role in the cluster source is the
bender, which is located in the third stage of ENAC. This element is a quadrupole
positioned with its axis vertical with respect to the cluster source plane. Its working
principles are based on the application of two different electrostatic potentials to each
couple of bars opposite to each other. This generates constant-potential surfaces,
which are symmetrical with respect to the plane connecting opposite rods. Ions
entering the bender laterally, passing between two rods with different potentials,
are deflected to one direction or the other based on the sign of their charge. The
bender has the role to select the charge of the cluster and, in particular, remove
neutral clusters from the beam. If the cluster source was built in a straight line
configuration, without the bender, unselected neutral clusters would inevitably be
passively transported by the carrier gas through all the machine and deposited on
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Figure 2.6: Photographs of the QMS. On the right, the device on its own, while on
the left it is shown connected to a CF100 flange in its final configuration.

the sample. On the contrary, the bender ensures that only clusters with the selected
charge can proceed their path through the cluster source and enter the QMS, which is
located in the fourth chamber of ENAC, connected with an angle of 90◦ with respect
to the first part of the machine (see Fig. 1.1).

2.1.3 Mass selection

After the bender, the cluster beam is composed of positively charged clusters with a
tight mass-dispersion. As a matter of fact, all the electrostatic elements of the system,
and in particular the bender, act to narrow the mass distribution of the clusters. This
is due to the fact that different parameters used to transport the charged particles
will work more efficiently for a specific range of mass-to-charge ratio m/q than for
another. However, a mass selection with atomic precision is achieved only in the
fourth section of ENAC, thanks to an Extrel 150QC RF-DC QMS, which is capable
of selecting cluster with masses in the range from 10 to 16 000 amu (Fig. 1.6). This
mass range allows to mass select, for example, Ag +

n clusters from n = 1 up to
n = 150, Pt +

n clusters for n = 1−82 and Fe +
n clusters for n = 1−286. However, the

highest n achievable for a specific elements is limited by its isotopic abundance. For
example, Mo has a mass of about 96 amu, therefore it would be possible to mass-select
Mo +

n clusters up to n = 166. However, this element shows several stable isotopes
with masses ranging from 92 amu (14.84 %) up to 98 amu (24.16 %) [17]. The large
isotopic distribution limits the highest number n obtainable for Mo clusters in the
sense that the mass of Mo +

100 will be centerd at 9600 amu, but with a distribution
within 9200 and 9800 amu, which will inevitably overlap with the peaks of Mo +

99
and Mo +

101 , centered respectively at 9504 and 9696 amu.
The working principles of the QMS are based on the application of the sum of a

DC bias U and a RF potential V cos(ωt), with two opposite bars in counter phase
with the other two. The equation of motion of a charged particle in the generated
field is described by Mathieu’s equations [15]. In summary, it is possible to define
two orthogonal planes that share a common z-axis defined as the one parallel to the
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Figure 2.7: Pictures of the last set of electrostatic lenses of ENAC before and after
connecting the cluster source to the SuperESCA beamline.

QMS axis. According to Mathieu’s equations, one of the two planes will act as a high
pass mass filter, while the second as a low pass mass filter. Therefore, by tuning U
and V it is possible to operate the QMS as a narrow band pass filter, and only the
particles having a certain m/q ratio will follow a non-diverging trajectory inside the
QMS and exit the device [18].

2.1.4 Cluster deposition

The fifth and final section of ENAC acts to transport the mass-selected clusters
from the QMS onto the sample. It is composed of a first set of 7 electrostatic lenses
that collect the clusters after the QMS and guide them inside a 600 mm octupole.
Finally, the charged particles exiting the octuople are focused onto the sample by
a last set of three lenses (Fig. 1.7). The cluster current on the sample is monitored
by using a Keithley model 6487/E picoammeter, allowing to test the capabilities
of ENAC by performing mass scans on the sample. Few examples for the elements
that are studied in this thesis are shown in Fig. 1.8 for different mass ranges. Each
peak corresponds to a different cluster landing on the sample. It is important to
underline that these spectra do not represent the mass distribution of the clusters
landing on the sample simultaneously, but they are acquired by changing the QMS
parameter to progressively transport clusters with different m/q ratio and measuring
the correspondent current on the sample. During a deposition, all the parameters of
the cluster source (in particular of the QMS) are fixed so that only the clusters with
the selected m/q ratio are deposited on the sample.

The coverage of deposited clusters can be calculated from the current measured
on the sample. For example, a current of 100 pA corresponds to ∼ 6×1010 elementary
charges reaching the sample per second. Since all the clusters carry a unitary charge,
this value also corresponds to the amount of clusters that are being deposited. Finally,
to convert this value into a surface density, it is necessary to know the area of the
cluster spot on the sample. The diameter of the spot profile can be measured by
depositing the clusters on the sample and acquiring XPS spectra on the core levels of
the clusters in different positions and calculating the spectral intensity in each point.
For example, for the experiments on Ag clusters, the spot had a Gaussian profile
with a FWHM of ∼ 6 mm (Fig. 1.9). Therefore, a current of 100 pA correspond to
a deposition of ∼ 2× 1011 clusters s−1cm−2.

Another important issue that has to be addressed in a cluster deposition experi-
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Figure 2.8: Mass spectra acquired on the sample at the SupeESCA beamline for
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n clusters. The spectra are optimized in different conditions and
for different ranges based on the material and on the experiment.

ment is that the clusters must be deposited in the so-called soft-landing condition
in order to preserve their integrity on the surface. Previous studies have shown that
this corresponds to a kinetic energy of the clusters Ekin < 1 eV/atom [2, 5, 19]. The
average kinetic energy of a cluster can be measured performing a voltage scan on
the sample (Fig. 1.10). While the cluster beam in on, the cluster current is measured
as a function of a positive potential, called retarding potential VR, that is applied
on the sample. Since the clusters are positively charged, VR will progressively deflect
them from the sample. As long as the kinetic energy of the clusters is higher than
the applied VR, a current will still be measured on the sample. Finally, for VR larger
than a value V ?

R = Ekin, the cluster current will decrease to zero and the kinetic
energy of the clusters is obtained. If Ekin is larger than 1 eV/atom, it is possible to
apply the necessary voltage V ′R to reduce the kinetic energy to E′kin = Ekin−V ′R and
satisfy the soft-landing conditions. In practice, the kinetic energy of the clusters has
Gaussian distribution centered at Ekin and with a width ∆Ekin, requiring a slightly
larger VR to ensure that also the clusters with the highest kinetic energy in the tail
of the distribution satisfy the soft-landing condition. For example, the voltage scan
acquired for the deposition of a Pt +

10 cluster is shown in Fig. 1.10, where the average
is 13.5 eV, which has to be decreased to less than 10 eV to satisfy the soft-landing
condition. However, the cluster energy have a Gaussian distribution with ∆Ekin = 3
V. ∆Ekin corresponds to 2σ of the Gaussian distribution, meaning that ∼ 98 % of
the clusters have a kinetic energy lower than Ekin + ∆Ekin = 16.5 eV. Therefore a
retarding voltage VR > 6.5 ensures that more than 98 % of them are soft-landed on
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red lines correspond to the fit. On the right, the spectral intensity profile.

the sample.
Currently, the cluster source is fully functional both as a standalone machine

as well as in combination with the SuperESCA beamline. It has been tested with
a large variety of metals, such as Fe, Ag, Pt, Mo, W and Ta and can potentially
be used also form bimetallic clusters by using a metallic target of the related alloy.
The experiment described in this thesis are the first ones that have been carried
out with ENAC at the SuperESCA beamline, but the cluster source gets constantly
upgraded and its potential application can further grow, as discussed in the last
chapter Conclusions and Future perspectives.

2.2 Ultra high vacuum

Ultra high vacuum (UHV) is the vacuum regime characterized by pressures lower
than 10−9 mbar. Similar background pressure are often mandatory in surface science
to maintain a sample pristine for enough time to perform an experiment. In fact,
the contamination of a surface can be qualitatively estimated for a given pressure by
using the Hertz-Knudsen formula [20]:

Φ = P√
2mkBT

,
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Figure 2.11: Partial pressure of different gases in the experimental chamber over
time. The red vertical line at t = 20 min indicates the moment when a deposition
started and the He gas carrier arrived in the chamber.

where P is the background pressure of a molecular gas of mass m, T is the tem-
perature and kB is the Boltzmann constant. Assuming a sticking coefficient of 1,
which describes the case in which all the molecules that arrive on the surface are
adsorbed, a temperature of 300 K, and a pressure of 10−6 mbar, the surface would
result completely covered by contaminants in about 1 s. The assumption on the stick-
ing coefficient is not far from the reality in case of reactive transition metal surfaces,
and it can be even more realistic in case of sub-nanometer clusters. Therefore, it is
necessary to work in UHV conditions to maintain a sample clean for a time scale
long enough to perform an experiment without a relevant contribution arising from
contaminants in the background.
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During a cluster deposition with ENAC, the pressure in the chamber increases
due to the He carrier gas. Despite the differential pumping system, the pressure in
the chamber where the sample is located is in order of 10−8 mbar. Since a typical
deposition time can last between 20 min and 1h 30min, depending on the desired
coverage, such pressure could potentially contaminate the sample. However, mea-
surements with a Residual Gas Analyzer (RGA) showed that in these condition the
atmosphere is entirely composed of inert He (Fig. 1.11). All the gases that could typ-
ically contaminate the sample (H2O, N2, CO, O2 and CO2) result not to be affected
by the high He pressure, and after 40 minutes in working conditions their partial
pressure was unaltered and below 10−10 mbar. The only gas that was affected by the
He pressure was H2, but it only slightly increased by ∼ 2× 10−11 mbar. This was a
fundamental preliminary result for the success of the experiments performed with
ENAC at the SuperESCA beamline, since it indicates that the contribution from
contaminants can be neglected.

2.3 Sample preparation

Most of the experiments reported in this thesis are performed depositing the size-
selected clusters on epitaxial graphene (GR). Growing a high quality GR layer with
a low density of defects was of paramount importance for the experiment, since they
could act as anchoring sites for the clusters and greatly affect their properties [21].
This can be done by following well-established procedures that have been developed
and refined over the past decade [22].

2.3.1 Sample cleaning

A fundamental preliminary step is to clean the metallic surface, which can be done
by several Ar+ sputtering cycles followed by annealing ramps. With the sputtering,
the first few layer of the surface are removed, together with any adsorbate or thin
layer that may have been formed before placing the sample in the UHV chamber.
The annealing ramps allow the atoms on the surface, which shows a certain degree
of roughening after the sputtering, to migrate and form large terraces with a high
degree of order. To further remove contaminants that may be dissolved into the bulk,
a standard procedure that is adopted for transition metals such as Ir and Ru is to
perform further annealing ramps in partial pressures of O2 and, subsequently, H2.
The former is necessary to remove C that may be dissolved into the bulk and that
segregate back to the surface during the annealing. In this way, C reacts with O,
forming gaseous species such as CO and CO2 which can desorb by thermal annealing.
The annealing in H2 pressure is then used to remove residual O from the surface by
forming H2O, which desorbs at lower temperatures thatn atomic O.

Specifically, the Ru(0001) surface was cleaned with repeated cycles of Ar+ sput-
tering, annealing ramps up to 1570 K in UHV and up to 1100 K in a 1× 10−7 mbar
background pressure of O2. For this surface, the H2 cycle is not needed since O des-
orbs at 1570 K [23]. The Ir(111) surface was prepared following a similar procedure.
The annealing was performed up to 1450 K and the sample was exposed to both O2
(three temperature ramps up to 1080 K with a pressure of 2× 10−7 mbar) and H2
(two temperature ramps up to 870 K with a pressure of 5× 10−8 mbar) [24].
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2.3.2 Graphene growth

The GR growth was achieved with the chemical vapor deposition of C2H4 on the
Ir(111) and Ru(0001) surfaces. This method allows to cover almost completely the
metal surfaces with a single layer of GR characterized by a high crystalline quality
[25]. This procedure is based on a chemical reaction of C2H4 with the surfaces. In
the reaction, the precursor molecule is decomposed, producing C species adsorbed
on the surface, while H atoms combine thanks to their high mobility and desorb as
H2. By increasing the temperature, the C species gain enough mobility to migrate
on the surface and either form nucleation centers for GR islands or attach to already
nucleated ones [26]. The growth on Ru(0001) is performed at T = 1100 K, with
partial C2H4 pressure initially set to 5× 10−9 mbar for 15 minutes and successively
increased to 5 × 10−8 for 5 minutes [27]. Similarly, the growth on Ir(111) consist
of five temperature ramps to 1420 K in a C2H4 partial pressure of 5 × 10−8 mbar,
followed by two ramps at the same temperature with a pressure of 3 × 10−7 mbar
[28]. In both cases, the quality of the graphene layer was verified by the low energy
electron diffraction apparatus available at the SuperESCA beamline, and by XPS
measurements of the C 1s core level. In particular, the XPS spectrum of graphene
on Ir(111) (GR/Ir, Fig. 1.12a), acquired at a photon energy of 400 eV and at T =
20 K, can be described by a single, sharp component centered at a BE of 284.06
eV [24, 28]. The spectrum of the layer on Ru(0001) (GR/Ru, Fig. 1.12b) shows two
characteristic components [29] which partially overlap with the Ru 3d3/2 core level.
The two components arise from the highly corrugated morphology of the interface
due to the strong C-Ru interaction. The component C1 (dark gray, BE = 285.14 eV)
correspond to C atoms close to the surface, while C2 (light gray, BE = 284.41 eV)
accounts for those atoms further away from the surface. On the contrary, the C-Ir
interaction is weaker, and all the C atoms show a similar BE [28].

2.4 The SuperESCA beamline

Elettra is a third generation synchrotron radiation facility located in Basovizza,
Trieste (Italy). Synchrotron radiation is generated by radially accelerating relativistic
electrons to induce the emission of a highly collimated photon beam in the tangential
direction. The storage ring, which operates in top-up mode, is composed of different
insertion devices that transport, focus and bend the electrons. Elettra is optimized
to work in the VUV and X-ray range, where it can reach a spectral brightness of up
to 1019 photons s/mm2/mrad2/0.1%bw.

SuperESCA is the first operating beamline of Elettra. The insertion device to
produce the photons that are used for the experiments consists of two consecutive
46-period undulators. The generated radiation is distributed into several harmonics
of a fundamental frequency, with a FWHM of a few eV. The photon energy can be
tuned in the range 90 - 1500 eV by changing the gap between the two magnet arrays
of the undulators, and it is further monochromatized by a plane grating Zeiss SX700
[30]. When the photon beam arrives on the sample at the beamline end-station, it can
reach a resolving power of E/∆E = 104 for hν < 500 eV [31]. The high photon flux,
combined with the high energy resolution and with the possibility to precisely tune the
photon energy offers the opportunity to perform high resolution XPS measurements
also for low-density systems, such as the case of supported size-selected clusters.

The SuperESCA workstation is composed of two UHV chambers disposed verti-
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Figure 2.12: C 1s XPS spectra acquired for graphene on Ir(111) (on the left) and
Ru(0001) (on the right). Black circles are the experimental data points, red lines are
the fit and the filled areas are different spectral components.

cally and separated by a valve (Fig. 1.13). The top chamber is dedicated to sample
preparation and it is equipped with instrumentation devoted to sample preparation
such as a sputter gun, a RGA and a doser. Moreover, it is possible to connect dif-
ferent evaporators and use them without compromising the pressure of the bottom
chamber, which is devoted to experimental measurements. It is to the preparation
chamber that ENAC can be connected for the in situ cluster deposition. Once the
sample is prepared, it can be moved to the experimental chamber using a manipulator
with four degrees of freedom (x, y and z axis and polar angle), which allows to cool
down the sample to 20 K and to heat it up to above 1570 K, either by filament
irradiation or electron bombardment. The experimental chamber is equipped with a
low-energy electron diffraction apparatus and with a 150 mm radius hemispherical
electron energy analyzer. The analyzer is the instrument in charge of the detection
of photo-electrons and of measuring their kinetic energy. Its working principles are
strictly related to its shape. It is composed of two concentric hemispheres of radius
R1 > R2 separated by a vacuum region (Fig. 1.14). Two slits (entrance and exit) are
located at the center of the two edges of the vacuum region at R0 = (R1 + R2)/2.
By applying different potentials V1 and and V2 to the hemispheres, it is possible to
generate an electric field in the vacuum region such that only those electrons (charge
e) entering from the entrance slit with a given Ekin defined as

Ekin = e (V1 − V2)
(
R2
R1
− R1
R2

)2
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Figure 2.13: Technical drawing of the SuperESCA end-station at the Elettra syn-
chrotron. The photon beam arrives from the left and enters the experimental chamber
on the right side, where the hemispherical electron energy analyzer is visible. Rec-
ognizable elements include the two-chamber structure, with the preparation chamber
(where ENAC can be connected) above the experimental chamber, the manipulator,
and the gas line.

are refocused after traveling for 180◦ and are able to exit through the exit slit,
finally reaching the homemade microchannel plate-based delay-line detector.

The instrumental energy resolution of the device is proportional to the kinetic
energy required to travel through it, which is called pass energy (PE) and, given R1
and R2, depends on the voltage applied to the hemispheres. To keep the resolution
constant and remove the dependency on the energy of the electrons that have to
be measured, the electron analyzer operates in constant PE mode. During a data
acquisition, V1 and V2 are kept constant, while a set of retarding lenses located
between the sample and the entrance slit reduce the kinetic energy of the incoming
electrons. Given the initial kinetic energy of the electron Ekin, the retarding potential
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Figure 2.14: Sketch of a concentric hemispherical analyzer connected to the retarding
lenses and to the detector. The trajectory of the electrons entering the system with
the selected kinetic energy is also shown, going from the left to the bottom right.

VR and PE, the condition that has to be satisfied for the electrons to reach the detector
is

Ekin − VR = PE.

Since VR and PE are known, by changing the former it is possible to perform an
energy scan.

Working in constant PE modes brings several advantages. First of all, as men-
tioned before, it keeps the instrumental energy resolution constant during an acquisi-
tion. Secondly, the retarding lenses can also be used to collect electrons from a wider
solid angle, increasing the overall signal. Finally, PE is typically between one and
two order of magnitude smaller than the original kinetic energy Ekin of the electrons,
therefore the instrumental resolution is increased by the same factor.

2.5 High-resolution X-ray core-level photoelectron spec-
troscopy

X-ray photoelectron spectroscopy (XPS), also known as Electron spectroscopy for
chemical analysis (ESCA), is a surface-sensitive quantitative experimental techniques
based on the photoelectric effect that can be used to identify the chemical elements
present in a material or on a surface, as well as their chemical environment. It was
developed by Kai Siegbahn, who recorded the first XPS spectrum of cleaved sodium
chloride in 1954 [32]. Few years later in 1964, Siegbahn published a comprehensive
study of XPS as a useful analytic tool in material science [33], and for which he was
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Figure 2.15: Schematic representation of the regions of binding energies that are
accessible with different photon sources. Adapted from Siegbahn’s Nobel lecture [34].

awarded the Nobel Prize for Physics in 1981 [34].
The photoemission process at the basis of XPS can be described as a three-

step phenomenon: (i) the electrons are optically excited from a bound state to the
continuum; (ii) the excited electrons propagate through the material, towards the
surface; (iii) the electrons exit the material. As schematically described in Fig. 1.15,
different radiation energies allow to excite electrons from different shells. In particular,
with soft X-rays it is possible to photoemit electrons from the core levels of an atom,
which generally show negligible dispersion due to their highly localized atomic-like
character. When an electron with a binding energy EB (with respect to the Fermi
energy) is photoemitted from a sample using a photon energy hν, its kinetic energy
Ekin in the vacuum is given by the following energy conservation law:

Ekin = hν − EB − ΦS ,

where ΦS is the sample work function. When the photoelectron is detected by an
analyzer, its kinetic energy is affected by the work function of the device ΦA, which
is known. If the Fermi levels of sample and analyzer are aligned (which is the case
if they are connected to the same ground), the kinetic energy of the electron inside
the anlyzer can be written as

Ekin,A = Ekin + (ΦS − ΦA),

as schematically described in Fig. 1.16. By replacing the initial expression of Ekin
into this formula, it is possible to relate the measured Ekin,A entirely to the photon
energy hν, to the work function of the analyzer Φa and to the binding energy EB:

Ekin,A = hν − EB − ΦA
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Figure 2.16: Schematic representation of the XPS process. On the left, the initial
state of the photoemission process. On the right, the corresponding photoemission
signal obtained with a photon energy hν.

and, since the former two are known, EB is obtained.
The utility of XPS comes from the huge amount of information contained in

the binding energy of a core electron [35]. First of all, it is a clear fingerprint of
elements present on the sample, giving to XPS chemical sensitivity. Moreover, the
binding energy is affected by the chemical environment of the emitting atom. A
chemical bond affects the valence band of the involved atoms by lowering the density
of state of the oxidized element and increasing that of the reduced one. Therefore,
the core levels are affected by the charge modification around the nucleus, and their
binding energy increases (decrease) if electrons have been removed from (added
to) the valence band [36–38]. Similarly, the core level of an electron in a transition
metal is affected by the number of nearest neighbors (coordination number) of the
emitting atom. Different coordination number modifies the position and shape of the
electron d-band, and the core level binding energies are modified accordingly [39].
However, the experimentally measured binding energy does not contain information
only from the initial-state system, i.e., the system prior the photoexcitation, but it
is also influenced by the final state, which is an atom with a hole in its core level,
plus a photoexcited electron. This can be described by analyzing the photoemission
process with a semiclassical approach, where the electromagnetic field is treated
classically, while a quantum-mechanical description is used for matter. The one-
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particle Hamiltonian of an electron subject to an electromagnetic field is:

i~
∂ψ

∂t
=
[

1
2m

(
p̂− e

c
Â
)2

+ V̂

]
ψ = Ĥψ,

where ψ is the electron wave function, A is the vector potential of the electromagnetic
field and V is the unperturbed potential of the material. In the Coulomb gauge
(∇ · Â = 0), the Hamiltonian can be simplified exploiting the fact that the vector
potential commutes with the momentum operator (

[
p̂, Â

]
= 0). Therefore, the

expression inside the brackets can be written as(
p̂− e

c
Â
)2

= p̂2 − 2e
c
Â · p̂ +

(
e

c

)2
Â2.

For typical experimental conditions, the quadratic term in A can be neglected,
since it is one order of magnitude smaller than the first term. In a first-order perturba-
tion, the Hamiltonian can then be split into two terms: an unperturbed Hamiltonian
Ĥ0, plus an interaction Hamiltonian Ĥ ′, which takes into consideration the effects
of the electromagnetic field:

Ĥ ′ = − e

mc
Â · p̂.

In this scenario, the transition rate between the initial state ψi and the final state
ψ is expressed by Fermi’s Golden Rule in the time-dependent perturbation theory:

dω

dt
∝ |〈ψf |Ĥ ′|ψi〉|2δ(Ef − Ei − hν),

where Ef and Ei are the eigenvalues of the unperturbed Hamiltonian in the final and
initial state, respectively, and hν is the photon energy. The binding energy that can
be measured experimentally corresponds to BE = Ef − Ei (or −BE, depending on
the formalism) and therefore takes into account both the so-called initial and final
state effects. While the former correspond to properties of the emitting atom prior
the photoexcitation (to be noted that Ei = EB) and are linked to its chemical state,
the latter are of difficult interpretation without the support of theoretical calculations
[23, 40]. In some cases, final-state effects give a dominant contribution to the measured
binding energies, leading to unexpected results. A remarkable example is the case
Ag, whose 3d core level shifts to lower binding energies when the metal is oxidized.
In chapter 5, this effect is studied for Ag clusters, were we show that the unique
electronic properties of these objects can have implications on the behavior of the
core level binding energies.

2.5.1 Data analysis

The typical XPS spectrum consists of a curve describing the number of photoelectron
emitted per unit time as a function of the binding energy BE, which is an approxima-
tion of the initial state binding energy EB and is obtained by measuring the kinetic
energy Ekin while precisely knowing hν and ΦA, as discussed above. Since the BE is
referred, by definition, with respect to the Fermi level of the sample, it is calibrated
by measuring the kinetic energy of those electron at EB = 0, i.e., at the Fermi level.
A schematic representation of a XPS spectrum is shown in Fig. 1.16 (right).

The lineshape of photoemission peaks depends on severl factors such as: (i) an in-
trinsic broadening due to the finite core-hole lifetime; (ii) the experimental resolution;
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(iii) an inhomogeneous broadening; (iv) inelastic scattering of the photoelectrons.
The first contribution originates from the quantum nature of the system, with a
shorter lifetime τ of the core-hole that leads to a larger uncertainty on EB. This
effect induces a Lorentzian broadening whose FWHM is inversely proportional to
τ . The experimental resolution depends on the energy resolution of the radiation
and of the electron energy analyzer. The inhomogeneous broadening accounts for
the presence of emitting atoms of the same chemical species, but in slightly different
environments that modify their EB by less than the experimental resolution. An
example are surface defects or different atoms composing a small size-selected cluster.
Finally, the inelastic scattering of the photoelectrons with phonons in the solid can
induce small losses or gains of energy from the solid to the photoelectron, and vice
versa. These three latter effects can be described by a Gaussian distribution whose
FWHM will be the sum in quadrature of the broadening induced by each of them.
Therefore, a good approximation of the lineshape of the photoemission peaks can
be obtained from the convolution between a Lorentzian and a Gaussian distribution.
The resulting function is called Voigt function, which is one of the most commonly
used functions for the analysis of XPS data [41].

Another important contribution to the lineshape which is not taken into account
by th Voigt function is given by the excitation by photoelectrons to electron core-
hole pairs close to the Fermi level. This process depends directly on the density of
states close to the Fermi energy and it is therefore particularly evident in the case
of metals, while it can be neglected in the case of insulators with a large energy gap.
It induces an asymmetric loss of energy of the photoelectrons, which manifests in
the spectrum as a tail in the high energy side of each peak. It is possible to include
this contribution by modifying the Lorentzian lineshape associated to the intrinsic
broadening into a Donjach-Šunjić function (DS) [42]:

DSγα(E) = Γ(1− α)
(E2 + γ2)(1−α)/2 · cos

(
πα

2 + (1− α)atan(E/γ)
)
,

where Γ(x) is the Euler gamma function, α is the asymmetry parameter and γ is
related to the FWHM of the initial Lorentzian distribution (L = 2γ).

In this thesis, the experimental XPS data were fitted with a DS function convo-
luted with a Gaussian broadening to obtain information also from the asymmetry
parameter α. It is important to notice that for α = 0 the DS function reverts back
to a Lorentz distribution and the fitting function becomes a Voigt function [43].
The data analysis was carried out with the Igor Pro data analysis software, and all
the parameters of the fitting functions where obtained from a least-squares fit of
the experimental data. The errors associate to each fitting parameter are obtained
by summing in quadrature systematic errors with those obtained from the fitting
operations. In particular, the intrinsic error associated to the measured BE, i.e., the
accuracy, can be as low as 20 meV when the signal-to-noise ratio is sufficiently high
thanks to the high photon flux available at the SuperESCA beamline. The same
intrinsic error was applied to the lineshape parameters, and the lower limit of the
Gaussian width was set to the energy resolution ∆ of the beamline, which is approx-
imately 40 meV for photon energies below 500 meV and increases up to 180 meV for
a photon energy of 900 eV.
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2.6 Density functional theory calculations

Given the unique properties of size-selected clusters, it is not always possible to
interpret the data simply by comparison with experiments performed on larger scales.
Therefore, we complemented the experimental data with DFT calculations performed
in collaboration with the group of prof. Dario Alfè from University College London.

DFT is a successful theory that has emerged in the past decades to calculate the
electronic structure of atoms, molecules, solids [44] and, more recently, clusters [45–
48]. The strength of DFT compared to traditional electronic structure methods that
attempt to find approximate solutions to the Schrödinger equation of N interacting
electrons moving in an external potential, is that it uses the one-body density as
fundamental variable. This approach drastically decreases the number of spatial
variables from the 3N of the wave function to just three, making calculations feasible
even for large systems.

DFT was first put on a firm theoretical footing by Walter Kohn and Pierre Ho-
henberg in 1964 [49] and further developed by the same Walter Kohn together with
Lu Jeu Sham in a work that won them the Nobel prize in chemistry in 1998 [50].
Since then, Khon-Shan theory has been applied in several different ways to calculate
the structural and electronic properties of matter, applying different approximations
that better fit the topic that has to be studied. Some examples are the local-density
approximation (LDA), which is based upon exact exchange energy for a uniform elec-
tron gas, or Hybrid functional, a class of approximations which partially incorporate
the Hartree-Fock theory [51].

When paired with experimental XPS, DFT calculations can be extremely useful
as they allow to calculate the modifications on the geometry and on the relative core
level BEs of atoms within a same sample and upon, for example, the interaction
with adsorbants [52, 53]. In particular, it is possible to estimate the core-electron
BEs in the final-state approximation by exploiting the use of a pseudo potential
to include also contributions for final-state effects. The pseudo potential is built
in such a way to correspond to the energy of an atom with an hole in the core
level. Therefore, the calculation is performed with the pseudo potential replacing the
nucleus of the emitting atom and by adding an extra electron to the valence band,
which accounts for the excited state. In order to avoid an interaction between core
holes of near emitting atoms, in this approximation it is necessary to build large
unit cells composed of several tens of atoms, such as those used in this thesis. The
CLSs calculated with this method typically agrees with experiments within 20 meV
[53–55].

Besides the calculations on the CLSs, in this thesis DFT calculations where ex-
ploited to perform Bader charge analysis in the clusters and to calculate the projected
density of states (PDOS). In a Bader charge analysis, the system is considered as
divided into atoms by zero flux surfaces defined as a 2D surface on which the charge
density passes through a minimum upon crossing the surface[56]. The Bader charge
of an atom is the total charge within the volume defined around each atom (Bader
volume). This quantity is a good approximation to the total charge of an atom and
can be used to estimate, for example, the oxidation state [57]. The density of states
(DOS) is the number of different states at a particular energy level that electrons in
a material are allowed to occupy [58]. The PDOS gives the projection of a particular
orbital of a particular atom of the system on the total density of states. It follows
that the sum of all the PDOS is equal to the DOS. Similar calculations are extremely
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useful in several branch of material science, and in chemical-physics and catalyisis,
as they give access to quantities such as the d-band center, a well know indicator of
chemical reactivity [59].

While I was not directly involved to perform the DFT calculations, I contributed
to the preparation of the input files and I have extensively performed the data analysis
on the output data. The input of the calculations were carefully prepared to better
replicate the experimental conditions, and the output data has been accurately
analyzed together with the experimental data to improve the knowledge on the
geometric and electronic properties of the graphene-supported size-selected clusters,
both in the metallic and oxide phase.

The DFT calculations were performed as implemented in the Vienna Ab-initio
Simulation Package (VASP) code, which allows to use post-DFT corrections such as
hybrid functionals [60]. To include the contribution coming from the corrugated moiré
GR lattice on the stability and properties of the supported clusters, the minimum
energy configurations were calculated by describing the system as a complete moiré
cell supported by 4 metal layers (Ru or Ir, based on the experiment), for an overall
number of 914 atoms (excluding the clusters) for the experiments on Ru(0001). A
vacuum interspace of at least 15 Å between metal layers was used to minimize the
interaction between periodic images of the slab along the direction perpendicular
to the surface. The bottom two layers of the metal where kept frozen at their
bulk geometry. The rest of the system was fully relaxed until the largest residual
force was less than 0.015 eV/Å. The projector augmented method (PAW) [61] was
employed, using PBE potentials [62]. The plane wave cutoff was set to 400 eV, and
we performed the relaxations by sampling the Brillouin zone using the Γ point. To
obtain the partial density of states, we have performed single point DFT calculations,
using the geometries obtained with the rev-vdw-DF2 functional [63].



REFERENCES 35

References

[1] U. Heiz, F. Vanolli, L. Trento, and W.-D. Schneider, Chemical reactivity of
size-selected supported clusters: An experimental setup, Rev. Sci. Instrum. 68,
1986 (1997).

[2] R. E. Smalley, Laser studies of metal cluster beams, Laser Chem. 2, 957420
(1983).

[3] S. Maruyama, L. R. Anderson, and R. E. Smalley, Direct injection supersonic
cluster beam source for FTFT studies of clusters, Rev. Sci. Instrum. 61, 3686
(1990).

[4] M. A. Röttgen, K. Judai, J.-M. Antonietti, U. Heiz, S. Rauschenbach, and
K. Kern, Conical octopole ion guide: Design, focusing, and its application to
the deposition of low energetic clusters, Rev. Sci. Instrum. 77, 013302 (2006).

[5] T. Masubuchi, J. F. Eckhard, K. Lange, B. Visser, M. Tschurl, and U. Heiz,
An efficient laser vaporization source for chemically modified metal clusters
characterized by thermodynamics and kinetics, Rev. Sci. Instrum. 89, 023104
(2018).

[6] S. Pratontep, S. J. Carroll, C. Xirouchaki, M. Streun, and R. E. Palmer, Size-
selected cluster beam source based on radio frequency magnetron plasma sput-
tering and gas condensation, Rev. Sci. Instrum. 76, 045103 (2005).

[7] J. Jašík, S. Valtera, M. Vaidulych, M. Bunian, Y. Lei, A. Halder, H. Tarábková,
M. Jindra, L. Kavan, O. Frank, S. Bartling, and S. Vajda, Oxidative dehydrogena-
tion of cyclohexene on atomically precise subnanometer Cu4-nPdn (0 ≤ n ≤ 4)
tetramer clusters: the effect of cluster composition and support on performance,
Faraday Discuss. , (2023).

[8] P. Milani and W. A. deHeer, Improved pulsed laser vaporization source for
production of intense beams of neutral and ionized clusters, Rev. Sci. Instrum.
61, 1835 (1990).

[9] G. D. Stein, Cluster beam sources: Predictions and limitations of the nucleation
theory, Surf. Sci. 156, 44 (1985).

[10] J. M. Soler, N. García, O. Echt, K. Sattler, and E. Recknagel, Microcluster
growth: Transition from successive monomer addition to coagulation, Phys. Rev.
Lett. 49, 1857 (1982).

[11] G. Scoles, Atomic and Molecular Beam Methods, Atomic and Molecular Beam
Methods No. v. 1 (Oxford University Press, 1988).

[12] M. A. Duncan, Invited review article: Laser vaporization cluster sources, Rev.
Sci. Instrum. 83, 041101 (2012).

[13] M. D. Morse, Supersonic beam sources, Exp. Methods Phys. Sci. 29, 21 (1996).

[14] M. Abbet, Mach disk in underexpanded exhaust plumes, AIAA J. 9, 512 (1971).

[15] M. Abramowitz, I. Stegun, and D. A. McQuarrie, Handbook of mathematical
functions, Am. J. Phys. 34, 177 (1966).

https://doi.org/10.1063/1.1148113
https://doi.org/10.1063/1.1148113
https://doi.org/10.1155/LC.2.167
https://doi.org/10.1155/LC.2.167
https://doi.org/10.1063/1.1141536
https://doi.org/10.1063/1.1141536
https://doi.org/10.1063/1.2162439
https://doi.org/10.1063/1.5017588
https://doi.org/10.1063/1.5017588
https://doi.org/10.1063/1.1869332
https://doi.org/10.1039/D2FD00108J
https://doi.org/10.1063/1.1141103
https://doi.org/10.1063/1.1141103
https://doi.org/10.1016/0039-6028(85)90556-4
https://doi.org/10.1103/PhysRevLett.49.1857
https://doi.org/10.1103/PhysRevLett.49.1857
https://books.google.it/books?id=4uJnAQAACAAJ
https://doi.org/10.1063/1.3697599
https://doi.org/10.1063/1.3697599
https://chem.utah.edu/_resources/documents/faculty/morse/84.pdf
https://doi.org/10.2514/3.6212
https://doi.org/10.1119/1.1972842


36 REFERENCES

[16] A. Adams and F. H. Read, Electrostatic cylinder lenses II: Three element einzel
lenses, J. Phys. E: Sci. Instrum. 5, 150 (1972).

[17] T. Prohaska, J. Irrgeher, J. Benefield, J. K. Böhlke, L. A. Chesson, T. B. Coplen,
T. Ding, P. J. H. Dunn, M. Gröning, N. E. Holden, H. A. J. Meijer, H. Moossen,
A. Possolo, Y. Takahashi, J. Vogl, T. Walczyk, J. Wang, M. E. Wieser, S. Yoneda,
X.-K. Zhu, and J. Meija, Standard atomic weights of the elements 2021 (IUPAC
technical report), Pure Appl. Chem., 94, 573 (2022).

[18] P. E. Miller and M. B. Denton, The quadrupole mass filter: Basic operating
concepts, J. Chem. Educ. 63, 617 (1986).

[19] K. Bromann, C. Félix, H. Brune, W. Harbich, R. Monot, J. Buttet, and K. Kern,
Controlled deposition of size-selected silver nanoclusters, Science 274, 956
(1996).

[20] Thermodynamics and kinetics of adsorption and desorption (2012) pp. 185–228.

[21] I. Fampiou and A. Ramasubramaniam, Binding of Pt nanoclusters to point
defects in graphene: Adsorption, morphology, and electronic structure, J. Phys.
Chem. C 116, 6543 (2012).

[22] L. Bignardi, P. Lacovig, R. Larciprete, D. Alfè, S. Lizzit, and A. Baraldi, Explor-
ing 2D materials at surfaces through synchrotron-based core-level photoelectron
spectroscopy, Surf. Sci. Rep. , 100586 (2023).

[23] S. Lizzit, A. Baraldi, A. Groso, K. Reuter, M. V. Ganduglia-Pirovano, C. Stampfl,
M. Scheffler, M. Stichler, C. Keller, W. Wurth, and D. Menzel, Surface core-level
shifts of clean and oxygen-covered Ru(0001), Phys. Rev. B 63, 205419 (2001).

[24] F. Loi, L. Sbuelz, P. Lacovig, D. Lizzit, L. Bignardi, S. Lizzit, and A. Baraldi,
Growth mechanism and thermal stability of a MoS2-graphene interface: A high-
resolution core-level photoelectron spectroscopy study, J. Phys. Chem. C 124,
20889 (2020).

[25] M. Batzill, The surface science of graphene: Metal interfaces, CVD synthesis,
nanoribbons, chemical modifications, and defects, Surf. Sci. Rep. 67, 83 (2012).

[26] P. Lacovig, M. Pozzo, D. Alfè, P. Vilmercati, A. Baraldi, and S. Lizzit, Growth of
dome-shaped carbon nanoislands on Ir(111): The intermediate between carbidic
clusters and quasi-free-standing graphene, Phys. Rev. Lett. 103, 166101 (2009).

[27] D. Alfè, M. Pozzo, E. Miniussi, S. Günther, P. Lacovig, S. Lizzit, R. Larciprete,
B. S. Burgos, T. O. Menteş, A. Locatelli, and A. Baraldi, Fine tuning of graphene-
metal adhesion by surface alloying, Sci. Rep. 3, 2430 (2013).

[28] F. Presel, H. Tetlow, L. Bignardi, P. Lacovig, C. A. Tache, S. Lizzit, L. Kan-
torovich, and A. Baraldi, Graphene growth by molecular beam epitaxy: an
interplay between desorption, diffusion and intercalation of elemental C species
on islands, Nanoscale 10, 7396 (2018).

[29] S. Ulstrup, P. Lacovig, F. Orlando, D. Lizzit, L. Bignardi, M. Dalmiglio,
M. Bianchi, F. Mazzola, A. Baraldi, R. Larciprete, P. Hofmann, and S. Lizzit, Pho-
toemission investigation of oxygen intercalated epitaxial graphene on Ru(0001),
Surf. Sci. 678, 57 (2018).

https://doi.org/10.1088/0022-3735/5/2/019
https://doi.org/10.1515/pac-2019-0603
https://doi.org/10.1021/ed063p617
https://doi.org/10.1126/science.274.5289.956
https://doi.org/10.1126/science.274.5289.956
https://doi.org/10.1021/jp2110117
https://doi.org/10.1021/jp2110117
https://doi.org/10.1016/j.surfrep.2023.100586
https://doi.org/10.1103/PhysRevB.63.205419
https://doi.org/10.1021/acs.jpcc.0c05037
https://doi.org/10.1021/acs.jpcc.0c05037
https://doi.org/10.1016/j.surfrep.2011.12.001
https://doi.org/10.1103/PhysRevLett.103.166101
https://doi.org/10.1038/srep02430
https://doi.org/10.1039/C8NR00615F
https://doi.org/10.1016/j.susc.2018.03.017


REFERENCES 37

[30] W. Jark, Soft x-ray monochromator configurations for the elettra undulators:
A stigmatic SX700, Rev. Sci. Instrum. 63, 1241 (1992).

[31] A. Abrami, M. Barnaba, L. Battistello, A. Bianco, B. Brena, G. Cautero, Q. H.
Chen, D. Cocco, G. Comelli, S. Contrino, F. DeBona, S. Di Fonzo, C. Fava,
P. Finetti, P. Furlan, A. Galimberti, A. Gambitta, D. Giuressi, R. Godnig,
W. Jark, S. Lizzit, F. Mazzolini, P. Melpignano, L. Olivi, G. Paolucci, R. Pugliese,
S. N. Qian, R. Rosei, G. Sandrin, A. Savoia, R. Sergo, G. Sostero, R. Tommasini,
M. Tudor, D. Vivoda, F. Wei, and F. Zanini, Super ESCA: First beamline op-
erating at elettra, Rev. Sci. Instrum. 66, 1618 (1995).

[32] K. Siegbahn and K. Edvarson, β-ray spectroscopy in the precision range of 1 :
105, Nucl. Phys. 1, 137 (1956).

[33] K. Siegbahn and V.-S. I. Upsala, Esca; Atomic, Molecular and Solid State Struc-
ture Studies by Means of Electron Spectroscopy by Kai Siegbahn (And Others).,
Nova Acta Regiae Societatis Scientiarum Upsaliensis, Ser. 4, V.20 (1967).

[34] K. Siegbahn, Electron spectroscopy for atoms, molecules, and condensed matter,
Science 217, 111 (1982).

[35] S. Hüfner, Photoelectron Spectroscopy: Principles and Applications, Advanced
Texts in Physics (Springer, 2003).

[36] C. S. Fadley, S. B. M. Hagstrom, M. P. Klein, and D. A. Shirley, Chemical
effects on core-electron binding energies in iodine and europium, J. Chem. Phys.
48, 3779 (1968).

[37] K. Siegbahn, Electron spectroscopy - an outlook, J. Electron Spectrosc. 5, 3
(1974).

[38] S. Hüfner, Photoelectron Spectroscopy: Principles and Applications, Springer
Series in Solid-State Sciences (Springer Berlin Heidelberg, 2013).

[39] A. Zangwill, Physics at Surfaces (Cambridge University Press, 1988).

[40] M. V. Ganduglia-Pirovano, M. Scheffler, A. Baraldi, S. Lizzit, G. Comelli,
G. Paolucci, and R. Rosei, Oxygen-induced Rh 3d5/2 surface core-level shifts on
Rh(111), Phys. Rev. B 63, 205415 (2001).

[41] G. H. Major, T. G. Avval, D. I. Patel, D. Shah, T. Roychowdhury, A. J. Barlow,
P. J. Pigram, M. Greiner, V. Fernandez, A. Herrera-Gomez, and M. R. Linford,
A discussion of approaches for fitting asymmetric signals in X-ray photoelectron
spectroscopy (XPS), noting the importance of Voigt-like peak shapes, Surf.
Interface Anal. 53, 689 (2021).

[42] S. Doniach and M. Sunjic, Many-electron singularity in X-ray photoemission
and X-ray line spectra from metals, J. Phys. C: Solid State Phys. 3, 285 (1970).

[43] B. Moeini, M. R. Linford, N. Fairley, A. Barlow, P. Cumpson, D. Morgan, V. Fer-
nandez, and J. Baltrusaitis, Definition of a new (doniach-sunjic-shirley) peak
shape for fitting asymmetric signals applied to reduced graphene oxide/graphene
oxide xps spectra, Surf. Interface Anal. 54, 67 (2022).

https://doi.org/10.1063/1.1143091
https://doi.org/10.1063/1.1145862
https://doi.org/10.1016/S0029-5582(56)80022-9
https://books.google.it/books?id=6KjEwgEACAAJ
https://books.google.it/books?id=6KjEwgEACAAJ
https://doi.org/10.1126/science.217.4555.111
https://books.google.it/books?id=WfOw6jP9-oIC
https://doi.org/10.1063/1.1669685
https://doi.org/10.1063/1.1669685
https://doi.org/10.1016/0368-2048(74)85005-X
https://doi.org/10.1016/0368-2048(74)85005-X
https://books.google.it/books?id=vhjpCAAAQBAJ
https://books.google.it/books?id=KJj98B_3Dr8C
https://doi.org/10.1103/PhysRevB.63.205415
https://doi.org/https://doi.org/10.1002/sia.6958
https://doi.org/https://doi.org/10.1002/sia.6958
https://doi.org/10.1088/0022-3719/3/2/010
https://doi.org/10.1002/sia.7021


38 REFERENCES

[44] G. Bassani, G. Liedl, and P. Wyder, Encyclopedia of Condensed Matter Physics,
Encyclopedia of Condensed Matter Physics No. v. 1 (Academic, 2005).

[45] L. D. Socaciu, J. Hagen, T. M. Bernhardt, L. Wöste, U. Heiz, H. Häkkinen, and
U. Landman, Catalytic CO oxidation by free Au –

2 : Experiment and theory, J.
Am. Chem. Soc. 125, 10437 (2003).

[46] J. Alonso, Structure and Properties of Atomic Nanoclusters (Imperial College
Press, 2005).

[47] Y. Lei, F. Mehmood, S. Lee, J. Greeley, B. Lee, S. Seifert, R. E. Winans, J. W.
Elam, R. J. Meyer, P. C. Redfern, D. Teschner, R. Schlögl, M. J. Pellin, L. A.
Curtiss, and S. Vajda, Increased silver activity for direct propylene epoxidation
via subnanometer size effects, Science 328, 224 (2010).

[48] H. Zhai and A. N. Alexandrova, Fluxionality of catalytic clusters: When it
matters and how to address it, ACS Catal. 7, 1905 (2017).

[49] P. Hohenberg and W. Kohn, Inhomogeneous electron gas, Phys. Rev. 136, B864
(1964).

[50] W. Kohn, Nobel lecture: Electronic structure of matter—wave functions and
density functionals, Rev. Mod. Phys. 71, 1253 (1999).

[51] A. D. Becke, A new mixing of Hartree-Fock and local density-functional theories,
J. Chem. Phys. 98, 1372 (1993).

[52] L. Bianchettin, A. Baraldi, S. de Gironcoli, S. Lizzit, L. Petaccia, E. Vesselli,
G. Comelli, and R. Rosei, Geometric and electronic structure of the NRh(100)
system by core-level photoelectron spectroscopy: Experiment and theory, Phys.
Rev. B 74, 045430 (2006).

[53] L. Bianchettin, A. Baraldi, S. de Gironcoli, E. Vesselli, S. Lizzit, L. Petaccia,
G. Comelli, and R. Rosei, Core level shifts of undercoordinated Pt atoms, J.
Chem. Phys. 128, 114706 (2008).

[54] A. Baraldi, Structure and chemical reactivity of transition metal surfaces as
probed by synchrotron radiation core level photoelectron spectroscopy, J. Phys.:
Condens. Matter 20, 093001 (2008).

[55] A. Baraldi, L. Bianchettin, E. Vesselli, S. de Gironcoli, S. Lizzit, L. Petaccia,
G. Zampieri, G. Comelli, and R. Rosei, Highly under-coordinated atoms at Rh
surfaces: interplay of strain and coordination effects on core level shift, New J.
Phys. 9, 143 (2007).

[56] G. Henkelman, A. Arnaldsson, and H. Jónsson, A fast and robust algorithm for
bader decomposition of charge density, Comp. Mater. Sci. 36, 354 (2006).

[57] N. Seriani, Z. Jin, W. Pompe, and L. C. Ciacchi, Density functional theory study
of platinum oxides: From infinite crystals to nanoscopic particles, Phys. Rev. B
76, 155421 (2007).

[58] W. Harrison, Electronic Structure and the Properties of Solids: The Physics of
the Chemical Bond, Dover Books on Physics (Dover Publications, 1989).

https://books.google.it/books?id=gRl8MwEACAAJ
https://doi.org/10.1021/ja027926m
https://doi.org/10.1021/ja027926m
https://books.google.it/books?id=d61gDQAAQBAJ
https://doi.org/10.1126/science.1185200
https://doi.org/10.1021/acscatal.6b03243
https://doi.org/10.1103/PhysRev.136.B864
https://doi.org/10.1103/PhysRev.136.B864
https://doi.org/10.1103/RevModPhys.71.1253
https://doi.org/10.1063/1.464304
https://doi.org/10.1103/PhysRevB.74.045430
https://doi.org/10.1103/PhysRevB.74.045430
https://doi.org/10.1063/1.2841468
https://doi.org/10.1063/1.2841468
https://doi.org/10.1088/0953-8984/20/9/093001
https://doi.org/10.1088/0953-8984/20/9/093001
https://doi.org/10.1088/1367-2630/9/5/143
https://doi.org/10.1088/1367-2630/9/5/143
https://doi.org/10.1016/j.commatsci.2005.04.010
https://doi.org/10.1103/PhysRevB.76.155421
https://doi.org/10.1103/PhysRevB.76.155421
https://books.google.it/books?id=R2VqQgAACAAJ
https://books.google.it/books?id=R2VqQgAACAAJ


REFERENCES 39

[59] B. Hammer and J. K. Nørskov, Theoretical surface science and catalysis–
calculations and concepts, in Advances in Catalysis, Vol. 45 (Academic Press,
2000) pp. 71–129.

[60] G. Kresse and J. Furthmüller, Efficient iterative schemes for ab initio total-energy
calculations using a plane-wave basis set, Phys. Rev. B 54, 11169 (1996).

[61] P. E. Blöchl, Projector augmented-wave method, Phys. Rev. B 50, 17953 (1994).

[62] J. P. Perdew, K. Burke, and M. Ernzerhof, Generalized gradient approximation
made simple, Phys. Rev. Lett. 77, 3865 (1996).

[63] I. Hamada, van der Waals density functional made accurate, Phys. Rev. B 89,
121103 (2014).

https://doi.org/10.1016/S0360-0564(02)45013-4
https://doi.org/10.1103/PhysRevB.54.11169
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.89.121103
https://doi.org/10.1103/PhysRevB.89.121103


40 REFERENCES



CHAPTER 3
Adsorption of size-selected Ag clusters on

Ru(0001)

This chapter is dedicated to the first experiment performed with the ENAC cluster
source connected to the SuperESCA beamline. It involves a relatively well-know
surface, a Ru(0001) single crystal, where we deposited size-selected Ag clusters at
room temperature in soft-landing conditions. The aim of this work was to test the
capabilities of the ENAC - SuperESCA apparatus in the measurements of size-related
features of supported size-selected clusters. Specifically, we exploited the sensitivity of
XPS to atoms with different coordination number (CN) to study the formation of Ag
two-dimensional islands on Ru(0001). This experiment was designed as a benchmark
to test the experimental apparatus because, despite the apparent simplicity of the
system, silver has a peculiar valence band electronic structure which makes the
distinction of the effects due to reduced coordination arduous to reveal using XPS,
even with synchrotron radiation [1].

Besides its important role for the characterization of the experimental apparatus,
this work is contextualized in the research field that aims to use atomically precise
nanomaterials as building blocks to form extended structures [2]. The ability to tailor
the properties of crystalline solids by controlling their composition and structure
at the atomic level presents unique opportunities for the design of new functional
materials and the discovery of novel phenomena. By tuning the CN of the atoms in a
material using different clusters, one can directly tune its physical and chemical prop-
erties. The importance of this quantity is well recognized in the field of heterogeneous
catalysis [3]: the chemical properties of a wide range of catalytic active nanoparticles
materials are determined by the presence of a large density of under-coordinated
atoms sitting at defect sites, edges, corners, and nanofacets [4, 5]. The importance
of these local configurations was revealed both in noble [6, 7] and transition metal
[8] nanoparticles, for which it has been demonstrated that a high concentration of
low-coordination atomic sites results in an increased chemical reactivity [9] towards
several reactions, such as the promotion of the O2 adsorption and activation [6] or
the chemical conversion of N-heterocyclic carbene molecules [10].

When XPS reaches the high resolution achievable employing synchrotron radia-
tion, it becomes an excellent tool to investigate the CN of a 2D island supported on a
metallic surface [11]. In the experiment described in this chapter, we fully exploited
this possibility using a combined experimental and theoretical approach to compare
different Ag 3d5/2 binding energies (BE) to the density of fully- and under-coordinate
atoms in the islands. With this method, we were able to conclude that the hexagonal
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+

n = 1 n = 2 n = 3

n = 6n = 5n = 4

n = 7 n = 8 n = 9

Gas-phase Agn clusters

Figure 3.1: Minimum energy configuration of size-selected Ag +
n clusters in the

gas-phase with n = 1− 9 according to our DFT calculations.

Ag cluster composed of 7 atoms serves as building block to form islands with a
close-packed atomic arrangement.

The results reported in this chapter have been published in The Journal of
Phyisical Chemistry C, with the title “Atomic Undercoordination in Ag Islands
on Ru(0001) Grown via Size-Selected Cluster Deposition: An Experimental and
Theoretical High-Resolution Core-Level Photoemission Study” [12].

3.1 Description of the experiment

The aim of this experiment is to use Ag size-selected clusters to form 2D islands
on the Ru(0001) surface and to combine experimental and theoretical XPS to link
different spectral features to size-related effects associated to the original clusters
used as building blocks. To carry out this study, we performed preliminary DFT
calculations on the structures of Ag +

n clusters in the gas-phase (Fig. 3.1) to identify
the best candidates to perform our experiment. Since our goal is to form 2D islands,
we focused on clusters with a planar geometry. In particular, our choice fell on Ag7,
the largest 2D cluster, and Ag3. According to our calculations, which are in agreement
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with previous reports [13], both clusters posses symmetric planar shapes which could
potentially nicely fit an ordered close-packed atomic arrangement. Moreover, we
included in the study the monomer Ag1 to provide a comparison with a more similar
system to the one obtainable using a conventional Ag evaporator to form the islands.

The islands are formed from the diffusion of the clusters on the Ru(0001) surface
at T = 300 K (RT), which depends on the low interaction and immiscibility of Ag
in Ru [14]. As a matter of fact, this temperature is more than sufficient to promote
an efficient cluster diffusion. The diffusion rate Γ of an Ag adatom adsorbed on the
Ru(0001) surface is given by the formula

Γ = ν exp−∆E/kBT ,

where ν is the pre-exponential factor, associated to the phonon frequency and typically
is in the order of 1013 s−1, T is the temperature of the substrate, ∆E is the diffusion
barrier and kB is the Boltzmann constant [15, 16]. The diffusion barrier that we
calculated using the Nudged Elastic Band method [17, 18] is ∆E = 59 meV, in
agreement with the value reported by Ref. [19]. Given this value and the temperature
T = 300 K, one obtains Γ ∼ 1× 1012 s−1. To better visualize the mobility associated
to this diffusion rate, it is possible to calculate the mean squared displacement

√
〈r2〉

that an adsorbed Ag atom diffusing on Ru(0001) will travel per second [16]:√
〈r2〉 = a

√
Γt,

where a = 2.71 Å is the surface lattice parameter of Ru(0001). The mean squared
displacement represents the deviation of the position of the atom with respect to
a reference position over time. In our case, it is in the order of the hundreds of
micrometers, thous ensuring an efficient diffusion for the formation of the islands.
These calculations refer specifically to the mobility of single atoms. In general, the
diffusion barrier of larger islands scales as the inverse of their radius, meaning that
larger clusters are expected to have a higher diffusion barrier [20]. However, this
dependency is too weak ( ∝ N1/2) to significantly affect the mobility of Ag3 and
Ag7 clusters with respect to the monomers: the mean squared displacement for Ag7
according to this law of proportionality is still in the order of few micrometers. To
avoid the formation of 3D structures, we dosed a very low amount of clusters, with
a Ag atomic coverage of about 0.6 % ML, calculated with respect to the Ru(0001)
surface density ρs = 1.57× 1015 atoms cm−2. Given the elevated diffusion rate of the
clusters, this low coverage does not prevent the formation of the 2D island, since the
average distance of the isolated clusters on the surface upon deposition assuming a
random distribution is about 50 nm, widely within the average displacement over
time.

Once the islands are formed, it is possible to exploit the sensitivity of XPS to
different in-plane CN to evaluate whether they possess an ordered structure or not.
As sketched in Fig. 3.2, an ordered island with a close-packed atomic arrangement is
characterized by a high percentage of atoms with CN = 6 an a minor abundance of
atoms with CN = 4 and 3 at the island edges. When we lower the degree of order and
include defects in our model, the abundance of atoms with CN = 6 will decrease in
favor of under-coordinated local morphologies. In particular, the presence of defects
can be spotted by the presence of atoms with CN = 5, which appear if we remove
one single atom from the center of a ordered island. As mentioned before, this kind of
analysis is extremely challenging for Ag islands, where the CLS induced by different
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Figure 3.2: Schematic model of the correlation between order and in-plane CN in
2D islands of similar sizes. Starting from the left, a highly ordered island in the
hexagonal close-packed arrangement is characterized by a high density of atoms with
in-plane CN = 6 and a minor density of atoms with in-plane CN = 4 and 5 at the
island edges. As the degree of order decreases (formation of defects inside the island
and irregular edges) the density of atoms with CN = 6 decreases and atoms with CN
= 5 become the most dominant ones.

CN can be difficult also using cutting edge synchrotron-based high resolution XPS.
But when coupled with DFT calculations, and with the atomic precision of ENAC,
the model I just described can be used to characterize the island formation.

3.2 XPS measurements: surface and clusters

The first step of the experiment was the measurement of the 3d5/2 core level spectrum
of a Ag(111) single crystal to establish the most accurate way to measure the core
electron BE of Ag atoms. This served as a reference for comparing the experimental
and theoretical results and to convert theoretically calculated BE shifts into absolute
BE values. As anticipated, the measurement of core level shifts (CLS) arising from
lower CN in the case of Ag is a very challenging task. This applies also to the
measurement of the surface core level shift (SCLS), the shift between the core level of
atoms sitting on the surface with respect to those in the bulk. One of the effects that
contribute to the SCLS is the lower CN of surfaces atoms: for an fcc crystals such as
Ag, surface atoms show a CN = 9, while fully coordinated bulk atoms possess a CN =
12. Andersen et al. [1] have found that the surface component of the 3d5/2 spectrum
of clean Ag(111) is indeed difficult to discern from the bulk component, presenting
a SCLS that was estimated to be smaller than -100 meV, if not completely absent
(Fig 3.3a). Figure 3.3b shows the Ag 3d5/2 spectrum of the clean Ag(111) surface
that we measured with a photon energy of 470 eV at RT, together with the spectral
decomposition. The unusual asymmetric spectral lineshape toward lower BEs, which
cannot be justified by electron-hole pair excitation or energy losses, as it would result
in the build-up of a tail at higher BEs, does indeed reveal the presence of a multi-
component structure. The spectrum can be properly fitted with two components at
368.20 and 368.05 eV, which, based on the comparison with the spectra in Fig 3.3a,
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Figure 3.3: a) Ag 3d5/2 spectrum from an Ag(111) surface measured at a photon
energy of 450 eV fitted by either one or two Doniach-Šunjić lines according to Ref.
[1]. b) Same core level spectrum we measured from the Ag(111) surface with a photon
energy of 470 eV and at T = 300 K. The spectral components obtained by the fit
originate from bulk (Agbulk) and first layer (Agsurf).

can be associated to bulk (Agsurf) and first-layer (Agbulk) components. The values
for the lineshape parameters Γ (Lorentzian) and G (Gaussian) resulting from the fit
are reported in Tab 3.1. The asymmetry parameter α was found to be 0 for both
bulk and surface components, confirming a low density of states at the Fermi level,
as expected for a noble metal. Our analysis shows a SCLS = -150 ± 20 meV, which
is slightly larger than the one previously reported et al. [1]. We tested our result
performing DFT calculations on a Ag(111) slab composed of 11 layers of a 5 × 5
surface unit cell. According to this calculation, the SCSL is -146 ± 20 meV with
respect to the bulk component, confirming the peak assignment and supporting the
outcomes of our spectral analysis.

After this preliminary analysis on the Ag(111) single crystal, we can focus to
the Ag 3d5/2 spectra measured upon deposition of Ag1, Ag3 and Ag7 clusters on the
Ru(0001) (Fig. 3.4). The first clear outcome of the experiment is the large CLS of Ag
clusters deposited on Ru(0001) with respect to the Ag(111) surface of about 300 meV.
Interestingly, this shift slightly increases reducing the size of the clusters. The Ag
3d5/2 BEs of the clusters and the lineshape parameters obtained fitting each spectrum
with one single component are reported in Tab. 3.1. The size-related trend of the Ag
3d5/2 BEs is a result which gets us closer to the main goal of this experiment, i.e.,
appreciate and understand size-related features in our spectra. However, the CLS
are, as expected, very small: the BEs of the three spectra are within a window of
30 meV. Anyhow, it is still possible to appreciate the shift of the spectral maximum,
given the good signal-to-noise ratio (considering the extremely small Ag coverage).
The difference spectra, plotted in the right panel of Fig. 3.4, show the shift of the
spectral intensity toward higher BEs as the cluster sizes increase.
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BE (eV) Γ (eV) G (eV)
Agbulk 368.20 ± 0.02 0.34± 0.03 0.07± 0.02
Agsurf 368.05 ± 0.02 0.34± 0.03 0.07± 0.02
Ag1 367.87 ± 0.03 0.35± 0.03 0.22± 0.03
Ag3 367.89 ± 0.03 0.34± 0.03 0.21± 0.03
Ag7 367.90 ± 0.03 0.35± 0.03 0.23± 0.03

Table 3.1: Fitting parameters obtained from the spectral analysis performed with
Doniach-Šunjić lines. The asymmetry parameter α was found to be 0 for all the Ag
3d5/2 spectra.
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Figure 3.4: On the left panel, Ag 3d5/2 core level spectra measured after the depo-
sition of Agn size-selected clusters on the Ru(0001) surface with a photon energy of
470 eV. On the right panel, the difference spectra Ag7 (×50) - Ag(111), Ag3 − Ag7
and Ag1 −Ag7.
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Given the small differences spotted in the spectra, it is not possible for us to
get to a deeper, atomic-level understanding of our system with experimental data
alone. Nevertheless, the trend of the BEs and the G parameter obtained from the
analysis of the clusters, which are remarkably higher than for the extremely ordered
Ag(111) single crystal surface, suggests that the spectra we are measuring may be
composed of different components, associated to nonequivalent atoms in the islands
formed by the clusters. However, the BEs of different components appear to be too
close to each others to be clearly distinguished experimentally. This is when DFT
calculations can come to help.

3.3 DFT calculations

To obtain a thorough understanding of the experimentally prepared system, we
resorted to DFT calculations. Our theoretical analysis is divided into two parts.
First, we investigated the structure and preferred adsorption sites for the three
different types of clusters. Secondly, we studied the evolution of the BEs of the
atoms composing islands of increasing size, in particular calculating the Ag 3d CLS
associated to different in-plane CN.

3.3.1 Cluster adsorption

We calculated the adsorption energy of the clusters in the four main sites available in
the Ru(0001) surface: three-fold fcc, three-fold hcp, bridge, and on-top (Tab. 3.2). The
on-top adsorption site was investigated only of the monomer Ag1 since it appeared to
be markedly the least favorite configuration. For all the Agn clusters, the three-fold
adsorption sites resulted to be the most stable configurations. Both fcc and hcp
sites gave similar results due the very large covalent radius of Ag atoms ( ∼ 1.60 Å),
indicating therefore a negligible influence of the second layer Ru atoms [21, 22]. The
two-fold bridge adsorption configurations is less preferred by about 50 meV. The
results in the case of single adatoms are in agreement with previously reported DFT
calculations [19]. The trend of the adsorption energies, which increase with cluster
size, indicates an attractive Ag−Ag interaction which favors the formation of small
compact Ag islands on the Ru(0001) surface.

The increasing adsorption energy with cluster size is accompanied by an increase
of the average Ag−Ru distance between the clusters and the Ru atoms sitting in the
surface underneath (Fig. 3.6). This distance is calculated as the average distance of
each Ag atom with respect to the N Ru atoms of the N-fold adsorption sites. In the
case of the most favorite configurations, it goes from 2.78 Å for Ag1 (a value that is
once again in agreement with previous findings [19]) to 2.85 Å (Ag7), as shown in
Fig. 3.6a.

A closer look to Ag−Ru distance of each single cluster in the atoms reveals that
the Ag7 islands are not perfectly flat, but the atom sitting the center of the hexagon
is slightly lifted up with respect to the remaining 6 atoms (Fig. 3.6b), following a
similar trend observed for dome-shaped C nanoisland on Ir(111)[11], even if the effect
in our case is much less pronounced. The Ag−Ru distance for the Ag atom at the
center of the hexagone is almost 2.92 Å, 3 % larger than for the Ag atoms surrounding
it. This trend suggests a relationship between the Ag−Ru distance and the in-plane
CN, since the atom of at the center of the clusters is the only one with CN = 6. If we
consider the values for all the clusters, we find that the Ag−Ru distance increases
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Ag7

Ag3

Ag1

bridge hcp fcc

Figure 3.5: Schematic ball model of the different adsorption configurations of Ag1,
Ag3 and Ag7 clusters tested in the DFT calculations. Blue balls correspond to Ag,
white and gray balls correspond to surface and bulk Ru, respectively.

Cluster fcc hcp bridge top
Ag1 2.48 2.48 2.42 2.076
Ag3 2.57 2.57 2.52
Ag7 2.65 2.65 2.60

Table 3.2: Adsorption Energies (in eV) for the different combinations of clusters
and adsorption sites investigated in the DFT calcualtions.
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Figure 3.6: a) Adsorption energy per Ag atom as function of the average Ag−Ru
distance for the different cluster and adsorption site combinations probed by DFT
calculations. b)Ag−Ru bond distance for each single Ag atom in the adsorbed clusters.
c) Ag−Ru bond distance of the atoms in the clusters as a function of the in-plane CN
and linear fit for each adsorption site. d) Side and top view of the DFT calculated
minimum energy configuration of an Ag7 cluster adsorbed in the fcc site. A zoomed
view of an outer Ag atom of the cluster shows that it is not located at the center of
the adsorption site. Blue balls correspond to Ag, white and gray balls correspond to
surface and bulk Ru, respectively.

linearly with a slop that is very similar in all the adsorption configurations: 0.022
and 0.025 ÅCN−1 for the three-fold and bridge sites, respectively (Fig. 3.6c).

The slightly corrugated morphology of Ag7 cluster is also related to the lattice
mismatch between the cluster and the Ru(0001) surface. The corrugation makes the
hexagon composed by the outer atoms in the cluster shrinks, and those atoms can
get closer to the center of the three-fold adsorption site, as shown in Fig. 3.6d. In fact,
the lattice mismatch of the two structures is more pronounced due to an expansion
of the Ag−Ag bond length when the clusters are adsorbed on the surface, which we
are now going to analyze.

The dependence of the Ag−Ag bond length on the size and adsorption site of the
clusters, which addresses the issue of induced strain in the Ag bonds [23], is reported
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Figure 3.7: a) Calculated Ag−Ag bond length for Ag3 and Ag7 clusters both in the
gas-phase and for different adsorption configurations on the Ru(0001) surface. The
value for Ag in the bulk is reported for reference. CN = 2 corresponds to atoms
forming the Ag3 cluster, CN = 3 to Ag atoms in the outer hexagonal ring of Ag7 and
CN = 6 to the atom at its center. b) Top view of the DFT calculated minimum energy
configuration of Ag3 and c) Ag7 clusters adsorbed in the bridge site and representative
bond lengths.

in Fig. 3.7a. The distances reported in the figure were obtained by calculating the
average distance from the nearest neighbors for each atom in the clusters. We report
as well the values calculated for Ag3 and Ag7 in the gas-phase as a reference. If
we take as a reference the bulk value d = 2.887 [24], which is also reported in Fig.
3.7a, we observe a shrinking of the Ag−Ag bonds for the clusters in the gas-phase
of ca. −7% for Ag3 and ca. −4% for Ag7. The opposite happens when the clusters
are adsorbed on the surface, with a strain ranging from ca. 3% for Ag7 on bridge
adsorption sites to about 1% for Ag7 on 3-fold adsorption sites. Despite the lack of
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dependence on the in-plane CN, the bond lengths are modified in a different way
based on the adsorption site. In particular, in the case of adsorption in fcc sites the
Ag−Ag bonds are closer to the bulk value and they are almost the same for all the
nonequivalent atoms in the clusters (ca. 2.91 Å). On the contrary, the bond lengths
for clusters in bridge sites are longer and we can appreciate a large dispersion for
atoms in the same cluster. For example, based on the bond lengths, we can identify
two different types of atoms in the Ag3 cluster: one has a bond length slightly above
2.95 Å (atom A in Fig. 3.7a and b), while the remaining 2 atoms have shorter bond
lengths of ca. 2.92 Å (atoms B). To understand this behavior, we can analyze the
relaxed structure of the Ag3 cluster adsorbed in the bridge site shown in Fig. 3.7b,
where I reported the bond lengths and labeled the A and B Ag atoms accordingly
to their average bond lengths. We can see that the bond length between the two B
atoms (B−B) is shorter with respect to the distance between atoms B and A (A−B).
This is related to the fact that a longer B−B bond length would push the B atoms
towards the less favorable on-top adsorption site. On the contrary, a longer A−B
bond length pushes all the atoms towards the most favorite three-fold adsorption
sites. The same applies also for Ag7 when adsorbed on bridge sites (Fig. 3.7c). This
model also explains why the Ag−Ag bond lengths in clusters adsorbed in three-fold
sites are shorter than those in bridge sites. In fact, as we already saw in Fig. 3.6d,
longer bond lengths for cluster in fcc and hcp sites would further push them away
from the center of the adsorption sites, closer to less favorite on-top and bridge
positions.

The results I just reported indicate that the interaction of the clusters with the
substrate is rather weak, although it is far from negligible. It decreases for larger
clusters, but it is strong enough to play a role in their morphology as a consequence
of the fact that the Ag atoms prefer to sit in three-fold sites. This information is of
pivotal importance for our analysis: if all the atoms in the clusters possess the same
configuration with respect to the Ru(0001) surface, the differences in the XPS Ag
3d5/2 are entirely related to the in-plane morphology of the 2D islands. It follows
that we can now study the core level shifts as a function of the in-plane CN with
the nearest Ag atoms.

3.3.2 Core level shift vs in-plane coordination

The calculated 3d5/2 core level shifts in the various Ag structures with different in-
plane CN is reported in Fig. 3.8. Here, we considered the three clusters adsorbed in
the most favorite fcc sites. We also included calculations on larger islands composed
of 13 and 19 atoms (see Fig. 3.8) to test the effects caused by increasing island
size and to increase the data statistic. The larger islands where obtained adding
additional Ag atoms starting from Ag7 and preserving the hexagonal close-packed
arrangements. The new structures are composed of Ag atoms with CN ranging from
2 to 6. To correctly evaluate the CN Ag19 island, one has to consider the periodic
conditions of the unit cell. The atoms at the corner of the islands, which appear to
be in a configuration with CN = 3, are actually bonding to the corner of island in
the adjacent unit cells and therefore their CN raises to 4. Atoms with CN = 1 are
not consistent with the hexagonal close-packed structures and do not appear in any
of the configurations that we considered.

Figure 3.8 shows a remarkable linear dependence of the core level shift with a
proportionality coefficient between the shift and the number of Ag nearest neighbors
of 25 ± 5 meV per bond. The very small shift predicted by the theoretical calculations
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the in-plane coordination number (CN) for island of different size, starting to the
single clusters to larger islands composed of 13 and 19 atoms which are displayed.
The CN of each atom in the larger islands is reported.

further proves that measuring the structure-related properties of under-coordinated
Ag clusters/islands on a transition metal surface is extremely challenging. When we
compare the changes in core levels of under-coordinated configurations (but in this
case, for 3D systems) obtained upon formation of Rh adatoms and dimers on (111)
and (100) rhodium surfaces [25], a value of 130 meV per bond (3d5/2 core level) is 5
times larger than the one obtained for our system. A large difference has also been
obtained in the case of under-coordinated Pt atoms when measuring the Pt 4f7/2
core level shift for which a value of 120 meV per bond was found [26].

If we compare this result to the experimental data previously reported, we can see
that the trend where larger clusters lead to an overall BE 30 meV larger than with
Ag1 monomers indicates an higher degree of order, since the theoretical calculations
indicate that higher BEs are associated to higher CN. For this reason, we are now
going to analyze the experimental data under the light of the theoretical results we
just discussed.
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Figure 3.9: Ag 35/2 core level spectra measured after the deposition of Agn size-
selected clusters on the Ru(0001) surface fitted using seven components separated
by 25 meV, according to the DFT results. On the right side of each spectrum, an
histogram shows the percentage of atoms with each CN according to the fit.

3.4 Gliding building blocks induce high order

In Fig. 3.9 the calculated CN-dependent core electron binding energy shift was used to
fit the Ag 3d5/2 spectra measured after deposition of Ag1, Ag3, and Ag7 on Ru(0001)
using a method already applied in the case of the analysis of the C 1s spectrum of a
graphene layer on Re(0001) [27] and Ru(0001) [28]. Each spectrum has been fitted
using seven components spaced by 25 meV, each corresponding to a different CN
ranging from CN = 0 to CN = 6. In general, DFT calculations provide only the
relative CLS of the atoms in the slab rather than the absolute BE of the core level.
To obtain an absolute reference to fit the data, we combined the experimental and
theoretical work performed on the Ag(111) single crystal. The relative CLS of the
islands were calculated using as a reference the theoretical BE of atoms in the bulk
of the Ag(111) single crystal previously calculated; subsequently, this value has been
aligned to the experimentally measured one (368.20 eV), as extrapolated from the
Ag 3d5/2 core level spectrum reported in Fig. 3.3. Therefore, the calculated CLSs of
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the Ag islands with respect to the theoretical bulk value can be directly compared
to the experimental ones with respect to the corresponding bulk BE.

The modification in the spectral weight previously discussed is consistent with
this data analysis, showing that the islands composed of Ag7 clusters possess the
highest density of atoms in CN = 6. This clearly suggests that Ag7 is very mobile
even at T = 300 K and quite large islands are present on the surface after deposition.
Since the populations of CN = 5 and 4 atoms are very low, the islands formed
are expected to present a high degree of order, thus suggesting that Ag7 is a good
building block to form a hexagonal close-packed atomic arrangement. While the
population of CN = 5 and 4 species is very small, the component related to CN = 1 -
3 cannot be detected within our error bar. The presence of a small component related
to atoms with CN = 0, i.e., monomers, may indicate that a very small percentage
of the Ag7 clusters dissociates upon impacting the surface despite the soft-landing
conditions. However, even if the cluster energy increases with size, we cannot exclude
the activation of an Ostwald ripening process where the Ag atoms at the edges of
the formed 2D islands detach from the larger structure and migrate on the surface.
The same process was found in the case of monodisperse Pd19 clusters deposited
on Rh(111) [29], where although the Pd−Pd binding energy was considerably lower
than the binding energy of the clusters to the substrate.

The density of atoms with CN = 6 decreases when the islands are formed using
smaller building blocks. For Ag7, the percentage of atoms with the highest CN =
6 is above 60 %, for Ag3 it decreases to about 40 % and in the islands formed
using monomers it is below 10 %. The decreased density of atoms with the highest
CN is accompanied by an increase of under-coordinated atoms with CN = 4 and
5. In particular the latter, which according to the model proposed in Fig. 3.2 are
associated to the formation of defects in the 2D islands, corresponds to one third of
the total atoms in the structures formed using Ag1. To explain this result, we can
take into account that the deposition took place at a substrate temperature (300
K) much lower than the value used to achieve a well ordered Ag adlayer structure
on Ru(0001), which is between 690 [33] and 790 K [34]. Despite the fact that the
deposition temperature we used was high enough to make the Ag atoms highly
mobile on this surface, it could not be sufficient to promote the formation of a full
close-packed atomic arrangement, producing instead a lot of local defects (CN = 5
and 4). For a similar system, i.e., Au on Ru(0001) [30], the deposition at RT resulted
in the formation of a dendritic structure caused by kinetic limitations (Fig. 3.10a),
which was found to be thermodynamically unstable [35].

The good mobility of Ag7 and its ability to form islands with the lowest density
of defects can be a direct consequence of the morphology of this cluster. If we ideally
think of Ag7 as flat and unbreakable, it is possible to form a 2D Ag layer by simply
aligning the clusters along the <120> direction, forming a 2D island having atoms
in the inner part with CN = 6 and atoms at the edges with CN = 4 and 3. A
further factor that promote the formation of ordered island using Ag7 is the weak
interaction of this cluster with the substrate, since we have shown in Fig. 3.6 that
this configuration is characterized by the longest Ag−Ru distance.

The result that larger cluster diffuse better than single atoms can be counter-
intuitive, since typically the diffusion coefficient scales as the inverse radius of the
island [20]. According to previous studies on the diffusion of deposited clusters to grow
nanostructures, the higher mobility of Ag7 can be related to a gliding mechanism, in
which all the atoms of the island move simultaneously (Fig. 3.10b,c) [31, 32]. This



Chapter 3: Adsorption of size-selected Ag clusters on Ru(0001) 55

a)

b)

c)

Figure 3.10: a) STM image of a 0.3 ML non-annealed Au film on Ru(0001) showing
two-dimensional islands of highly dendritic structure on large terraces. Adapted from
[30]. b) Successive positions of a gliding Ir19 2D cluster on an Ir(111) surface observed
by field ion microscopy at low temperature and c) corresponding models. The motion
takes place at T = 690 K and the figures correspond to 6, 10, and 14 heating intervals
of 10 seconds each. Adapted from [31], original data from [32].

mechanism was studied specifically for Ag islands on a Ru(0001) surface and it was
predicted to be favorable for the smallest islands composed by less than 20 atoms,
while a dislocation motion, where a row of atoms move simultaneously from fcc to
hcp sites, becomes favorite for larger structures [36, 37].

Besides the growth method, we cannot ignore the role played by surface steps,
which have been found to be the preferential attachment site in the case of the growth
of Ag on Ru(0001) at room temperature [38]. For a very similar system, although at
much larger coverage with respect to the ones used in our work, i.e., deposition of
0.1 ML of Ag on Re(0001) at room temperature [39], atoms bind exclusively at step
edges where they form irregularly shaped small atomic aggregates. In particular, it
was found that adatoms do not wet step edges and are responsible for an irregular
and fairly porous shape of individual Ag aggregates, with large “cavities” caused by a
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totally unidirectional growth. Since the electronic structure of Re is quite comparable
to Ru, we can imagine a similar behavior in our systems, which would contribute in
populating CNs lower than 6, especially in the case of monomers.

3.5 Conclusions
In this chapter, I discussed the outcomes of the first experiment performed coupling
ENAC with the SuperESCA beamline of Elettra. We deposited Agn size-selected
clusters, with n = 1, 3, 7, on a Ru(0001) single crystal surface to study the formation
of 2D Ag islands using different clusters as building blocks. With a combined experi-
mental and theoretical XPS analysis we were able to appreciate size-related features
in the Ag 3d5/2 core level spectra and we understood that the Ag7 cluster, thanks
to its hexagonal morphology and the low interaction with the substrate, allows to
minimize the defects in the islands compared to the smallest clusters. The possibility
to tune the order and the density of under-coordinated atoms in the islands using dif-
ferent building blocks can have relevant implications due to the chemical importance
of this quantity in determining the catalytic activity of a system [40].

This experiment proved the capabilities the the ENAC -SuperESCA setup to
investigate matter the nano- and sub-nanoscale with atomic precision. Therefore,
thanks to the insight gained from this work, we were able to move to the study of
the oxidation of supported size-selected clusters, which has been the main topic of
my research activities.
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CHAPTER 4
Bulk motifs in oxidized Ag11 clusters on

graphene.

Periodic ordering of atoms in crystalline structures is a key feature that links geo-
metric and electronic properties of a material. When the size of a crystal decreases
to the order of tens of nanometers, the structural properties are still dominated by
the outer crystal plane characteristics [1, 2]. Starting from the early 2000s, when it
finally became feasible to produce noble-metal nanocrystals through colloidal synthe-
sis [3, 4], heterogeneous catalysis took tremendous advantage from the availability
of nanomaterials with well-defined facets or surface structures [5]. Compared to a
bulk metal, the surface of a nanocrystal is inherently heterogeneous. As shown in Fig.
4.1, in the surface of a nanocrystals can coexist various types of facets with atoms
differing in coordination number. It has long been established that both the activity
and selectivity of a heterogeneous catalyst are dependent on the arrangement of
atoms on the surface [6], therefore the possibility to tune the presence of one type of
facet rather than the others offers great potential to enhance the catalytic activity
and/or selectivity towards a specific reaction. For example, Pd concave nanocubes
enclosed by 24 {730} facets exhibit much higher catalytic activity toward the Suzuki
coupling of iodobezene and phenylboronic acid to form biphenyl when compared
with the conventional Pd nanocubes with flat faces [7].

More recently, this approach has been extended for the synthesis of oxide nano-
materials, whose structure complexity is higher than for metals [8, 9]. In the case of
oxides, crystal planes determine not only the surface geometry, but also the surface
composition, strongly affecting the catalytic properties of the system [10, 11]. For ex-
ample, Cu2O cubes enclosed with the {100} crystal planes, Cu2O octahedra enclosed
with the {111} crystal planes, and Cu2O rhombic dodecahedra enclosed with the
{110} crystal planes (Fig. 4.1b) have shown distinct morphology-dependent catalytic
properties that can be well correlated with the surface compositions and structures
of exposed crystal planes [10]. Similarly, cubic and octahedral Ag2O nanocrystals
(Fig. 4.1c) were used as precursor to obtain Ag nanoparticles with a catalytic activity
in methanol partial oxidation that was related to the initial geometry of the system
[12].

When we move to the sub-nanoscale, this correlation with the outer crystal
planes breaks down, and atomic metal clusters composed of less than few tens of
atoms begin to show peculiar structural arrangements which are now dominated by
their size [13] and chemical composition [14, 15]. Of particular interest are clusters
composed of coinage metals, whose properties can be described according to the
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a) b) c)

Figure 4.1: a) Examples of metal nanocrystals with different shapes (outer tan ring)
and the corresponding seeds that lead to their growth (inner blue ring). The green,
yellow, and purple colors correspond to {100}, {111}, and {110} facets, respectively.
The intersection of multiple crystal facets are delineated by red lines. Adapted from Ref.
[5]. b) Scanning electron microscopy images of capping-ligand-free Cu2O cubes (A1),
octahedra (B1) and rhombic dodecahedra (C1). Adapted from Ref. [10]. c) Scanning
electron microscopy images of cubic (c-) and octahedral (o-) Ag2O nanocrystals.
Adapted from Ref. [12].

jellium model [16] and have been intensively studied for the rational development of
cluster-based materials [17]. The geometry of this class of clusters is determined by
their electronic structure, which is composed of filled d-states and of one s-electron
[14]. For example, a relativistically enhanced sd hybridization and d-d interaction
leads to two-dimensional structures for the smallest clusters [18]. Despite the exact
turning point from 2D to 3D structures is still debated, it is generally located in the
range n = 11 − 13 for Aun clusters, and for n = 6 − 7 in the case of Agn and Cun
(Fig. 4.2) [14].

The electronic and geometric properties of matter, and specifically of clusters,
are intimately linked to each other. In the past decade, wide efforts have been
devoted to the development of innovative strategies to simultaneously manipulate
these two factors at the sub-nanoscale. A widely diffuse approach is to use different
ligands to isolate, characterize and tune the properties of the clusters [17, 19]. For
example, using electronegative ligands to reduce the electron count in the core of
noble metal clusters to the magic number 8, which corresponds to the closure of a
superatomic electronic shell, it is possible to induce the formation of nanoparticles
with a metal core composed of 13 atoms in a closed packed icosahedral arrangement
[20, 21]. However, the behavior of metallic clusters and their geometric and electronic
evolution in elementary processes such as oxidation is still unclear and debated. In
particular, it is not understood yet how the local geometric configuration and the
oxidation state in size-selected cluster are affected by their unique electronic and
geometric structures.

To gain insight into this fundamental aspect, we studied the oxidation of Ag11
clusters supported on graphene epitaxially grown on Ru(0001) and compared it with
its bulk counterpart. Such experiment is of particular relevance since Ag oxides play
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Figure 4.2: DFT calculated global minimum configurations obtained for neutral
TMn clusters in gas-phase, where TM = Cu, Ag, Au and n = 2− 15. Adapted from
Ref. [14].

a crucial role in the industrially relevant ethylene epoxidation reaction [22], and it
was performed exploiting the full potential of the ENAC - SuperESCA apparatus
combined with ab initio DFT calculations. The clusters were deposited in situ on the
substrate kept at T = 20 K to avoid their diffusion and preserve the mass selection.
The oxidation was achieved with a method based on the photo-induced dissociation
of physisorbed O2 molecules to obtain atomic O and overcome the high dissociation
barrier of O2 on Ag clusters. A direct comparison between experiment and theory
allowed to quantify the O coverage on the clusters, indicating that an Ag:O atomic
ratio close to 1 can be reached. Finally, further DFT calculations focused on the
most abundant oxidized clusters obtained experimentally showed the appearance
of hybrid structures with local coordination, electronic properties, and charge state
of Ag and O atoms very similar to those of the AgO bulk oxide phase, implying
potential applications for the clusters in the ethylene epoxidation reaction.

The results reported in this chapter have been published in the Journal of Material
Chemistry A, with the title “Oxidation at the sub-nanoscale: oxygen adsorption on
graphene-supported size-selected Ag clusters” [23].

4.1 Cluster deposition and XPS measurements
For our study, we chose to investigate the oxidation of Ag11, a symmetric 3D cluster
with an open electronic shell |1S2|1P 6|1D3|. Based on our DFT calculations, in the
gas phase this cluster has the geometry of a 6-atoms triangular prims with 5 extra
Ag atoms capping all of its facets (Fig. 4.3a). This symmetric 3D structure is optimal
for a comparison with bulk materials. Moreover, the open shell configuration and the
odd number of atoms composing the cluster induce a higher reactivity compared, for
example, to the magic cluster Ag8 [24]. The Ag +

11 mass-selected positive clusters
were produced using ENAC and deposited under soft-landing conditions on GR/Ru,
on which they are electronically neutralized.

The GR/Ru template, which was grown by the chemical vapor deposition of
ethylene (C2H4) on Ru(0001) following the procedure described in the Experimental
section, was chosen for several reasons. Ag-carbon nanostructures have been stud-
ied in a wide range of fields for their optical [25], antibacterial [26] and catalytic
[27] properties. In particular, the experimental study of supported Ag clusters and
nanoparticles has been carried out on highly oriented pyrolytic graphite (HOPG)
due to its inert surface properties, making it a useful substrate for model systems.
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a) b)
Ag11

+

Figure 4.3: a) DFT calculated minimum energy configuration of the Ag +
11 cluster

in the gas-phase under different different perspectives. The square and triangular sides
of the triangular prism at his core are highlighted in green and pink. b) Theoretical
results of the GR/Ru moiré unit cell with C atoms colored base on their distance
from the substrate reported in the bottom panel. Dark gray circles are surface Ru
atoms. Adapted from Ref. [34].

The main drawback of using HOPG relays on the high mobility of clusters at room
temperature [28], which can be partially overcome by sputter-damaging the surface to
create defects sites to stabilize the Ag clusters [29]. However, by doing so, the strong
interaction between the clusters and the surface defect can alter their properties. In
particular, the interaction of Ag nanoparticles on this surface was shown to lead to
the formation of silver carbonate, which was responsible for the catalytic deactivation
of the nanoparticles [30]. On the contrary, the adsorption energy of Ag atoms on
GR/Ru is in the range of 20-30 meV [31–33] and indicates a very weak interaction
with graphene. Therefore, the contribution from the interaction with the substrate
to the geometric and electronic properties of the clusters should be negligible.

Despite the low interaction, which generally implies a high mobility of the clus-
ters, GR/Ru is an optimal template due to the corrugated morphology of its moiré
pattern (Fig. 4.3b). The deposition and growth of metallic [35, 36] and oxide [37, 38]
clusters at room temperature was studied both experimentally and by means of DFT
calculations, showing the formation of mono-dispersed clusters or cluster-assembled
materials on the fcc region of the GR/Ru interface, where they are closer to the
Ru(0001) surface. Similarly, the corrugation accounts for a reduced mobility of Ag
atoms with respect to free-standing Gr, since they tend to remain confined in the
depressed region of the carbon network [39]. However, given the extremely low in-
teraction of Ag with Gr with respect to other transition metals, it was necessary
to further reduce the cluster diffusion on the surface the sample by keeping it at a
temperature of T = 20 K throughout the experiment. In addition, the density of
clusters on the surface was kept always below 9× 10−3 cluster/nm2, which ensured
a statistical occupation of one Ag11 for about 3000 carbon atoms., i.e., ca. 9 moiré
unit cells of GR/Ru.
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Figure 4.4: a) Ag 3d5/2 core level spectra of Ag11 cluster on GR/Ru acquired at T
= 20 K with a photon energy of 470 eV and same core level of an Ag(111) surface
and Ag polycristalline slab. b) Ag 3d level spectra of Ag bulk, Ag5 and Ag10 (spectrum
with squared dots) clusters deposited on sputter-damaged HOPG, and 1 nm-sized Ag
islands prepared using thermal evaporation of Ag atoms on the same substrate. c)
Same spectrum of the Ag13 cluters Ag 3d for different cluster coverage, normalized
for the total coverage. The number of clusters estimated by measuring the sample
current for each sample is given in the figure. b) and c) are adapted from Ref. [29].

The deposited clusters were characterized by means of high resolution XPS mea-
surements performed in situ at the SuperESCA beamline, where the Ag 3d5/2 spectra
were acquired in normal emission and with a photon energy of 470 eV, with a total
energy resolution better than 50 meV. Figure 4.4a shows a comparison between the
Ag 3d5/2 core level of the as-deposited Ag11 cluster, an Ag(111) single crystal surface
and an Ag polycrystalline slab, with the latter two acquired at T = 300 K. As dis-
cussed in the previous chapter, the Ag(111) surface was fitted with two components
separated by 150 meV, one associated to bulk atoms (368.20 ± 0.02 eV) and the
second to surface atoms (368.05 ± 0.02 eV). The XPS spectra of the polycristalline
sample and of the supported Ag11 clusters were fitted with a single component that
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in both cases was centered at 368.17 ± 0.02 eV. The Ag 3d5/2 binding energies of
the clusters are rather similar to bulk and polycrystalline sample, in great contrast
with the experiment described in the previous chapter where smaller Ag clusters
were deposited on bare Ru(0001). This results agrees with previous XPS measure-
ment performed by Dietsche et al. [29] for size-selected Agn clusters supported on
sputter-damaged HOPG (Fig. 4.4b,c). Here, no significant difference in the Ag 3d
BEs where found for clusters in the range n = 3− 16. However, XPS was sensitive to
different particle sizes based on the FWHM, which increased for decreasing cluster
size. The high FWHM was used as a criteria to valuate the cluster nucleation, which
was estimated to take place at a coverage between 4 and 8 ×1012 clusters (Fig. 4.4c).
The total cluster coverage in our experiment (∼ 1× 1012) and the FWHM of ∼ 0.95
eV, greater than the values obtained from the fitting analysis of the Ag(111) surface
and polycrystalline sample (FWHM in the range of 0.35 - 0.55 eV) allows to exclude
the possibility of sintering. The larger width of the core level spectra of supported
size-selected clusters is not a peculiarity of Ag, but it is a rather general trend that
was observed also, for example, for Au [40], Pt [41] and Cu [42] clusters supported on
different substrates. It is generally attributed to the combination of different effects
such as a different lifetime broadening of the hole state for different particle sizes
[29], phonon broadening [41], to the large number of nonequivalent atoms in the
clusters with respect to the fcc arrangement of the bulk and to the various possible
deposition sites and orientations of the supported clusters.

4.2 Cluster oxidation at T = 20 K

An important issue to address for the cluster oxidation is that the energetic barrier for
O2 dissociation cannot be overcome at T = 20 K . Theoretical calculations predicted
that for Agn clusters in the gas-phase with n > 5, the adsorption of dissociated O2
is more favorable than the adsorption of the intact O2 molecule. However, despite
the presence of severely under-coordinated atoms in the clusters, the calculated O2
dissociation barrier seems to be even higher than that for Ag single crystal surfaces
[43].

A potential solution to overcome this problem is the use of plasma-based atomic
oxygen beams. However, this methods counts several drawbacks for our purpose,
such as a high level of contamination arising from the high background pressure that
cannot be avoided and the presence of energetic ions which could induce structural
modifications on cluster and substrate. Therefore, in order to achieve a complete O2
dissociation on the clusters, we had to rely on a different strategy which turns the
low temperature of the system from a limitation into an advantage.

It is well known that at this temperature the dissociation of physisorbed O2 can
be induced by inelastic electron tunneling [44, 45] or by irradiation of UV light [46].
This mechanism is induced by the excitation of a non-bonding ground state to the
repulsive σ∗(O-O) state which leads to dissociation [46]. More recently, a similar
approach was adopted for a synchrotron radiation XPS study on the O adsorption
on Pt(111) at T = 33 K. In this work, it was shown that the excess amount of
photoelectrons produced by the high photon flux can induce the dissociation of O2
molecules physisorbed on the Pt surface, leading to the formation of surface oxides
and atomic oxygen. [47]. To test the possibility to extend this method to our system,
we first studied the physisorption of O2 on bare GR/Ru at T = 20 K. The C 1s
XPS spectrum of clean GR/Ru is shown in Fig. 4.5a, with its two characteristic
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Figure 4.5: a) O 1s and C 1s spectra of the clean GR/Ru at T = 20 K, b) after
a dose of 0.3 L of O2 and c) after irradiating the system with physisorbed O2 for
15 minutes. Next to each set of spectra, the DFT calculated configurations of Gr/Ir
clean, with a physisorbed O2 molecule and with the formation of enolate. Gray balls
stand for surface Ru atoms, red stands for O and turquoise, yellow, light blue and
purple stand for C atoms with different C 1s BEs.

components centered at 285.14 and 284.41 eV and a ratio of ∼ 3.5 [48]. The two
components arise from the highly corrugated morphology of this interface and are
associated to C atoms in the low (CL) and high (CH) regions of the moiré lattice
with respect to the Ru(0001) plane [49]. In the same region of the C 1s core level,
the Ru 3d3/2 can be fitted with a single component centered at ∼ 284.1 eV.

Upon dosing 0.3 L of O2 at T = 30 K, the O 1s spectrum shows two peaks sepa-
rated by 1.12 eV (the largest one centered at 537.72 eV) which are the fingerprint of
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physisorbed O2 (Fig. 4.5b). These peaks arise from the interaction between remain-
ing 1s electron and unpaired final states of 1π∗g level with different spin configurations
(4Σ and 2Σ) [50]. The presence of physisorbed O2 does not modify the C 1s spectrum.
This result is supported by DFT calculations that we performed for a O2 adsorbed
on the fcc site of a Gr/Ir moiré unit cell, which did not induce any modification on
the C 1s core level BEs. Afterwards, the sample was kept under a constant flux of
photons at 400 eV for about 15 minutes, leading to a successful dissociation of O2 as
shown in Fig. 4.5c. After the exposure, both the O 1s and C 1s spectra are modified.
In particular, the the O 1s double peak associated to physisorbed O2 is not longer
observed, while three new components appear. From the fitting analysis of the C
1s spectrum we could also individuate three new components: C1 (shifted by +700
± 100 meV with respect to CH), C2 (shifted by -930 ± 50 meV) and C3 (shifted
by -190 ± 50 meV). To relate this result with the presence of atomic oxygen on the
surface, we performed DFT calculations on the C 1s CLS induced by the formation
of enolate on the Gr, i.e., with one O binding ontop of a C atom of the graphene
layer. According to the most recent studies on the oxidation of GR/Ru, the enolate
species is expected to dominate over the formation of epoxide for low O coverages
[51]. Our calculations indicate that O adsorbed in this configurations affects the C
1s BEs of graphene atoms differently depending on the distance from O: the atom
which binds directly to O undergoes a positive CLS of +550 ± 20 meV, while its
first and second nearest neighbors suffer a negative CLS respectively of -830 ± 50
meV and -190 ± 20 meV. The BEs of the C remaining atoms are not affected by
the O adsorption. These results are in good agreement with the spectral analysis of
the C 1s spectrum, proving the effective O2 dissociation: C1, C2 and C3 components
correspond respectively to atoms binding with O to form enolate species and to their
first and second nearest neighbors. The small difference between experimental and
theoretical results in the C 1s BEs and the presence of a wide range on nonequivalent
O 1s components can be related to O adsorption on different sites of the moiré cell,
to the formation of epoxy species and to O binding to Gr defects [51, 52].

A complete characterization of this system will require further DFT calculations
and XPS measurements which fall outside of the scope of this thesis. In fact, due to
the very low coverage of Ag11 cluster on the surface, we cannot appreciate the effect
induced by cluster adsorption and oxidation to the C 1s and O 1s spectra. On the
contrary the oxidation of the Ag11 can be followed by measuring the Ag 3d5/2 core
level, despite the extremely low cluster density. The O2 dissociation is not caused
directly by the photons, but by the low-energy secondary photoelectrons that are
produced and is affected by the photon energy only to a minor extent. Therefore,
we used the same photon energy and beamline parameters that were adopted for
measuring the Ag 3d5/2 core levels, with a photon flux of < 1016 photons s−1 cm−2.
The spectra acquired after exposing the sample to 0.1 L (light blue) and 0.5 L of O2
(blue) and to X-rays are compared to the as-deposited spectrum in Fig. 4.6a. The
oxidation resulted in a Ag 3d5/2 CLS towards lower binding energies, confirming the
same trend observed for single crystal Ag(111) [53–55] and Ag(100) [56] surfaces or
Ag polycrystalline silver foils [57] under high flux of atomic oxygen. We tested the
oxidation of the clusters also at higher temperature with an O2 dose of 10 L at 77
K (Fig. 4.6b), which resulted in the Ag 3d spectrum remaining almost unaltered,
confirming that the oxidation only occurs due to the X-ray induced dissociation of
physisorbed molecular O2.

We analyzed the experimental data for increasing oxygen coverage with the



Chapter 4: Bulk motifs in oxidized Ag11 clusters on graphene. 69

370 369 368 367 366

Binding energy (eV)

Ag 3d5/2
As deposited
10 L of O2

T = 77 K
a) b)

P
h

o
to

em
is

si
o

n
 in

te
n

si
ty

370 369 368 367 366

Ag 3d5/2
As deposited
0.1 L of O2

0.5 L of O2

T = 20 K

Figure 4.6: a) Ag 3d5/2 core level spectra of Ag11 cluster on GR/Ru acquired at T
= 20 K as-deposited and after two oxygen exposures of 0.1 L and 0.5 L, each followed
by 40 minutes of soft X-ray irradiation to induce the O2 dissociation. b) Same core
level acquired for Ag11 deposited at T = 77 K and after an exposure to 10 L of O2
followed by 40 minutes of soft X-ray exposure.

support of DFT calculations. In particular, we calculated the structures and Ag
3d5/2 BEs for oxidized Ag11O2m clusters in the range m = 0 − 6. We focused
on clusters with an even number of O atoms because the latter is obtained from
the dissociation of O2 molecules physisorbed on the clusters and previous reports
on this dissociation process induced by inelastic electron tunneling proved that O
atoms obtained with this approach remain localized between one and three lattice
parameters from the adsorption site of the molecule [44, 45]. The DFT calculated
minimum energy structures of the graphene-supported Ag11O2m clusters are shown
in Fig. 4.7. The calculations are performed starting from the Ag11 cluster deposited
on the graphene moiré cell supported by four Ru layers, and successively adding
an increasing amount of oxygen. The clusters are placed on the fcc valley of the
corrugated Gr layer, where the interaction with the Ru(0001) surface underneath
increases its stability [35, 36].

To compare the theoretical calculations to the experimental results, we used the
DFT calculated Ag 3d BEs of each atom composing the oxidized cluster to build
the relative Doniach-Šunjić line (Fig. 4.8a). To do so, it was necessary to align
the theoretically calculated BEs to the experimental values and to define the best
lineshape parameters for the Doniach-Šunjić functions, i.e., the Lorentzian (L) and
Gaussian (G) widths and the asymmetry parameter α. Therefore, first we fitted
the as-deposited spectrum using 11 Doniach-Šunjić functions, each associated to
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Figure 4.7: Complete unit cell used for the DFT calculations and top and side
zoomed views of the minimum energy configurations calculated for Ag11O2m with
m = 0− 6.

one atom of the cluster. In the fitting process, the 11 components were required to
have the same area and lineshape, and the relative BE distances were fixed to the
ones obtained from the DFT calculations. The best fit, which is shown in Fig. 4.8b
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Figure 4.8: a) Doniach-Šunjić functions built from the DFT calculated Ag 3d5/2 core
levels for Ag11O2m clusters with m = 0− 6. b) Fitting analysis of the experimental
Ag 3d5/2 core levels of as-deposited, c) mildly and d) highly oxidized Ag11 clusters
performed with the DFT calculated spectra.

together with the fitting residuals, was obtained for L = 0.3 eV, G = 0.7 eV and
α = 0.09. The L parameter is in good agreement with our findings presented in the
previous chapter for the clusters supported on bare Ru(0001) and for the Ag(111)
surface. The good agreement between experimental and theoretical spectra, which is
shown by the fitting residuals in Fig. 4.8b, offer further proofs that the mass selection
is preserved on the surface. With this result, it was possible to align theoretical and
experimental BEs and build the Doniach-Šunjić lines of all the oxidized clusters
using the same lineshape obtained for Ag11. The only difference is that α was set
to 0 given the reduced density of states at the Fermi level expected for oxides [58].
The resulting spectra are centered to progressively lower BEs, in agreement with the
experimental evidence, and possess peculiar lineshapes dominated by the presence
of several nonequivalent atoms in each oxidized clusters. These lines were then used
to fit the experimental data.

After the first exposure of 0.1 L of O2, the analysis indicates the formation of
different Ag11O2m clusters (Fig. 4.8c). The most abundant clusters on the sample
are unreacted Ag11 (57 ± 5%) and Ag11O2 (32 ± 5%), while the percentage rapidly
decreases for Ag11O4 and Ag11O6, which are at the edge of the detection limit.
Ag11O2m clusters withm > 3 are obtained after exposing the clusters to an additional
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Figure 4.9: a) View of the pristine cluster supported on GR/Ru with the geometrical
modifications induced by the interaction with the substrate schematically described.
b) Ag bulk in its fcc crystal structure and comparison with the minimum energy
configurations of Ag11O2m clusters (m = 0− 2) fitting fcc unit cells.

0.5 L of O2 (Fig. 4.8d). In this case, the spectral analysis suggests that an Ag:O
atomic ratio close to 1 can be reached, with the Ag11O12 representing 40 ± 5% of
the total spectral weight. The different intensities of clusters with different oxygen
converges can be linked to their adsorption energy per oxygen atom (Eb), which
drastically changes in a non-monotonic fashion. For example, the higher abundance
of Ag11O12 can be attributed to a Eb 0.4 eV higher with respect to its nearest
neighbor Ag11O10. A similar trend applies to Ag11O2 and Ag11O4: the latter has a
0.5 eV lower Eb compared to the former and does not give a detectable contribution
to the overall spectral weight.

Ag11O12 is the most abundant cluster in our system according to the comparison
of DFT calculations and experimental XPS. Despite the presence in the fitting
analysis of several components which could increase the error bar in the attribution
of the spectral areas associated to each cluster, it is important to underline that
without the presence of Ag11O12, the fitting analysis does not converge to acceptable
χ2 values. The stoichiometry of this cluster is close to the structure of the AgO bulk
phase, which presents an hybrid composition of Ag(I) and Ag(III) ions [59]. Therefore,
it is worth proceeding in a more accurate analysis of the electronic and geometric
structure of this and the other oxidized clusters by means of DFT calculations to
have an accurate comparison with the different bulk oxide phases.

4.3 Structural and electronic analysis of Ag11Om clus-
ters

The geometry of the Ag11 cluster is slightly distorted upon deposition. It assumes
a three-layer structure, with its core that is modified from a right triangular prism
into an oblique triangular prism with an angle of ∼ 70◦ (Fig. 4.9a), and the two
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Figure 4.10: Coordination environment of Ag(I) and Ag(III) ions of Ag2O, Ag2O3
and AgO bulk oxides, with experimental bond lengths. Adapted from Ref. [59].

atoms capping the triangular facets of the prism that follow the modification. With
this geometry, the cluster moves towards an ordered crystalline fcc structures with
the appearance of an octahedral motif. The octahedron, which is the core of the fcc
crystal structure, is formed by one of the vertex of the triangular prism, which upon
adsorption is at the cluster/graphene interface, almost centered with respect to the
topmost square facet, by the square facet itself and by the Ag atom sitting in the
four-fold site on top of the cluster. As shown in Fig. 4.9b, in the fcc unit cell of bulk
Ag (lattice parameter a = 4.09Å [60]) the 6 atoms centered in the cubic facets form
an octahedron, with the remaining 8 atoms at the corners of the cube that cape each
of its facets. Similarly, the Ag11 cluster fits well a cubic fcc structure with a lattice
parameter a = 3.93Å, with the atoms composing the newly formed octhaderon placed
at the center of the 6 facets of the cubic cell and 4 more atoms close to the bottom
corners of the cube. The structure gets progressively more ordered and more similar
to the bulk crystal by increasing the oxygen coverage on the cluster. For m = 1, ten
out of the eleven atoms of the clusters sit approximately on the sites of a fcc unit
cell with a lattice parameter a = 4.04 Å, with only the topmost corners that are left
empty. Finally, for m = 2 also the 11th atom of the cluster approaches an fcc site in
one of the top corners of the cube, and the Ag11O4 cluster now fits a unit cell with
the same lattice parameter a = 4.09 Å of Ag bulk crystals.

Such resemblance to a bulk crystalline ordered structure is absolutely uncommon
in clusters of this size. It was previously observed only in the kernel of larger protected
Ag and Au clusters such as Ag70 [61], Au28 [62] and Au36 [63]. The progressive
evolution from a triangular-prism structure to a fcc-like cluster with a complete
octahedral core could pave the road towards the understanding of the transition
from cluster to bulk-like crystalline structures.

Besides the effects on the global morphology of the clusters, O adsorption induces
the formation of local structural motifs which are the building blocks of the Ag bulk
oxides. The adsorption of 2 O atoms (m = 1) leads to the formation of a linear
O−Ag−O configuration on the topmost part of the cluster, which is the typical
local geometry of d10 Ag(I) ions in Ag2O and AgO bulk oxides (Fig. 4.10) [59].
The O−Ag bond length of 2.10 Å is slightly larger (2.5%) when compared to the
experimental findings for Ag2O bulk systems (2.10 Å) [64], but it is consistent with
calculations performed with similar DFT formalism [59]. With the adsorption of two
extra O atoms (m = 2), the linear geometry is replaced by a square-planar AgO4
unit typical of the d8 Ag(III) ions in the AgO and Ag2O3 bulk phases. The average
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Ag−O in the AgO4 unit decreases to 2.05 Å, which is still slightly larger than the
experimental bulk values of AgO and Ag2O3, that range between 1.96 and 2.05 Å
[65, 66], but is consistent with the values obtained with similar DFT calculations [59].
This outcome can also be compared with the oxidation process of single crystal silver
surfaces. The square-planar AgO4 is very dissimilar to the local morphology of the
several reconstructed Ag(111) surfaces that have been deeply investigated by means
of several experimental and theoretical techniques [54, 67, 68]. The only proposed
structure with similar AgO4 sub-units is the c(4× 8) phase, which is obtained for an
O coverage of 0.5 ML and was only recently confirmed by state-of-the-art simulations
based on first-principles total energy calculations combined with atomistic structure
learning algorithm developed for structural determination [69].

Finally, a large structural reconstruction of the cluster is obtained for Ag11O12
(m = 6), i.e., the cluster with the highest oxygen density probed in our calculations
and the most abundant cluster after the 0.5 L O2 dose accordingly to our previous
analysis. This cluster does not show an fcc structure, but it is composed of both
Ag atoms forming AgO4 units (typical of d8 Ag(III) ions) and in a linear O−Ag−O
structure characteristic of Ag(I) ions with d10 orbitals. This hybrid composition is
very similar to the AgO bulk phase, which is also composed of Ag(I) and Ag(III)
ions [59]. Moreover, the average Ag-O bond lengths in the cluster are consistent
with the experimental findings and theoretical calculations on this bulk oxide: the
Ag(I)-O and Ag(III)-O bond lengths in the bulk are 2.16 Å and 2.03 Å, while the
correspondent values we calculated in the Ag11O12 clusters are 2.17 Å and 2.06 Å.

To further compare the oxidized clusters to their bulk counterparts, we performed
a Bader charge analysis and calculated the projected density of states (PDOS) of
atoms in the clusters with different local environment and with different oxidation
state. To have a more consistent comparison, we performed the same calculations
for the two bulk oxides Ag2O and AgO.

Starting from Ag11O2, the Bader charge in the Ag atoms forming the linear
O−Ag−O motif is very similar to the value calculated for the Ag(I) ions in Ag2O:
0.49e and 0.47e, respectively. Similarly, the Bader charge analysis on the atom forming
the square-planar AgO4 unit in Ag11O4 resulted to be 0.96e, very similar to the value
calculated for Ag(III) ions in the AgO bulk oxide (0.99e). The appearance of a single
Ag(III) (and Ag(I)) ion in the clusters is intriguing, since it is co-occurring with
a clear breakdown of the superatomic behavior, with a single atom of the atomic
agglomerate that reaches a different oxidation state than the others. Finally, Ag11O12
can be compared with the hybrid AgO bulk oxide. We obtained values of 0.58e, 0.96e
and −0.77e respectively for Ag(I), Ag(III) and O ions in the cluster, differing by
less than 13% from the values of 0.65e, 0.99e and -0.85e that we calculated for their
counterparts in the bulk phase.

The PDOS of different ions in the oxidized Ag11O2m clusters are compared to bulk
Ag2O and AgO bulk oxides in Fig. 4.11. Starting from the metallic state (m = 0),
the PDOS is in agreement with that of similar systems involving Ag atoms and small
clusters on graphene [70, 71], with the Ag 4d band almost entirely confined in the
range εF − ε = 6 − 2.5 eV and with its maximum at 3.5 eV. For m = 1 (Ag11O2),
Ag(I) ions in the cluster are again very similar to their counterparts in the Ag2O
bulk oxide. The Ag 4d and O 2p states dominate the energy range from 7 to 4 eV,
with a small contribution coming from the s-states. The maximum of the Ag 4d
band in the cluster shifts towards the Fermi energy and is now between 3.1 and
2.7 eV, similar to the position of the maximum for Ag2O (3.4 − 2.8 eV). The two
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Figure 4.11: Calculated PDOS for different ions forming the Ag11O2m supported
clusters (m = 0, 1, 2 and 6) compared to Ag2O and AgO bulk oxides. The contributions
to the total PDOS from Ag 4d, 5p, 5s and O 2p-states are reported.

systems look alike also in the region closer to the Fermi energy (2.0− 0.0 eV), where
the valence band is a mixture of Ag 4d and O 2p states, with a small contribution
coming from Ag 5s, while the conduction band is a mixture of Ag 4d, 5s and 4p
states. Moving to m = 2, the Ag 4d band of the atom in the square-planar AgO4
unit drastically decreases in the energy range 4.0 - 2.0 eV, while an anti-bonding
state appears above the Fermi energy. This structure is very similar to the one we
calculated for Ag(III) ions forming AgO, which show a similar anti-bonding state
and a almost homogeneous distribution of Ag 4d states in the range 7 - 1 eV. For
the highly oxidized Ag11O12, the hybrid geometric structure is reflected also on the
PDOS, with clear difference between the two non-equivalent Ag species. Also in this
case, the Ag ions in the square-planar AgO4 and linear O−Ag−O units are very
similar to the Ag(III) and Ag(I) ions in the AgO bulk oxide. For the former family
of ions, the d-band is spread in the energy range from 6.3 to 0.8 eV (from 6.8 to 1.0
eV for Ag(III) in AgO), and an anti-bonding state is located above the Fermi energy.
For the ions in the linear units, the d-band is mainly localized in the range 3.5 - 2.3
eV and is peaked at 2.8 eV. Similarly, Ag(I) in AgO is mainly confined in the energy
region 3.6 - 1.6 eV and reaches its maximum at 2.7 eV.

The clear appearance of bulk motifs at this scale seems to be a peculiar behavior of
oxides, since it is not observed for metallic clusters or other elements such as Si [72], B
[73] and C [74]. On the contrary, it was observed that (WO3)n and (MoO3)n clusters
for n = 1 − 4 obtained from high temperature sublimation of the corresponding
bulk oxides preserve their original structure [75]. Our work extends this concept also
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Figure 4.12: Calculated oxygen vacancy formation energy (EOvac) of different O
atoms bonding to Ag(I) (gray) and Ag(III) (red) ions in the Ag11O2mcluster (m =
1, 2, 6) expressed as a function of their Bader charge. Large squares of each color
correspond to the average of the corresponding set of values.

for oxidized clusters obtained from the chemical oxidation of their supported metal
counterparts, rather than from the direct fragmentation of bulk oxides. This new
understanding can have important implications on the atomically precise design of
sub-nano catalysts [76]. The appearance of bulk oxide motifs in the Ag clusters can
also have important implications on their technological exploitation, in particular
in the ethylene epoxidation reaction, for which Ag is the main catalyst [22]. To
investigate the catalytic reactivity of the different atoms in our clusters, we performed
calculations on the oxygen vacancy formation energy (EOvac). This value corresponds
to the energy required to remove one O atom from the cluster and can be used to
predict the trend of catalytic performance [77]. Figure 4.12 shows the relationship
between EOvac and the Bader charge of O atoms binding to different Ag ions in the
clusters. The result is that the average EOvac (large squares) is lower for O atoms
binding with Ag(III) ions and forming the square-planar AgO4 units, suggesting that
the formation of this specific local geometry, where O atoms show the lowest Bader
charge, can play a key role in the chemical reactivity of the clusters.

4.4 Conclusions

The geometric evolution from single atoms to three dimensional structures represents
a crucial topic in nanoscience. This issue is particularly relevant in the case of
the formation of nano-oxides, whose structural complexity is matched only by their
potentialities in heterogeneous catalysis. In this respect, we investigated the oxidation
of an Ag11 cluster supported on epitaxial graphene on Ru(0001), combining XPS with
synchrotron radiation and ab initio DFT calculations. The clusters where produced
with the cluster source ENAC and deposited in soft-landing conditions on the sample
at T = 20 K to prevent sintering. To achieve a high degree of oxidation on the
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cluster at this low temperature, we exploited a method based on the dissociation of
phyisisorbed O2 induced by secondary electrons generated by soft X-ray irradiation.
In this way, we were able to oxidize the clusters with very small O2 exposure and
preserving the mass selection.

Our analysis on the oxidized spectra indicated that a single Ag11 cluster can
bond with up to 12 O atoms, reaching a final stoichiometry similar to the AgO bulk
oxide. A deeper analysis based on the outputs of DFT calculations on the local
geometries, Bader charge distribution and PDOS further highlighted the similarities
of the clusters with their bulk conterparts. In particular the oxidized Ag11O12 cluster
reaches a final hybrid structure formed of d10 Ag(I) and d8 Ag(III) ions, the same
composition of the AgO bulk phase. The presence of bulk-like motifs in the clusters
shows that matter at this scale behaves in a different way with respect to the widely-
investigated world of solid surfaces. Moreover, this result supports the application
of oxidized size-selected Ag clusters for chemical reactions such as the epoxidation
of ethylene. In this regard, calculations on the oxygen vacancy formation energy in
the clusters highlighted the important role played by the appearance of Ag(III) ions
in square-planar AgO4 units, which lead to O atoms with a lower Bader charge and
higher EOvac.
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CHAPTER 5
Anomalous core level shifts in oxidized Agn

clusters

The concept of oxidation state was introduced over two centuries ago to describe the
stepwise increase in the amount of oxygen bound by elements that form more than
one oxide [1]. Its formal definition relies on a well agreed set of electron counting
rules [2], although the concept itself of oxidation state and its relationship with
ionicity and charge state have been debated for decades [3–5]. To date, the dispute
still continues [2, 6–8], but what is certain is that this trait of matter plays a key
role in modern materials science [9–12].

Starting from the pioneering work by Siegbahn and co-workers [13], X-ray pho-
toelectron spectroscopy stood up as one of the central experimental techniques to
study the oxidation state of matter in different shapes and environment. Adsorption
of oxygen leads to a CLS due to its high electronegativity that affects the charge
localization and the electric field generated in a crystal. In particular, according to
an electrostatic model that is typically used to rationalize chemical shifts [14], the
shift of a core state at site i is given by

∆Ei = kqi +
∑
j 6=i

qj
Rij

,

where qi is the net charge on the i-th atom, k is the Coulomb repulsion integral
between valence and core states, and Rij is the distance between between the i-th
and j-th nuclei [15]. According to this model, higher oxidation states, which are
associated to a higher positive charge in the oxidized ion, lead to higher BEs [16, 17].
The possibility to distinguish different components associated to different oxidation
states with XPS is of paramount importance to characterize and understand the
behavior of matter in different chemical environments [9, 10].

Among transition metals, there are few exceptions to this general trend. The first
one to be reported was the case of silver, whose Ag 3d core levels move towards lower
BEs for increasing oxygen densities [19, 21]. The first evidence of this anomaly dates
back to 1973, when Gunnar Schön reported that the Ag 3d5/2 BE in Ag2O powders
is lower (367.7 ± 0.1 eV) than for a clean Ag foil (368.1 ± 0.1 eV) [22]. Similar
experimental studies have been performed in the following decades for different
Ag oxide systems in combination with ab initio DFT calculations, confirming this
anomalous trend. More recent assignments of the binding energies of Ag(0), Ag(I)
and Ag(III) oxidations state in highly oxidized Ag films (Fig. 5.1a) correspond to
368.24, 367.30 and 366.80 eV, respectively [18]. Similarly, the O adsorption on Ag(111)
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a) b)

c)

Figure 5.1: a) High resolution XPS Ag 3d5/2 core levels for polycrystalline silver foil,
as well as oxidized silver films deposited with atomic oxygen under different conditions
and fitting analysis with Voigt functions. Adapted from [18]. b) DFT calculated 3d
CLSs for Pd(111), Ag(111) and c) Ag(100) as a function of oxygen-metal bonds. The
CLSs are expressed with respect to the bulk counterpart. b) Adapted from [19]. c)
Adapted from [20].

[19] and Ag(100) [20] single crystal surfaces leads to an increasing negative CLS that
scales with the number of bonds (NB) that an emitting Ag atom is forming with O
(Fig. 5.1b,c). In their study on the oxidation of Ag(111), Grönbeck and co-workers
where able to link the reversed photoemission CLS of Ag oxides to their peculiar
valence band [19]. In particular, they adopted a complementary experimental and
theoretical approach to compare the oxygen adsorption on Ag(111) and Pd(111)
involving the study on the CLSs, a Bader charge analysis and calculations on the
d-band modifications induced by O adsorption. With this method, they evidenced
how bonding of oxygen to the two metals is substantially different character: for Pd,
the bonding includes contributions of the d-states, whereas for Ag, the bonding is
attributed mainly to s-states. In particular, while for Pd the shifts of the d-band
center (∆εd) are proportional both to NB and to the Pd 3d CLSs, in the case of
Ag the d-band is nearly unaffected by O adsorption, despite a clear metal-to-oxygen
charge transfer (Fig. 5.2). Therefore, they concluded that the negative CLS of Ag
can be attributed to final-state due to the fact that the screening of the core-hole
occurs in metal s-states of bonding character, rather than on d-states.

Understanding the oxidation of Ag is extremely relevant due to its catalytic
applications [23, 24]. However, the dominant contribution of final-state effects to the
Ag 3d CLSs makes this task much more arduous. When the modifications of the core
level BEs are dominated by initial-state effects, they are typically proportional to
the d-band center shifts ∆εd [19, 25, 26], which is a well know indicator of chemical
reactivity according to the Hammer-Nørskov model [27]. For this reason, they are
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a)

b)

c)

Figure 5.2: a) Structural models for O adsorption at 0.25 (left), 0.5 (center), and
0.75 (right) ML coverage used. b) Bader charge, ∆εd and initial-state contributions
∆V for Pd(111) and Ag(111) as a function of oxygen-metal bonds. c) PDOS of
Pd(111), 3O/Pd(111), Ag(111), and 3O/Ag(111) (from top to bottom). The energies
are reported with respect to the corresponding Fermi energy. Solid (dashed) lines
correspond to projection on metal 4d-states (O 2p-states). a-c) Adapted from [19].

rich in information about the chemical properties of a material. On the contrary,
final-state effects, which are related the presence of a core-hole in the final-state of
the photoemission process, are difficult to explain without the support of specific
DFT calculations. This applies also to size-selected clusters, where the possibility to
disentangle final- and initial-state effects led in the past to link the experimentally
measured XPS CLS to their chemical reactivity [28]. In the case of small clusters,
the contribution arising from initial- and final-state effects is different compared
to their bulk counterparts, as they are greatly affected by the reduced size and
unique electronic properties [29–33]. Therefore, one may wonder: what happens to
the Ag CLS anomaly at the sub-nanoscale? In the previous chapter we have seen
that O adsorption progressively shifts the overall Ag 3d BE of clusters towards lower
values, confirming the trend observed for bulk and surface oxidation. However, we
have also seen that the Ag 4d-band is greatly affected by O adsorption, contrary
to the case of Ag(111) oxidation [19]. This suggests that the O adsorption on the
clusters is indeed different with respect to surfaces. Motivated by this aspect and
by the technological relevance of Ag oxides, we further investigated the effects of
O adsorption in the cluster to understand the Ag 3d CLS of each atom composing
them as a function of the number of oxygen bonds NB per Ag atom. In particular,
we followed the approach used by Grönbeck and co-workers to study the oxidation
of Ag(111), focusing our experiment and theoretical calculations on the Ag11 and
Ag7 clusters deposited on graphene epitaxially grown on Ru(0001). The hybrid
structure that Ag11 reaches upon oxidation allows the study of the CLS of Ag ions
with different oxidation state within the same cluster, resulting very suited for this
study. Moreover, we implemented the work including an experimental and theoretical
analysis on the oxidation of Ag7, the largest two-dimensional cluster according to our
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DFT calculations (see chapter 2.6) to test the role played by the cluster morphology
on its electronic properties. Our results indicate that the Ag 3d5/2 CLS of the atoms
in the clusters follows the negative trend typical of Ag for low NB, but the trend
breaks down for larger O densities. In particular, Ag(III) ions (NB = 4) show a
smaller CLS compared to Ag(I), closer to Ag(0). This effect is directly linked to the
role played by the d-band center which drastically changes for an increasing number
of Ag-O bonds, enhancing the initial-state contribution to the overall CLS. This is a
striking difference compared to the oxidation of Ag on larger scales and it indicates
that the well-established trends found in bulk matter and on solid surfaces might
differ greatly for atomic clusters because of their reduced size and unique electronic
properties.

The results reported in this chapter have been published in the journal Applied
surface science with the title “Breakdown of the correlation between oxidation states
and core electron binding energies at the sub-nanoscale” [34].

5.1 Cluster deposition and oxidation

The generation and deposition of Ag +
7 clusters on GR/Ru is performed mimicking

the experiment described in the previous chapter to allow for a direct comparison
with the results obtained for Ag +

11 . The temperature of the system is T = 20 K
and the total cluster coverage corresponds to a statistical occupation of one cluster
every 9 moiré cells to prevent cluster sintering and preserve the mass selection.

Figure 5.3a shows a comparison of the Ag 3d5/2 spectra of acquired for Ag7
and Ag11 clusters (top) after the deposition on GR/Ru and with Ag7 deposited on
bare Ru(0001) (bottom). On GR/Ru, the Ag 3d5/2 core level of Ag7 is centered at
368.24 ± 0.02 eV, 70 ± 40 meV higher than Ag11 (368.17 ± 0.02 eV). This small
difference is consistent with the work by Dietsche and co-workers fo Agn clusters
supported on sputter-damaged highly oriented pyrolitic graphite [35]. They reported
small Ag 3d CLSs towards lower binding energies (less than 100 meV) for increasing
cluster size that co-occurs with a decrease of the full-width-half-maximum of the
spectra. Similarly, the spectral analysis that we performed for Ag7 and Ag11 on
GR/Ru indicates a larger Gaussian width (G) for the smaller cluster (G = 0.97 ±
0.02 eV vs 0.73 ± 0.02 eV). It is interesting to compare these values with the ones
obtained for the same Ag7 cluster deposited on bare Ru(0001). In this latter case,
the G parameter was 0.23 ± 0.02 eV, much smaller than on GR/Ru. This difference
can be accounted to (i) the higher inhomogeneity of the moiré lattice of GR/Ru with
respect to the highly ordered Ru(0001) surface and (ii) to the lower interaction of the
clusters with graphene rather than with Ru. The combination of these two factors
increases the possible adsorption configurations of the clusters on the surface, which
contribute to the Gaussian broadening [36].

The oxidation of Ag7 was performed in two different steps, with exposures of
0.1 and 0.5 L of O2 in the same conditions applied for Ag11 to induce the photo-
dissociation of physisorbed O2 with soft X-ray irradiation at T = 20 K. The XPS
spectra are shown in Fig. 5.3b. To analyze the data, we performed DFT calculations
of on the minimum energy configurations of oxidized Ag7 clusters in the fcc cell of
a complete moiré cell supported by 4 Ru layers (Fig. 5.4). Specifically, we built the
Doniach-Šunjić line associated to the calculated Ag 3d5/2 BEs of Ag7Om clusters
with an even number of O atoms and used them to fit the experimental data. The
fitting residuals obtained for the clean clusters indicate a good agreement between
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Figure 5.3: a) Ag 3d5/2 core level spectra of pristine Ag7 and Ag11 cluster on GR/Ru
and Ag7 on Ru(0001) with a photon energy of 470 eV. The spectra on GR/Ru are
acquired at T = 20 K, while the spectrum on Ru(0001) at T = 300 K. b) Same core
level of the Ag7 cluster for different oxidation steps (from the top clean, 0.1 L and
0.5 L of O2) acquired at T = 20 K and after soft X-ray irradiation. The spectra are
fitted using the DFT calculated spectra of oxidized Ag7Om clusters (m = 0, 2, 4, 6, 8.

experiment and theory. For the lowest O2 dose, Ag7 reaches an higher density of O
with respect to Ag11. While for the larger cluster we only detected Ag11 and Ag11O2,
for Ag7 almost 30 ±5 % of the total spectral weight can be associated to Ag7O4.
Moreover, our analysis indicates also a small amount of Ag7O6 (15 ±5 %). Finally,
after the largest O2 dose of 0.5 L, almost 70 ±5% of the total spectral area can be
associated to Ag7O8.

The fact that a higher percentage of Ag7 cluster can reach a Ag-to-O ratio above
1 compared to Ag11 can be related to its smaller size and two-dimensional structure.
Although neither Ag7 or Ag11 posses atoms in their bulk, the latter has several atoms
at the cluster/graphene interface, where physisorbed O2 may not bind as easily as in
the other sites of the cluster. On the contrary, all the atoms forming Ag7 are directly
exposed, which may facilitate the O2 physisorption. It is also important to notice that
Pt clusters of similar sizes where reported to have an O affinity which increases with
decreasing size, resulting in smaller clusters being easier to oxidized than larger ones
[37]. Therefore, a similar effect may apply also for Ag, thus facilitating the oxidation
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Figure 5.4: Top and side views of the relaxed minimum energy configurations cal-
culated for graphene-supported Ag7Om clusters for m = 1− 8.

of Ag7 with respect to Ag11. Despite this difference, in both cases highest O-to-Ag
ratio achievable by the clusters with our oxidaton method at T = 20 K appears to
be slightly larger than 1, with a final stoichiometry similar to the bulk phase AgO.

The experimental data indicates that, also for Ag7, higher oxygen exposures lead
to a negative Ag 3d5/2 CLS, suggesting once again that the Ag anomaly is somehow
preserved also at this scale. However, due to the large intrinsic Gaussian width and
to the co-existence of different oxidized clusters on the surface, it is not possible to
obtain information on the behavior of the different atoms composing the cluster as
a function of the number of O bonds. To reach an atomistic understanding on this
fundamental aspect, we relied on ab initio DFT calculations.
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Figure 5.5: Top and side views of the relaxed minimum energy configurations cal-
culated for graphene-supported Ag11Om clusters with an odd number of O atoms in
the range m = 1− 9.

5.2 Core level shift anomaly in clusters

The CLS anomaly of oxidized Ag clusters was studied for Ag7Om (m = 0− 8) and
Ag11Om (m = 0 − 10 and 12). We extended the calculations also to clusters with
an odd number of O atoms to increase the data statistics, although such clusters
were not used to fit the experimental data. The minimum energy configurations of
Ag7Om and of the newly calculated Ag11Om clusters with odd m obtained from the
DFT calculations are shown in Fig. 5.4 and Fig. 5.5, respectively. For our study, we
define NB as the number of oxygen atoms that are bound to a given Ag atom with
a O−Ag bond length below the threshold value of 2.30 Å. This value arises from the
typical O−Ag distance in bulk oxides such as Ag2O, AgO and Ag2O3 [38], oxidized
silver surfaces [20, 39] and small Ag clusters in the gas-phase [40], which ranges from
1.90 to 2.30 Å. The CLSs are expressed using as reference the the bulk Ag 3d5/2 BE
that we fitted from the Ag(111) spectrum in the previous chapters (BE = 368.20
eV).

Figure 5.6a a shows the calculated Ag 3d5/2 CLS of the atoms in the oxidized
clusters as a function of the number of oxygen bonds NB. For NB = 0 - 2, the CLS
progressively increases, but the linear trend surprisingly breaks down for larger values.
Specifically, for Ag7 the trend is linear in the range NB = 0 - 2 with a slope of -0.34
eV/NB, while for Ag11 the linear trend continues up to NB = 3 with a steeper slope
of -0.41 eV/NB. Such values are similar to those found for a Ag(100) surface up to
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Figure 5.6: a) DFT calculated Ag 3d5/2 CLS, b) Bader charge and c) ∆εd of Ag
atoms forming oxidized Ag7Om (m = 1− 8) and Ag11Om (m = 1− 10, 12) clusters
as a function of NB. Circles are calculated values of the different atoms composing
the clusters, squares represent the average value for each NB.

NB = 4 (Fig. 5.1c), where the CLS increases by -0.29 eV/NB. On the contrary, for
NB = 4, i.e., for those atoms possessing a square-planar AgO4 geometry and with
oxidation state 3+, the CLS in the clusters decreases. It is particularly meaningful to
compare the CLSs of atoms with NB = 2 and 4, since they can be formally attributed
to Ag(I) and Ag(III) ions. The CLS associated to Ag(I) is -0.7 ± 0.3 eV (BE = 367.5
± 0.3 eV) in Ag7 and -1.1 ± 0.3 eV (BE = 367.1 ± 0.3 eV). These results are in
close agreement with the values obtained for the oxidation of Ag films with atomic
O, where the component associated to Ag(I) was found at 367.3 eV [18]. The large
error bars of the calculated CLSs arise from the standard deviation associated to the
BE dispersion for each NB, with the core level energies that are affected by other
contributions coming, for example, from different metallic coordination numbers [41]
and interatomic distances [30]. For Ag(III), the CLS in both clusters deacreases, with
the BEs that move back towards the metallic value. In the case of Ag7, the 3d5/2
calculated CLS is -0.4 ± 0.2 (BE = 367.80 ± 0.2 eV). For Ag11, the CLS is -0.7 ± 0.1
eV (BE = 367.50 ± 0.1 eV). Therefore, the Ag 3d5/2 BEs associated to different
oxidation states in the clusters are ordered as Ag(0) > Ag(III) > Ag(I), breaking
the general trend that associates higher oxidation states to higher CLSs.

Similar trend inversions in the core electron BEs upon oxidation are not generally
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new in nature. They occur in other systems such as cobalt, where Co(III) exhibits
a lower BE than Co(II) [42], and in alkali metals such as barium, where Ba(II) in
BaO shows a lower BE than metallic Ba(0) [43]. These effects arise from competition
of several initial-state effects such as the charge on the cation, which accounts for
positive CLSs, and the Madelung potential of the surrounding crystal lattice, which
lowers the observed BEs [42, 43]. However, in the case of Ag this anomaly in the
already anomalous 3d CLSs appears to be related to the reduced size of the clusters,
since it does not occur at larger scales [18–20]. To investigate its origin, we performed
a Bader charge analysis and studied the effects induced by O adsorption on the Ag
4d-band with a similar procedure adopted by Grönbeck and co-workers to study the
reversed CLS on Ag(111) [19].

The results of the Bader charge analysis are shown in Fig. 5.6b, where the charge
of each single atom in the clusters is expressed as a function of NB. Both for Ag7
and Ag11, the positive charge in Ag cations increases linearly in the whole range
NB = 0 − 4 with a slope of 0.21 e/NB (linear correlation coefficient 0.95 ± 0.02) .
This behavior mimics the oxidation of Ag(111), where a similar slope of 0.22 e/NB

can be extrapolated in the interval NB = 0−3. The average charge in the clusters for
Ag cations with NB = 2 is 0.48 ± 0.09e in both clusters, in agreement with the value
of 0.47 ± 0.02e that we calculated for Ag(I) cations in bulk Ag2O in the previous
chapter. Similarly. the average charge in Ag cations with NB = 4 is 0.95 ± 0.03e, in
close agreement with our calculations for Ag(III) ions in AgO (0.99 ± 0.02). This
analysis clearly indicates that the oxidation state of the Ag atoms in the clusters
increases linearly with NB as it happens for Ag(111). Therefore, the non-monotonic
trend of the CLS is not caused by an anomalous charge transfer effects between
oxygen and Ag atoms.

A very different result is obtained from the second part of the analysis shown in
Fig. 5.6c, where we focused on the changes in the Ag d-band center ∆εd induced by
O adsorption. In the oxidation of Ag(111) this value is nearly unperturbed by the
presence of O, while for the clusters it drastically changes for different NB. It reaches
the highest value of -1 ± 0.3 eV (with respect to the bulk reference of metallic Ag
that we calculated to be εBd = 3.92 eV) for NB = 2, where the negative sign indicates
an upshift towards the Fermi energy. For NB = 4, ∆εd decreases back to 0.0 ± 0.2
eV for Ag7 and to -0.2 ± 0.2 eV for Ag11, following a very similar trend than the
Ag 3d5/2 CLS. The response of the d-band to the O adsorption indicates that the
Ag−O bonds in the clusters clearly involves Ag 4d-states, while for metallic surfaces
the bonding is attributed mainly to s-states.

The role played by the Ag 4d states in the Ag−O bonds is better highlighted
in Fig. 5.7, where we report the Ag 4d and O 2p partial density of states (PDOS)
projected onto a representative set of atoms for each NB. For NB = 0, the clusters
look rather similar to Ag(111) (Fig. 5.2c), with a width of the d-band of ∼ 3 eV,
from 6 to 3 eV below the Fermi energy. However, the oxidation affects the width
of these states in Ag(111) scarcely, with small features that appear in the range 2
- 0 eV. They can be assigned to bonding and antibonding combinations of Ag 3d
and O 2p states, but they never cross the Fermi energy [19]. On the contrary, the
d-band of the clusters broadens upon oxidation, reaching a width of ∼ 7 eV and, for
NB = 3− 4, it forms antibonding states above the Fermi energy. The final valence
band of the clusters is more similar to those of oxidized transition metals such as
Pd (Fig. 5.2c) [19], Ru [26] and Rh [25]. In such metals, the d-band broadening and
the fact that it crosses the Fermi energy requires an adjustment of the center of the
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Figure 5.7: Calculated PDOS for a representative set of Ag atoms forming the
oxidized Ag7Om (m = 1 − 8) and Ag11Om (m = 1 − 10, 12) clusters for each NB.
On the side of the PDOS, the ball model of the associated relaxed structure where
the atom of each NB is highlighted. The red vertical lines indicate the position of the
d-band ceter εD.

d-band εd, which shifts to higher energies to preserve charge neutrality. According
to a simple model that assumes rectangular bands, even the core levels follow this
shift and inherit their typical positive CLSs [44]. Therefore, the CLS anomaly in the
clusters can be attributed to this behavior of the d-band and is directly liked to ∆εd.

It is crucial to underline that the CLS inversion for the highest oxidation state
does not clash with the experimental data, where a higher O2 exposure leads to
progressively BEs. This trend is consistent with the average Ag 3d5/2 BEs obtained
from our calculations for an increasing O density in the clusters, which is shown in
Fig. 5.8. What happens here is that the smaller CLS of Ag(III) is counterbalanced
by the higher value of Ag(I) ions and, due to the hybrid structure of the clusters and
to the large Gaussian width of the spectra, it is not possible to disentangle the two
contributions and experimentally appreciate the CLS anomaly.

5.3 Discussion: Implications of the CLS anomaly

The presence of an anomalous trend in the Ag 3d CLS of the clusters has several
interesting implications. First of all, it clearly underlines once again the uniqueness of
the clusters with respect to their counterparts at larger scales. For Ag, it is not possible
to extend the well-known trend studied for metallic surfaces and bulk materials to
the sub-nanoscale due to the high reactivity of the clusters and to the role played by
the d-band in the Ag−O bonds. This result may apply also to other materials such
as alkali metals. As we briefly discussed before, alkali metals such as Ba can present
anomalous CLS upon oxidation, with Ba(II) in BaO that shows a lower BE than
in the metallic phase [43]. This effect was associated to a large Madelung potential
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Figure 5.8: Average DFT calculated Ag 3d5/2 CLS of oxidized Ag7 and Ag11 clusters
as a function of the oxygen density.

at the cation sites, which acts to decrease the core level BEs from the values of
a free cation. The Madelung potential is related to crystalline structure of a bulk
material and to the interatomic distances [45], therefore it is reasonable to expect
its contribution to the CLS to change for small clusters, which do not typically show
a crystalline structure [46]. More in general, this result could be extended also to
other elements of the periodic table due to different contributions of initial- and
final-state effects in the clusters. It would be particularly interesting to study the
effect of oxidation on an element such as Si, whose oxide is one of the most important
and studied in material science and electronics, and it is often considered as a model
system to explain the correlation between CLSs and oxidation state [47, 48].

A second interesting outcome of our results concerns the negative ∆εd induced by
O adsorption on the clusters. According to the Hammer-Nørskov model, the position
of the d-band center εd is an indicator of the chemical reactivity of a system [27].
The closer εd is to the Fermi energy, the higher is the reactivity of a system. This
model is extensively used in nanotechnology for electronic band-engineering, where a
nanomaterial is doped with other elements to induce a shift of εd and enhance their
catalytic properties [49–52]. For example, the d-band center of Ag-based nanoparticles
was successfully shifted by almost 0.2 eV towards the Fermi energy by doping them
with Pd atoms and forming an alloy [53]. Remarkably, the εd of atoms in the clusters
with NB = 2 is shifts by 1 ± 0.3 eV, and its shift is accompanied by a proportional
CLS in the Ag 3d core level. This suggests that the reactivity of the atoms in the
clusters increases with oxidation and that the evolution of their chemical properties
can be followed by means of a powerful technique such as high resolution XPS. In
particular, Ag(I) ions (NB = 2) appear to be the most reactive one according to
their largest ∆εd. This could facilitate the formation of the higher oxidation state
3+ through a mechanism known in surface science as indirect interaction, where
one adsorbate modifies the electronic structure of a surface in such a way that the
adsorption energy of a second adsorbate is changed [27]. It is common that the
adsorption of O or other adsorbants leads to a downshift (away from the Fermi
energy) of the d-states of the neighboring surface atoms, making it harder for a
second adsorbate to bond on the same surface [25, 26, 54, 55]. In our clusters, the
O adsorption induces an upshift of the d-states, which facilitates the adsorption of
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new adsorbates [56, 57] and the formation of the higher Ag(III) oxidation state. This
effect is extremely interesting if we consider the potential applications of the oxidized
Ag clusters in the ethylene epoxidation reactions. As we discussed in the previous
chapter, the oxygen vacancy formation energy in the clusters indicates that O atoms
binding to Ag(III) are easier to remove and therefore are the main candidates to
promote the epoxidation of ethylene. This reaction would imply the reduction of
Ag(III) cations, since they will lose an O atom [23, 58]. However, this would be
accompanied by a downshift of εd, which facilitates the formation of new Ag−O
bonds to reach again the Ag(III) oxidation state to continue the reaction.

5.4 Conclusions
The oxidation state of matter can be probed by XPS thanks to the correlation of the
exact peak position of the core level lines to the oxidation level of the emitting atom.
Generally, oxidation increases the BE of a core electron, but there are few exceptions
to this trend. Ag is one of the most striking case, with a linear but negative CLS for
increasing oxidation states [18]. This behavior is attributed to its peculiar electronic
band structure and to a major contribution coming from final-state effects to the
overall CLS.

The electronic properties and the valence band structure of matter are known to
change at the sub-nanoscale for size-selected clusters [31], potentially affecting the
anomalous 3d CLS trend of Ag. To investigate this aspect, we studied the oxidation
of graphene-supported Ag7 and Ag11 clusters with a combined experimental and
theoretical approach. High resolution XPS on the pristine clusters was sensitive to
their size, with small differences in the Ag 3d5/2 BEs and with a larger Gaussian
width for the smaller cluster [35]. Upon oxidation, the spectra shift towards lower
BEs, confirming the negative correlation between oxidation state and CLS. However,
DFT calculation revealed an anomaly in the typical negative CLS trend of the Ag
3d core levels: Ag(III) cations show an higher BE compared to Ag(I), closer to Ag(0).
This effect cannot be appreciated experimentally due to the large intrinsic Gaussian
width of the spectra and to the hybrid structure of the clusters which are composed of
both Ag(III) and Ag(I) cations for higher O densities. We were able to attribute this
anomaly to the different behavior of the Ag 4d-band in the clusters with respect to
metallic surfaces, with the d-band barycenter εd that shifts for different O coverages.
This quantity is an indicator of chemical reactivity and is linked to the Ag 3d5/2
core levels [44], which are induced to follow a similar trend. This allows to study the
chemical properties of the clusters by means of XPS, since the negative CLS can be
associated to a higher reactivity of the oxidized clusters with respect to their metallic
phase. Our results suggest that oxidized size-selected Ag clusters can be taken in
consideration as low-nuclearity supported catalysts and clearly indicate that the well
established trends that have been studied for metallic surfaces and bulk materials
cannot be generally extended to the sub-nanoscale.
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CHAPTER 6
Asymmetric oxidation of Ptn clusters on

graphene

The oxidation method that we developed in the previous chapters successfully allowed
to reach a high degree of oxidation in the Ag clusters on graphene at T = 20 K.
Therefore, we decided to extend this approach to clusters composed of other materials
whose oxides are of major technological relevance both as stand-alone catalysts and
in combination with a C based template such as graphene. These requirements
motivated us to focus the experiment described in this chapter on size-selected
platinum clusters.

Pt is one of the most used and studied chemical elements in catalysis [1]. The
interest in the properties of this element arose more than a century ago, with the
observed reactivity of the usually inert platinum metal under aggressive chemical
conditions [2]. Nowadays, the majority of platinum demand originates from its ap-
plication as a catalyst in the automotive industry [3], where it is employed for the
oxygen reduction reaction (ORR) [4, 5] and to oxidize uncombusted hydrocarbons
and carbon monoxide present in the exhausts [6]. The advent of nanotechnology
further busted the interest on this precious materials. The possibility to include it in
catalysts dispersed as of single atoms, clusters or nanoparticles allows to overcome
the limit imposed by Pt high cost and low abundance, taking full advantage of the
high surface-to-volume ratio to optimize its use [7, 8].

In operando, Pt nanostructures undergo continuous potential fluctuations and
their surfaces alternate repeatedly between metallic and oxidized states [4], suggesting
that the oxide phase plays a crucial role in the reactions [9, 10]. Therefore, the
oxidation process of Pt has been intensively studied for bulk [6, 9], thin films [11],
surfaces [12] and nanostructures [13].

Pt bulk oxides exist mainly in five phases: PtO, Pt3O4, α-PtO2, β-PtO2 and β′-
PtO2, with an oxidation state ranging form 0 to 4+ [6]. The unique behavior of size-
selected clusters makes their oxidation different from their bulk counterparts, starting
from the relative stability of the different phases. Studies on the formation energy per
atom for PtnOn and PtnO2n clusters revealed that their oxidation proceeds according
to the sequence Ptn −−→ PtnOn −−→ PtnO1.5n −−→ PtnO2n [14, 15]. On the contrary,
in bulk oxides the PtO phase is not thermodynamically stable [10]. Moreover, the
properties of these materials are strongly related to the Pt oxidation state [16] and
local environment [13]. Therefore, it is of pivotal importance to understand the
oxidation process of Pt clusters at an atomic level to rationalize and further optimize
Pt-based catalysts [17].
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Besides a wide range of studies on reducible oxide supports such as CeOx
[18], CeO2 [19] and TiO2 [20], graphene has emerged as a potential template for
Pt-nanostructures. In particular, the weakly interacting graphene/Ir(111) system
(GR/Ir) is among the most studied ones, as the moiré-induced corrugation provides
an optimal template where to anchor Pt clusters in a regular hexagonal array [21, 22].
The high stability of this system is due to a sp2 −−→ sp3 rehybridization of C atoms
underneath the adsorbed Pt clusters, which leads to a substantial buckling of the
graphene layer itself [23].

In this thesis, we decided to focus on this substrate to study the oxidation of
supported size-selected Ptn clusters with n = 7, 12 and 13 exploiting the photo-
dissociation approach at T = 20 K to provide atomic oxygen as already discussed in
the previous chapters. Pt13 is of great interest being a magic cluster associated to
increased stability, while it has been shown that the catalytic activity for the ORR
significantly increases by removing just a single atom from this cluster to obtain the
misshapen Pt12 [24, 25]. We also included Pt7 in the experiment to have a compari-
son with a different and much smaller cluster, whose oxidation in the gas-phase and
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Figure 6.1: Minimum energy configurations of the Pt +
n clusters in the gas-phase

and mass spectrum optimized for the production of Pt7.
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on different oxide supports was recently investigated by means of DFT calculations
[14]. Our results, obtained combining synchrotron-based XPS with ab initio DFT
calculations, indicate that the oxidized clusters reach different oxygen densities de-
pending on their size. In particular, Pt7 reaches the complete stoichiometry Pt7O7,
as demonstrated by the very good agreement between experimental and theoretical
4f core level spectra. On the contrary, only a small portion of Pt12 and none of
Pt13 can reach the PtnOn configuration, limiting the adsorption to mostly 6 oxygen
atoms. However, all the final oxidized clusters share a layered structure induced by
the interaction with the buckled graphene, where the topmost atoms in the clus-
ter reach the highest oxidation state and a geometric and electronic configuration
that resembles that of Pt3O4 bulk oxide. This particular oxide phase has shown a
high catalytic oxidation activity that can be relevant in the contexts of Pt-based
automobile catalysts and in the application for gas-sensing [10].

6.1 Cluster Deposition and XPS measurements

The Pt +
n clusters were deposited at T = 20 K under soft-landing conditions on

a GR/Ir surface, where they are electronically neutralized. With respect to the
experiment with Ag clusters, we did not use Ru(0001) for the graphene growth
because of an overlap between the Pt 4f and Ru 4s core levels [27]. The main difference
between Gr on Ir(111) and Ru(0001) is a much less pronounced corrugation of the
former with respect to the latter. In the case of the deposition of Ag cluster, this
would have been a problem for the mobility of the clusters due to the very low
diffusion barrier of Ag on Gr. On the contrary, the diffusion barrier for Pt is high
enough to ensure the cluster stability at T = 20 K [28], also thanks to the sp2 −−→ sp3
rehybridization of graphene C atoms which takes place for both the Ru(0001) [29]
and Ir(111) [23] surfaces.

We performed DFT calculations to obtain the minimum energy configurations of
the positively charged gas-phase clusters, which are shown in Fig. 6.1 together with
a mass-spectrum optimized for the production of Pt7. The geometries of the clusters
are in agreement with previous reports [25, 30] and are dominated by a triangular
motif. Pt7 has a triangular shape, with one corner composed by two atoms displaced
vertically with respect to the triangle plane. Pt12 is composed of two deformed 6-
atom triangles stacked on top of each others, both having the central atom of one
side lifted with respect to the triangle planes. Pt13 is the same as Pt12, but with
an extra atom that occupies the three-fold site of the topmost triangle. The cluster
coverage was kept constant for all the depositions to about 0.14 % ML calculated
with respect to the Ir(111) surface density (ρs = 1.57 × 1015 atoms cm−2), which
corresponds to a statistical occupation of one cluster each 9 moiré cells (about one
cluster every 2000 C atoms), similarly to the deposition on GR/Ru discussed in the
previous chapters.

The Pt 4f spectra acquired after each cluster deposition (photon energy of 250
eV, T = 20 K) are reported in Fig. 6.2. Each spectrum can be fitted with a spin-orbit
couple of relatively broad components separated by about 3.33 eV (red lines). The
fitting parameters obtained from the spectral analysis (Tab 6.1), reveal that the
Pt 4f7/2 binding energy (BE) of the clusters is ∼ 850 meV higher than their bulk
counterpart in a Pt(111) single crystal (70.92 eV) [26] (Fig. 6.3a). The Pt 4f7/2 BE
Pt12 and Pt13 are very similar (71.71 and 71.73 eV), within the fitting error bar of 50
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Figure 6.2: Pt 4f XPS core levels of the as-deposited size-selected clusters acquired
with a photon energy of 250 eV and at T = 20 K. The vertical dashed line indicates
the BE of Pt bulk according to Ref. [26].

BE (eV) Γ (eV) G (eV) α

Ptbulk a 70.92 0.42 0.09 0.22
Ptsurf a 70.50 0.38 0.08 0.14
Pt7 71.85 ± 0.05 0.32 ± 0.02 1.26 ± 0.05 0.26 ± 0.02
Pt12 71.71± 0.05 0.30 ± 0.02 1.20 ± 0.05 0.26 ± 0.02
Pt13 71.73± 0.05 0.29 ± 0.02 1.32 ± 0.05 0.14 ± 0.02

Table 6.1: Fitting parameters obtained from the spectral analysis performed with
Doniach-Šunjić lines.
a Ref. [26].
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a) b)

c)

Figure 6.3: a) Pt 4f7/2 core level spectrum of the clean Pt(111) acquired with a
photon energy of 120 eV. Black dashed line and gray line indicate bulk and surface
components. Adapted from [26]. b) Pt 4f core level spectrum of Ptn clusters deposited
onto an oxidized Si(100) wafer. The spectra were taken at a photon energy of 280
eV with an overall resolution of 0.6 eV. Adapted from Ref. [31]. c) On the left,
calculated Pt 4f7/2 core levels for the shown Pt19 planar cluster. On the top right,
experimental Pt 4f spectrum (dots) of single-layer Pt islands (0.5 ML) adsorbed on
a clean Ir(111) surface. The light blue line shows the result of the curve fitting. The
lineshape obtained from this fit was used to fit the experimental Pt 4f spectrum (dots)
of 0.18 ML Pt deposited onto graphene (bottom right), with CLS fixed to the DFT
calculated values. Adapted from Ref. [23].

meV. The Pt 4f7/2 core level of Pt7 is unambiguously shifted towards higher values
and is centered at 71.85 ± 0.05 eV. The fact that mass-selected clusters show larger
Pt 4f BEs with respect to their bulk counterparts is a well-known result related the a
combined contribution arising from both initial- and final-state effects. Initial-state
effects can arise from charge transfer between the clusters and the support: if bonding
to the support transfers an electron to the clusters, the cluster BE shifts to lower
energy, while if it transfers an electron from the clusters, the BE shifts to higher
energy [32]. Quantum confinement [33] and lattice strain effects [34] also are initial-
state effects, with shorter metallic bond lengths in the clusters that lead to an higher
BE [35]. Final-state effects contribute to a blue-shift of the BEs as a consequence
to the decrease of core-hole screening in small particles (relative to bulk matter)
and to the size-dependent charging energy for clusters deposited on an insulating
support [36]. Examples of such effects are represented by Ptn clusters supported on
a Si wafer covered by a thin native oxide [31] and on TiO2(110) [37]. The former is
one of the very first synchrotron-based XPS experiments performed on supported
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size-selected clusters, and the CLSs induced by final-state effects for the Ptn clusters
(n = 1− 6) with respect of the bulk reference were between 1.3 and 2.0 eV, with an
inverse dependence on the cluster size (Fig. 6.3b). In the second case, the BE trend
for Ptn clusters with n = 2 − 5, 7, 8 was similar, although less pronounced. In this
case, the authors excluded final-state contributions arising from charging effects due
the conductivity of the substrate, and the Pt 4f7/2 BE of the Pt7 cluster was found to
be of 71.64 ± 0.05 eV. This value is 200 meV lower with respect to our results for the
same cluster, although the different substrate may be involved. In another work, the
Pt 4f core levels of clusters on our same substrate GR/Ir(111) have been studied with
a combined experimental and theoretical approach exploiting the patterned growth
of Pt clusters induced by the corrugated moiré lattice. Although not experimentally
mass-selected, the DFT calculations for 2D islands composed of exactly 19 Pt atoms
showed a 4f7/2 core level of Pt up to 71.55 eV for the fully in-plane coordinated atoms
at the center of the islands, with lower values obtained for atoms closer to the edges
(Fig. 6.3c) [23] . In this case, an important role in the electronic properties of the
system was played by the electron transfer between Pt- and Ir-bonded C atoms that
induced a sp2 −−→ sp3 rehybridization of the C atoms underneath the supported
clusters. Compared to our results, these values are in agreement with the trend that
larger clusters show smaller BEs. However, due to the different nature of size-selected
clusters and small 2D islands, a more meaningful comparison can be performed only
with the support of DFT calculations.

Before moving to the the comparison with the results obtained with theoretical
DFT calculations, it is worth to discuss the lineshapes of the Pt 4f spectra for different
clusters and with respect to bulk Pt. In general, the clusters show much broader
spectra compared to the Pt bulk and surface components measured for a Pt(111)
single crystal at room temperature. In particular, the Gaussian parameter G in the
clusters is in the range 1.20 - 1.32 eV, while it is smaller than 100 meV for the two
components used to fit the Pt(111) spectrum. As mentioned also in the previous
chapters, this effect represent a common trend for supported clusters and can be
caused by the presence of nonequivalent adsorption geometries that can be obtained
due to the low symmetry of the clusters [38] or by phonon broadening [31]. Another
possible source of broadening can arise from the isomers that Pt clusters are known
to posses [39–41].

Finally, some interesting information can be extrapolated also from the asymme-
try parameter α. The α parameter in the Doniach-Šunjić function, which describes
the probability to excite electron-hole pairs, is related to the density of states at the
Fermi energy [42] and thus to the chemical reactivity of the system [43]. Pt7 and
Pt12 show the same asymmetry parameter of 0.26 ± 0.02. This value is smaller for
Pt13 (0.14 ± 0.02 ), suggesting that Pt13 is potentially less reactive than the two
other clusters. This is in agreement with the fact that n = 13 is a magic number
for Pt clusters, for which an increased stability and lower reactivity are expected
[24, 25]. Similarly to the case of size-selected Ag clusters, the different lineshapes for
Pt12 and Pt13 prove that, despite the very similar Pt 4f BEs, the two systems are
indeed different, assuring that mass selection is preserved upon deposition.
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6.2 DFT calculations of size-selected Ptn clusters on
graphene/Ir(111)

We relied on DFT calculations to understand the electronic and geometrical modifi-
cation induced on the clusters by the interaction with the substrate. In this section,
we will focus on two main aspects: (i) how different rotational configurations affect
the stability of the clusters and what is their role in the large Gaussian parameter
of the Pt 4f core levels; (ii) how the experimental trend of the Pt 4f BEs compares
with theoretical predictions.

6.2.1 Cluster rotations and interaction with the substrate

As discussed above, the large Gaussian parameter G could indicate the coexistence
of different Pt configurations. A possible origin of such inhomogeneous broadening
comes from rotations of the clusters on the surface due to their asymmetric mor-
phology [38]. Therefore, the first step of our analysis was focused on a comparison
of clusters adsorbed with different rotations with respect to the surface. Specifically
we performed DFT calculations for four different rotations of Pt12 and Pt13 and
for two rotations of Pt7. Due to the crucial role played by the moiré lattice in the
cluster stability [22, 23], we performed the calculations for the complete 10 × 10
graphene unit cell supported by four layers of Ir. Similarly to the case of Ag cluster
adsorption on GR/Ru, the most favorite site on the surface for the adsorption of Pt
clusters on GR/Ir are the fcc sites of the moiré lattice [22, 23]. For this reason, the
calculations are performed placing the minimum energy structures of the positively
charged size-selected Ptn clusters in this preferred site and letting the system relax.

The outcomes for the structures of the GR/Ru-supported clusters are reported
in Fig. 6.4, together with a top and side view of the clean GR/Ir unit cell that was
used for the calculations. Next to each structure, the gas-phase configurations of
each rotation are shown for comparison. In the gas-phase structure, one atom is
highlighted in red to provide a reference to compare the different rotations. The
adsorption energies Ea for all the considered configurations are reported in Tab 6.2,
where the minimum energy rotations are highlighted in bold. Similarly to the case
of Pt islands on GR/Ir, also for size-selected clusters the Pt adsorption leads to an
sp2 −−→ sp3 rehybridization of the graphene C atoms, as evidenced by its buckling
towards the Ir(111) surface underneath the clusters. In previous works, the graphene
buckling was observed also from the C 1s XPS spectrum, with the formation of
small components at higher BEs [23]. However, a similar effect can also be attributed
to the presence of a very low quantity of contaminants such as oxygen and water
on the surface of the sample [44]. Due to the extremely low cluster coverage in
our experiment, it was not possible to unambiguously appreciate the modifications
induced by the clusters on the graphene C 1s spectrum.

Interestingly, the graphene rehybridization does not occur for every configuration,
but only for those with the highest Ea, in particular for those where this value exceeds
a threshold value of about -3 eV/atom. If we refer to the distance of the barycenter of
each cluster to the plane of the Ir(111) surface (defined by the average z coordinate of
the first-layer Ir atoms) as a parameter to quantify the Gr buckling (the shorter the
distance, the higher the Gr buckling), we can see that it is indeed strongly related to
Ea (Fig. 6.5a). In particular, the closer the cluster is to the Ir(111) surface, the higher
is its adsorption energy Ea. Moreover, the adsorption energy and the Gr buckling
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Figure 6.4: Top and side views of the GR/Ir unit cell with the different adsorp-
tion sites indicated and minimum energy configurations of different Ptn rotations on
GR/Ir. Next to each configuration, the gas-phase (GP) rotation is shown for com-
parison. Black is used for Ir bulk atoms, gray for Ir surface atoms, turquoise stand
for C and light blue is used for Pt. In the GP models, a Pt atom is highlighted in red
to provide a reference for the rotations.

Cluster size Ea (eV)
(n) Rot. 1 Rot. 2 Rot. 3 Rot. 4
7 -3.85 −3.20

12 −2.91 -3.32 −2.47 −2.49
13 −3.40 -3.82 −3.76 −2.50

Table 6.2: Adsorption energies (Ea) of the rotational configurations of the Ptn
clusters on the GR/Ir template considered in our calculations. The favorite rotation
for each cluster is highlighted in bold.
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Figure 6.5: a) Adsorption energies of the clusters in different rotational configu-
ration as a function of the distance of their barycenter to the Ir(111) surface and
b) of their DFT calculated average Pt 4f CLS. c) Comparison of theoretical DFT
calculated Pt 4f CLS for different cluster sizes. d-f) Distance from the Ir(111) surface
of each single atom in the clusters as a function of their Pt 4f CLS and linear fit.

influence the Pt 4f BE of the atoms composing the clusters. Fig. 6.5b indicates that
a higher Ea (and, therefore, shorter cluster-Ir(111) distances and a more pronounced
buckling) leads to a greater CLS towards higher BEs. At this stage, we do not have
yet a reference to turn the relative theoretical BEs into absolute values, therefore
the CLSs are referred to an arbitrary reference which was set to the BE of the atom
in the clusters with the lowest Pt 4f core level energy. It is important to stress that
the 4f BE of the clusters can fall in a wide interval because of the different rotations,
with differences that can be as high as 200 meV (Fig. 6.5b,c). The 4f BE distribution
is even wider if we consider the 4f CLS of each single atom forming the clusters,
where difference can be as high as 1.5 eV and with a correlation to the distance
from the substrate. In particular, the Pt atoms at the cluster/graphene interface
show an higher BE than the atoms in the topmost layers. This trend is consistent
with the fact that the C rehybridization that takes place underneath the clusters
involves an electron transfer from Pt- to Ir-bonded C atoms [22]. Therefore, Pt atoms
at the interface are binding to a more electronegative C atoms that can induce a
positive CLS by removing electrons from the clusters. To investigate this process,
we performed a Bader charge analysis on the Pt atoms as a function of the distance
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from the surface and of their Pt 4f CLS. The results, which are reported in Fig. 6.6,
confirm that the atoms at the interface and with the highest CLS posses a positive
charge (electron deficit) that can be as high as 0.25 e. On the contrary, the atoms
on the topmost layers and with the lowest CLS show a negative charge (electron
surplus) up to -0.18 e, with a similar charge redistribution that was observed for Pt
cluster supported on oxides such as Co3O4 and TiO2 where Pt atoms bind directly
to oxygen [14]. Since these atoms have lowest CLSs, lowest coordination number and
the highest electron charge, they may represent the most catalytic active sites in the
clusters [37, 45].
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Figure 6.6: Bader charge of each single atom forming the clusters in the different
rotational configurations as a function of their Pt 4f CLS. The color scale represent
their distance from the Ir(111) surface.

The large BE dispersion of the atoms composing the clusters in different rota-
tions can justify the G parameter obtained from the experimental analysis. In fact,
given the DFT calculated Ea and the low temperature at which we performed the
experiment, it is possible that more rotational configurations coexist on our surface.
However, to proceed with the analysis of the experimental and theoretical data, we
will focus on the configurations with the highest Ea for each cluster according to
our calculations: Rotation 1 for Pt7, Rotation 2 for Pt12 and Pt13. This choice is
motivated by the fact that the higher adsorption energy of these rotations will make
them the most abundant configurations in our system.

6.2.2 Comparison with the experiment

Figure 6.7a shows a direct comparison between the experimental Pt 4f7/2 BEs (red
triangles) and calculated CLS for the most favorite rotations (light blue diamonds).
The two set of data are in good agreement for the relative BEs of Pt12 and Pt13,
but experiment and theory are in contrast regarding Pt7. The experimental analysis
indicates that this cluster has the highest BE of 71.85 ± 0.05 eV, while theory
predicts that it has the lowest BE among the three clusters, ca. 50 meV smaller than
Pt12. This discrepancy is not related to the fact that we are only comparing the
configurations with the highest Ea, as the trend is preserved also considering each
rotation. Instead, the different trends could be related to the presence of a small
amount of oxygen on the sample already upon deposition due to the relatively long
deposition time, which was about 90 minutes. Despite the very good background
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Pt 4f7/2 BEs. b-d) Minimum energy configurations of PtnO2 clusters obtained starting
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pressure in the chamber (< 1× 10−10 mbar), 90 minutes at such partial O2 pressure
correspond to an exposure of up to 0.05 L. As we saw in the previous chapter for
the oxidation of Ag clusters, a similar amount of O2 in our experimental conditions
is enough to lead to a partial oxidation.

To verify the impact of such small amount of oxygen on the sample, we calculated
the Pt 4f CLS of oxidized PtnO2 cluster (Fig. 6.7b-d) and compared it with the
experimental outcomes (Fig. 6.7a, blue triangles). The adsorption of 2 O atoms
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leads to the largest CLS for Pt7, whose BE increases by 380 meV with respect to
its metallic counterpart. The O induced shift is smaller for Pt12 and Pt13, and their
BE increase by 160 and 90 meV, respectively. The much larger shift calculated for
the smaller cluster is consistent with the fact that, given the same O coverage of 2
atoms for all the clusters, the oxygen density (amount of O atoms/cluster size) is
larger for Pt7 (0.29 O/Pt) than for the larger clusters (ca. 0.17 O/Pt). The final
trend of the BEs is more similar to the experimental results, with Ag7 > Ag12 ≈
Ag13, supporting the hypothesis of the presence of O on the sample.

The small oxygen contamination does not have negative implications on the main
purpose of the experiment, which is the study of the maximum oxidation state of
the supported clusters after a controlled exposure at T = 20 K, besides the lack of a
clear experimental reference for the supported pristine clusters. However, such values
can be extrapolated from the DFT calculations by aligning the calculated CLS to
the experimental BEs. This can be done by comparing the different trends reported
in Fig. 6.7a. The higher CLS of Pt7 clearly suggest that some oxygen is attached to
the clusters. However, considering the case of two O atoms adsorbed on each cluster,
the experimental BE of Pt12 would result to be higher than for Pt13. Since this is
not the case, we can conclude that the average oxygen coverage in the as-deposited
clusters is intermediate between 0 and 2 O atoms we can align the two set of data
setting the experimental Pt 4f7/2 value of Pt13 at the center of theoretical values
for Pt13 and Pt13O2, with an error bar that is half the distance between the two
theoretical CLSs (50 meV).

According to this alignment, the Pt 4f7/2 BEs of the pristine clusters adsorbed
in the minimum energy configurations are lower than the experimental values, and
correspond to 71.58, 71.63 and 71.69 ± 0.05 eV for Pt7, Pt12 and Pt13, respectively.
The value obtained for Pt7 is in close agreement with the measurement performed
by Ref. [37], where a BE of 71.64 ± 0.05 eV was experimentally obtained for the Pt7
clusters supported on TiO2(110), suggesting that the reference that we used for DFT
calculated CLS is reliable. The two systems are comparable despite the different
substrates in light of recent calculations on the Bader charge of TiO2-supported
small Pt4 clusters [14]. Three Pt atoms of Pt4 at the cluster/substrate interface were
calculated to have a charge between 0.02 and 0.20e, while the fourth atom, which
does not directly bind with the surface, had a charge of -0.20e. These values are in
good agreement with our calculations for Ptn in our system (Fig. 6.6) and differ,
for example, from the same calculations performed for Pt4 on Co3O4, where the Pt
atoms at the interface had a charge up to +0.5e. In this latter case, a larger CLS
would be expected according to a simple model described in the Introduction of
chapter 5 that links the charge in a cation to the chemical shifts [46].

With the definition of the BE reference, we accomplished the main goals that we
set for the DFT calculations on the metallic clusters. A deeper comparison on the
geometric and electronic structure on the partially oxidized clusters with respect to
the metallic ones will be performed in the next sections, together with the analysis
of the fully oxidized clusters.

6.3 Oxidation of the Ptn clusters

The oxidation of the clusters was achieved with the same photo-dissociation approach
that was described in the previous chapters to obtain atomic oxygen on the surface
at T = 20 K. In particular, the clusters where exposed to 1 L of O2, maintaining a
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Figure 6.8: Pt 4f XPS core levels of the as-deposited and oxidized clusters acquired
with a photon energy of 250 eV and at T = 20 K.

As-deposited Oxidized
Pt7 71.85 ± 0.05 72.33 ± 0.05
Pt12 71.71 ± 0.05 72.03 ± 0.05; 73.21 ± 0.05
Pt13 71.73 ± 0.05 71.86 ± 0.05; 72.94 ± 0.05

Table 6.3: Pt 4f7/2 BEs of the components obtained from the spectral analysis of
the as-deposited and oxidized clusters

partial pressure of 2 × 10−9 mbar for 665 s. The exposure was performed with the
system kept under a constant flux of soft X-rays with a photon energy of 250 eV
to induce the photo-dissociation. The XPS spectra of the Pt 4f core levels after the
oxidation are reported in Fig. 6.8 with their spectral decomposition. The as-deposited
spectra are shown again for comparison.

Upon oxidation, the Pt 4f XPS spectra shifts towards higher BEs. This is the
fingerprint of the oxidation of Pt [47], and confirms the effectiveness of the photo-
dissociation method at T = 20 K. In fact, the exposure to molecular oxygen at a
similar temperature for a Pt(111) surface leads only to the physisorption of molecular
oxygen, which does not modify the 4f BE of surface atoms [47].

The XPS spectra after the oxidation indicate different behaviors depending on the
cluster size. The oxidized Pt7 can be fitted with a single couple of large components
(G = 1.45 eV) separated by 3.36 eV, with the Pt 4f7/2 component centered at 72.33±
0.05 eV. This is 0.5 ± 0.1 meV higher than the as-deposited and partially oxidized
spectra, and 0.8 ± 0.1 meV higher than the pristine metallic value obtained from
the comparison with the DFT calculations (BE = 71.58 ± 0.05). This shift is larger
compared to the one induced by the (2 × 2) oxidized phase of a Pt(111) surface
(CLS = 600 meV [47]), while it is similar to the Pt 4f component that was obtained
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exposing a Pt(111) surface to 0.5 torr of O2 at T = 420 K [48]. This component
showed a CLS with respect to surface atoms in the range 700 - 800 meV, and it was
associated to the formation of a surface oxide phase comprising square-planar PtO4
units resembling bulk PtO. The oxidation state Pt(II) of PtO is, in fact, typically
associated to a BE in the range 72 - 72.7 eV [9, 49], in very good agreement with our
experimental output. Instead, the BE of the higher oxidation state Pt(IV), which
composes the bulk oxide PtO2, is generally associated higher BE in the range of 73.7
- 74.1 eV [9, 48, 49].

The Pt 4f spectra of the larger Pt12 and Pt13 are better fitted using two couple
of components rather than one. If we focus on the Pt 4f7/2 components, for Pt12 the
first peak (blue line), which corresponds to approximately 70% of the total spectral
intensity, is centered at 72.03 ± 0.05 eV; the second component (green line) has a
BE 1.2 eV higher and is centered at 73.21 ± 0.05 eV. Compared to the metallic
value obtained from the comparison between DFT calcualted and experimental BEs
(71.63 ± 0.05 eV), these components show a CLS of 0.4 ± 0.1 and 1.6 ± 0.1 eV,
respectively. The trend is similar for Pt13, although the CLSs are smaller. The two
components that better fit the spectrum are centered at 71.86± 0.05 and 72.94± 0.05,
with a ratio 4:1 in favor of the component at the lowest BE. The CLSs with respect
to the metallic value (71.69 ± 0.05 eV) are 0.2 ± 0.1 and 1.3 ± 0.1 eV. The smaller
shift measured for Pt13 compared to Pt12 can be related to its higher stability arising
from the fact that it is composed of a magic number of atoms [24, 25]. In both cases,
the component at higher BEs is centered at an intermediate position between the
reported values for the oxidation state Pt(II) and Pt(IV) [49]. This may indicate the
presence in our clusters of atoms with an intermediate oxidation state, similar to the
ions forming the Pt3O4 bulk oxide. This oxide phase is composed of ions with an
oxidation state of 2.67+, and since the oxidation state of Pt in Pt3O4 is higher than
in PtO and lower than in PtO2, an intermediate BE is expected for this oxide species
[50]. In few works on oxidized Pt(111) and Pt(100) single crystals, this oxide phase
was assigned to a BE of ∼ 73.6 eV [51–53], although it is not possible to distinguish
this oxide phase from PtO2 solely with experimental XPS [49]. The attribution is
even more complicated when clusters are considered, since positive BE shifts with
respect to bulk references may be observed due to electronic initial- and final-state
effects [49]. To proceed with the analysis, we relied on DFT calculations to estimate
the oxygen coverage of our clusters and to assign the correct oxidation state to the
atoms composing them.

6.4 Oxygen density in the clusters

To evaluate the oxygen coverage on the clusters, we calculated the Pt 4f CLS induced
by the adsorption of an increasing number m of oxygen atoms and compared it with
the experimental results. In the analysis, two Pt and O atoms will be considered to
be bonded if their distance is below the threshold value of 2.20 Å [6, 54], while the
limit for the metallic coordination number between two Pt atoms is set to 3.2 Å [6].

Starting form the oxidation of Pt7, whose experimental spectra indicate one single
Pt 4f7/2 component centered at 72.33 ± 0.05, we performed calculations on oxidized
Pt7Om clusters for m = 2, 4 and 7. The minimum energy configurations are shown
in Fig.6.9, where also the metallic cluster (m = 0) is reported for comparison.

The adsorption of O modifies the geometry of the cluster. Clean Pt7 has the
shape of a deformed, tilted triangle composed of 6 atoms. One side of the triangle is
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Figure 6.9: Top and side views of the minimum energy configurations calculated
for Pt7Om clusters for m = 0, 2, 4and7.
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formed by 3 Pt atoms adsorbed ontop on the graphene layer (Pt−C bond length of
2.13 Å). The opposite vertex is lifted from the surface plane, forming an angle of ca.
33°. The 7th atom is located underneath the lifted vertex of the triangle, adsorbed on
a graphene hollow site. Upon the adsorption of two O atoms, the cluster assumes a
more ordered structure, with the triangle that flattens out while preserving the same
tilt of 33° with respect to the surface. It is also interesting to note that the triangle
side adsorbed on the graphene ontop sites is now almost parallel with respect to
the lattice vectors of graphene and of the Ir(111) surface. The Pt−C bond length
of the two atoms at the triangle corners decreased to 2.08 Å, while the atom at the
middle has a bond length of 2.14 Å. The Pt−Pt average distance between nearest
neighbors (Fig. 6.10a) is almost unchanged, increasing from 2.59 Å to only 2.60 Å.
The oxygen atoms are adsorbed in the same plane of the triangle, one in a bridge
site (Pt−O bond length of 1.94 Å), the second one in an asymmetric three-fold site,
with one bond length (2.10 Å) longer than the other two (2.02 and 2.05 Å). The
bridge site adsorption is in agreement with previous calculations on gas-phase Pt
clusters [15], while the asymmetric three-fold adsorption was studied by means of
DFT calculations for larger clusters used to model a Pt(111) surface, where the
different bond lengths were associated to two covalent bonds (2.01 Å) and to one
donor-acceptor bond (2.21 Å) [54].

For higher oxygen density, the triangular shape is heavily deformed. The four Pt
atoms bonded to graphene C atoms keep their adsorption sites, while the remaining
three atoms lift up forming a second atomic layer. Now the average Pt−Pt is increased
to 2.66 and 2.67 Å for Pt7O4 and Pt7O7, respectively. Also in these cases, O adsorbs
mostly onto bridge sites. In Pt7O4, the four O atoms are in the same plane of
the topmost Pt layer, with each Pt atom binding to two O in a linear O−Pt−O
morphology. The Pt−O bond lengths range from 1.91 Å up to 2.03 Å (average value
of 1.96 Å), depending on the O adsorption site. The three O atoms in bridge sites
show a shorter Pt−O distance which is, on average, 1.91 Å. The only O atom in
three-fold site (that is now symmetric) has a longer average bond length of 2.01
Å. When we move to the cluster with the highest oxygen density, we assist to the
appearance of a Pt atom bonding to four O atoms, with an average Pt−O bond
length of 2.03 Å. The layered structure of the cluster is preserved, with almost all
the O atoms that sit in bridge sites in the topmost layer of the cluster. Only one O
atom is in the bottom layer, in a bridge Pt−O−C adsorption site. Except for this
atom, the trend that O atoms in bridge sites show a shorter bond length is preserved
also in this case, and the average Pt−O bond length is 1.98 Å.

A direct comparison of the experimental and theoretical results show that the
Pt 4f7/2 BEs of the Pt7O7, which contains a square-planar PtO4 unit, is in good
agreement with the experiment (Fig. 6.10b). To further compare the theoretical and
experimental data at an atomic level, we built the Doniach-Šunjić lines associated to
each oxidized cluster based on the lineshape obtained from the experimental analysis
combined with the seven DFT calculated BEs of each single Pt atom composing
the clusters. The Doniach-Šunjić line profiles obtained following this procedure are
compared to the experimental spectrum in Fig. 6.11. The match between the exper-
imental data and the spectrum obtained from the Pt7O7 cluster is almost perfect,
indicating that this is the final configuration that we obtain in our experiment. The
good match is proven by the fitting residuals shown in the figure are obtained per-
forming a fit of the experimental data using the theoretical Doniach-Šunjić line of
Pt7O7, with the G parameter thay was let free and the absolute values of the theo-
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Figure 6.10: a) Calculated average Pt−Pt distances and b) Pt 4f7/2 BEs in the
Pt7Om clusters as a function of m. The BEs are compared to the experimental results
for the as-deposited (black dashed line) and oxidized (blue dashed line) Pt7 clusters.

retical BEs where allowed to move within the error bar of the DFT calculations (50
meV), while the relative positions where kept fixed.

Given the correspondence between Pt7O7 and the experimental data, it is worth
investigating the electronic properties of the atoms composing this cluster more
deeply. The cluster shows an hybrid structure where the atoms on the topmost layer
are bonding to an higher number of O atoms with NB = 2− 4, while Nb 6 1 for the
Pt atoms at the cluster/graphene interface. The effect on the Pt 4f BE of different
NB is shown in Fig. 6.12, where the trends of the absolute values of the Pt 4f7/2 BE
and the CLS of each atom with respect to their BE in the metallic cluster are shown
separately. The electronic structure of the clusters reflect their geometry, with atoms
in different local morphology also having a different BEs. In particular, the Pt 4f7/2
BE of atoms in Pt7O7 ranges from 71.65 up to 73.14 eV, with a linear correlation to
the number of oxygen bonds NB of 0.31 eV/NB (linear correlation coefficient = 0.72
± 0.14). It is important to underline that the presence of nonequivalent atoms in
Pt7O7 contributes to the large Gaussian parameter obtained from the analysis. In
fact, as demonstrated in Fig. 6.11, the wide range of BEs in the cluster perfectly fits
the lineshape and width of the experimental spectrum.

For the larger clusters, we proceeded in the same way as for Pt7, studying the
effects of the adsorption of an increasing number m = 2, 4, 6 and 8 of oxygen atoms.
We also included in the calculations the structures with the stoichiometry PtnOn,
which are the most stable structures for clusters of this size in the gas-phase [14].
The minimum energy configurations of each oxidized cluster are displayed in Fig.
6.13, where I also included the metallic clusters for comparison. From a geometrical
perspective, Pt12 and Pt13 behave in a very similar way up to m = 6. Oxygen is
mostly adsorbed in bridge sites or, more rarely, in asymmetric three-fold sites where
one of the Pt−O bond lengths is shorter than the remaining two, similarly to what
we observed for Pt7 and in agreement with previous reports [15, 54]. For m = 4, the
O adsorption induces the formation of a zig-zag oxide stripe on the upper side of the
cluster. The stripe is composed of three consecutive linear O−Pt−O sub-units which
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Figure 6.11: Comparison of Doniach-Šunjić built from the theoretical calculated
Pt 4f7/2 BEs of the Pt7Om clusters for m = 0, 2, 4 and 7 (filled lines) and the
experimental results of the oxidized Pt7 (empty circles). The residuals obtained by
fitting the experimental data with the Pt7O7 theoretical spectra are reported (blue
line).

are connected with an angle of ca. 80°. For both Pt12 and Pt13, the Pt−O bond
length is shorter at the edges of the stripe (1.93 Å) and longer in the inner part (2.02
Å). When we increase m to 6, the two clusters assume very similar structures. As for
Pt7, the oxygen atoms are confined in the topmost layer of the clusters, where a Pt
atom assumes the bulk-like PtO4 local morphology and a second atom binds to three
oxygen atoms. The average Pt−O bond length for the first Pt atom in both Pt12 and
Pt13 is 1.97 Å, while for the second atom it decreases to 1.86 Å. For m = 8, the two
clusters start behaving in a different way, with only Pt12 that undergoes a strong
reconstruction. Finally, when they reach the stoichiometry PtnOn, they assume a
similar highly distorted structure where the top-most part of the clusters is rich in
Pt atoms with NB = 4 with an average Pt−O bond length of 2.01 (Pt12) and 1.98
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Figure 6.12: a) DFT calculated Pt 4f7/2 BEs of the atoms composing the Pt7Om
clusters as a function of the number of oxygen bonds NB.

Å (Pt13).
The Pt−Pt bond lengths and Pt 4f7/2 BEs follow similar trends for the two

clusters (Fig. 6.14a), but the values for Pt12 fluctuates in a larger range, starting
from 2.61 Å for m = 0 and reaching 2.80 Å for the highest O density, with a total
strain of +7%. For the same oxygen coverages, the strain for Pt13 is smaller (+5%),
increasing from 2.65 to 2.79 Å.

Unlike for Pt7, the oxygen induced Pt 4f CLS for the two clusters follows a linear
trend with a slope of 80 meV/O atom (Fig. 6.14b). Since the experimental spectra
showed two different components at very different BEs, we calculated the Pt 4f7/2
BEs of each atom composing the clusters to verify if some structures lead to two
distinct set of atoms. These BEs are shown in Fig. 6.15a, where each horizontal line
corresponds to the BE of one single atom. The BEs of the atoms in the clusters
progressively increase with the oxygen coverage, but the structures with m = 6
clearly show two set of atoms separated by about 1.4 eV. Similarly to Pt7, also in
this case the Pt 4f7/2 BE of the atoms in the clusters increase linearly with the
number of oxygen bonds NB that they form (Fig. 6.15b). The slope for both the
large clusters (330 meV/NB and linear correlation coefficient 0.77 ± 0.08) is very
similar to the one obtained for Pt7 (310 meV NB), with the highest BE associated
to the atoms with NB = 4 in square-planar PtO4 units. The two oxidized clusters
with 6 O adsorbed assume a peculiar asymmetric structure where the upper part
is composed of a square-planar PtO4 unit and of a second Pt atom with NB = 3,
while the remaining atoms mostly bind with 1 or 0 O atoms. Therefore, the BE
on the upper part of the clusters are greatly shifted to higher values, above 73 eV,
while the bottom part remains nearly unaffected and their BE is close to 72 eV. This
hybrid structure is matches well with the fitting analysis we performed considering
exclusively the experimental data in Fig. 6.8.

To compare in more detail the BE distributions with the experimental results, we
followed the same procedure adopted for the Pt7Om clusters and built Doniach-Šunjić
lines combining the experimental fitting parameters with the theoretical calculated Pt
4f CLSs. The results obtained with this approach is shown in Fig. 6.16. For both the
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Figure 6.13: Top and side views of the relaxed minimum energy configurations
calculated for PtnOm clusters for n = 12, 13 and m = 0, 2, 4, 8 and n.

clusters, the analysis indicates that the PtnO6 configurations are the most abundant
in the experimental spectra. For Pt12, this configuration corresponds to ca. 65% of
the total spectral weight, with the remaining 35% attributed to the fully oxidzed
Pt12O12. For Pt13, the percentage of Pt13O6 reaches 85%, with a small amount of
Pt13O4.

The different final coverage in the three clusters is consistent with previous reports
on the their different oxygen affinity and stability. Pt7 is the cluster which reaches the
highest O density, as the experimental spectrum can be entirely attributed to Pt7O7.
This agrees with previous calculations that predicted that smaller clusters are easier
to oxidized compared to larger ones [14]. Similarly, Pt12 is more reactive than Pt13
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Figure 6.14: Average calculated Pt−Pt distances and Pt 4f4/f BEs of PtnOm clusters
with n = 12, 13 and m = 0, 2, 4, 8 and n.

as a result of an electronic structure that fluctuates to a greater extent compared to
that of Pt13 [25]. However, all the oxidized structure that fit our experimental data
share the same layered geometry where the atoms in the topmost part of the clusters
show the highest BEs and the largest number of oxygen bonds.

6.5 Determination of the oxidation state

The last step to complete the characterization of the oxidized clusters is the deter-
mination of the oxidation state of the atoms composing them. As mentioned earlier,
an assignment based entirely on the XPS BEs cannot be performed in the case of
Pt due to the similarity of the BEs associated to different oxidation states and their
dependency on different environments [49]. Moreover, the square-planar PtO4 unit is
present in different phases (PtO and Pt3O4), and the Pt−O distances are similar for
all the bulk oxides [6]. Therefore, to determine the oxidation state of the clusters we
performed a Bader charge analysis. In fact, the Bader charge on Pt ions in different
oxide phases is roughly proportional to the nominal value of the oxidation state.
It is within 1.53 and 1.69e for α-PtO2, within 1.62 and 1.73e for β-PtO2, 1.13e for
Pt3O4, and it is in the range 0.86 − 0.99e for PtO [10, 14]. For small size-selected
Ptn clusters in the gas-phase, the Bader charge of Pt atoms in PtnOn and PtnO2n
configurations resulted to be lower compared in their bulk counterparts [14, 15]. For
example, in Pt7O7 and Pt7O14 was calculated to be 0.68 and 1.05 e/atom, respec-
tively. In our clusters, the average Bader charge per atom assumes similar values:
for Pt7O7, Pt12O12 and Pt13O13, it is 0.60, 0.66 and 0.63e, respectively. For Pt12O6
and Pt13O6, it decreases to 0.30 and 0.29e, which is accounted for by the reduced
oxygen coverage. However, the charge is not distributed uniformly in the clusters,
but it is affected by their layered structure and increases linearly with NB (Fig. 6.17).
Also in this case, the three clusters behave in very similar ways, with slopes of 0.24
e/NB (linear correlation coefficients in the range 0.95 ± 0.06). The atoms in the
Pt7O7 can be divided into three subsets: three atoms on the bottom layer of the
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Pt12Om Pt13Om

Pt12 Pt13

Figure 6.15: a) DFT calculated Pt 4f4/f BEs of each atom forming the PtnOm
clusters with n = 12, 13 and m = 0, 2, 4, 8, n and b) their behavior for increasing NB.
The BEs of the two components obtained by fitting the experimental data are reported
as dashed lines.

cluster with NB = 0 − 1 and a charge between 0.30 and 0.39e, three atoms with
NB = 2− 3 with a charge between 0.68 and 0.82e and the atom with NB = 4 with
a charge of 0.95e. The values for the second subset of atoms are in agreement with
previous studies on similar clusters and can be associated to an oxidation state 2+
[14, 55]. The larger positive charge and the Pt 4f7/2 BE of 73.14 ± 0.05 eV of the
atom with NB = 4 suggests that it has a greater oxidation state with respect to the
others. In particular, these values and the local morphology of the atoms do not fit
the 4+ oxidation state (whose ions possess NB = 6 [6]), but match well with the
configuration of Pt atoms composing the Pt3O4 bulk oxide. The ions in this bulk
phase are in the oxidation state 2.67+ and possess a Bader charge and a Pt 4f BE
that are intermediate with respect to the 2+ and 4+ oxidation states. While the
Pt−O bond lengths in the different bulk oxide are very similar with each other, with
DFT calculated (and experimental) values that range between 2.00 and 2.06 Å (1.97
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Figure 6.16: Experimental Pt 4f XPS spectra (empty circles) acquired after the
oxidation of Pt12 and Pt13 fitted with the DFT calculated BEs of the oxidized clusters
(filled lines) as described in the main text.

and 2.04 Å) [6], the Pt3O4 phase is characterized by a much shorter Pt−Pt bond
lengths with respect to the other phases. This value was calculated (measured) to
be 2.83 Å (2.79 Å) for Pt3O4, while it ranges between 3.10 and 3.15 Å (3.08 and
3.14 Å) for the other bulk oxides [6]. In Pt7O7, the average Pt−O bond length in
the square-planar PtO4 unit is 2.03 Å, whiled the Pt−Pt distance of the atom at
its center to its nearest neighbors is 2.76 Å. Both these values are very similar to
those calculated for Pt3O4. The same considerations apply to the oxidized larger
clusters that better fit the experimental results, i.e. Pt12O12, Pt12O6 and Pt13O6. In
this latter case the Bader charge on the atoms forming the square-planar PtO4 units
is in the range 0.96 − 1.11e and the average Pt−Pt distances is between 2.74 and
2.80 Å, in agreement with the values associated to Pt3O4.

6.6 Discussion: The substrate tunes the oxidation state

The metal-substrate interaction plays a key role in determining the electronic and
geometric properties of supported size-selected clusters and nanoparticles [56–60].
In the case of Pt, the formation and stability of different oxide phases in small
nanoparticles with a diameter of few nm were studied using different supports such as
SiO2, ZrO2, and TiO2. The result was that each support influences the morphological
and thermal stability of the nanoparticles in a different way [50]. Moving to size-
selected clusters, recent calculations for Ptn in the range n = 2− 8 have shown that
the adsorption on TiO2 and Co3O4 hinders the oxidizability compared to the gas
phase [14]. Oxide supports are widely used to tune the properties of the clusters
for the high interaction which can lead, for example, to charging effects that can
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Figure 6.17: a) Bader charge analysis for oxidized Ptn clusters as a function of NB.
b) Zoomed view of the minimum energy configurations of Pt7O7, Pt12O12, Pt12O6
and Pt13O6 where the Bader charge of the Pt atoms in the clusters is reported on
top of them.

promote the chemical activity of the clusters [45]. A similar charging effect occurs
in our clusters deposited on GR/Ir, thanks to the electron transfers involved in the
sp2 −−→ sp3 rehybridization of graphene C atoms underneath the adsorbed Pt cluster
[23]. This interaction leads to an electron surplus in the topmost under-coordinated
atoms in the cluster, suggesting that they could be the most reactive site on the
cluster. This was observed also in the case of Pt clusters deposited on TiO2(110),
where the transition from 2D to 3D structures resulted in a significant decrease in
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the activation energy of the CO oxidation reaction, and the upper-layer Pt atoms
were proposed to play an important role in this result [37].

To fully exploit the formation of multi-layered Pt clusters, it is much more effi-
cient to deposit size-selected clusters rather than growing them with a conventional
evaporator exploiting the regular moiré template of the GR/Ir interface. With the
evaporator, besides the low control on the exact number of atoms in the clusters,
the growth mostly leads to the formation of 1-layered Ptn islands for coverage up
to 0.25 ML [21]. On the contrary, the controlled deposition of mass-selected clusters
leads to 3D multi-layered structures already for extremely low Pt coverage, since our
result indicate that they do not flatten out upon deposition on the substrate.

In our case, the interaction with the substrate and the layered structure of the
clusters leads to an asymmetry in the distribution of the oxidation state, with the
topmost Pt atoms being able to reach an higher oxidation state than those at the
cluster/graphene interface. In particular, our results indicate that the upper atoms
can reach an oxidation state 2.66+ similar to the Pt3O4 oxide phase, which was
reported to show surprisingly high catalytic oxidation activity [10]. The formation
of an oxidation state close to 2+ rather than to 4+ (which is the most stable bulk
oxide [6]) can be related to the limited size of the cluster and to the local morphology
of the different oxide phases. Both PtO and Pt3O4 are composed of square-planar
PtO4 units, similar to those composing also the AgO bulk oxide. On the contrary, in
PtO2 Pt atoms are coordinated octahedrally by six O atoms in a three-dimensional
structure. Similar 3D building blocks would require a relevant reconstruction in the
clusters, which could result energetically unfavorable and hinder the formation of
the oxidation state 4+. As a matter of fact, calculations on oxidized clusters have
shown that even if it is possible to reach a stroichiometry of PtnO2n, these clusters
do not have the octahedral units, and the atoms composing them do not formally
reach the oxidation state 4+ [14].

6.7 Conclusions

The properties of oxidized size-selected Ptn clusters are dominated by their size,
oxidation state and by the interaction with the support on which they are deposited
[13, 16]. In this chapter, we studied their interaction and oxidation process on the
GR/Ir interface, which is an optimal template for the cluster deposition and growth
due to its corrugated morphology [22]. The cluster sizes chosen for the experiment
where n = 7, 12 and 13 and their deposition and oxidation was studied by means
of synchrotron-based XPS and ab initio DFT calculations. The interaction with the
substrate was investigated comparing the experimental results with the calculation
on different rotational configurations of the clusters on the substrate, which indicated
that the most stable structure are those where the C atoms underneath the Pt clusters
undergo a sp2 −−→ sp3 rehybridization. According to a Bader charge analysis, this
modification of the substrate induces a charge distribution in the clusters and to an
electron surplus in their topmost layers.

A comparison between the experimental spectra acquired after the cluster oxida-
tion at T = 20 K obtained with the photo-dissociation method indicates that the
charge arrangement induced by the substrate promotes an asymmetric cluster oxida-
tion. The most abundant configuration after the oxidation are represented by Pt7O7,
Pt12O6 and Pt13O6, which share a layered structure with and increasing oxidation
state for atoms that are further away from graphene. In particular the upper atoms



126 REFERENCES

of the clusters reach an electronic and geometrical configuration which resembles the
Pt3O4 bulk oxide. Due to the high catalytic oxidation activity of this oxide phase
[10], we believe that these outcomes could be interesting in terms of technological
applications of size-selected Pt clusters supported on GR/Ir.
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CHAPTER 7
Oxidation of Fen clusters: trends and

stoichiometry

An alternative approach to overcome the prohibitive cost and low abundance of
precious metals, such as Pt, in catalysis is to replace them (entirely or in part) with
cheaper elements with an improved cost-to-efficiency ratio [1, 2]. In this respect,
Fe-based nanostructures are particularly promising [3–5].

The catalytic properties of Fe are known and have being exploited for decades.
Its main applications comes from the production of ammonia (NH3) in the Haber-
Bosch process [6–8]. Various metals have been shown to catalyze this vital reaction,
which is used to produce NH3 at a scale of roughly 150 million tons per year for
a variety of applications [9]. However, Fe is widely used especially for its low cost
and high abundance [10]. The mechanism of the Fe-catalyzed Haber-Bosch process
is generally described through a complete reduction of N2 into nitrides on Fe surface
sites [11]. In the reaction, N2 and H2 are combined to form NH3, with Fe that is able
to provide the six electrons which are needed to fully reduce N2 [12]. However, this
process requires high pressure (∼100 bar) and high temperature (∼ 700 K) [2] due
to the required compromise between thermodynamic equilibrium and kinetics [13].
On the contrary, Fe-based nanostructures composed of Fe3 clusters anchored on the
θ-Al2O3(010) surface were recently proposed to overcome this limitation thanks to
the large spin polarization, low oxidation state of Fe, and multi-step redox capability
of Fe3 clusters [14].

The applications of Fe at the nanoscale are not limited to the Haber-Bosch process.
Atomically precise Fe clusters on N-doped carbon and pyrolyzed Fe-N-carbon catalyst
exhibits excellent acidic oxygen reduction reaction activity [15, 16]. Moreover, Fe2
clusters supported on mesoporous carbon nitride have shown superior performance
for alkene epoxidation [17].

Prior to these recent applications as supported catalysts, Fen clusters have been
intensively studied in the gas-phase with many experimental techniques and by
means of theoretical calculations [19]. The first attempts to experimentally probe
the Fe cluster electronic structure dates back to 1995, when Wang and co-workers
used a higher resolution magnetic bottle photoelectron spectrometer to study the
clusters in the gas-phase [18] (Fig. 7.1). Such experiment showed a clear dependency
of the photoelectron spectral features on the cluster size. This pioneering study,
combined with the peak distribution observed in time-of-flight mass spectra [20] was
crucial to propose the first geometric structures for the clusters and to identify the
magic numbers of Fen, which correspond to n = 7, 13, 15, 19 and 23. The progress
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Binding energy (eV) Binding energy (eV)

Figure 7.1: Photoelectron spectra of Fe –
n clusters with n = 3, 7, 9, 13, 15 and 20 at

3.49 eV photon energy. The sticks in the spectra are calculated occupied energy levels
for the structures next the each graph. The stick height is proportional to the orbital
degeneracy and occupancy. Adapted from Ref. [18].

in the experimental characterization was paralleled and supported by theory, which
confirmed the experimentally assigned magic numbers by means of DFT calculations
on their structure [21], relative stability and fragmentation energy [22]. As a matter
of fact, the magic numbers follow the geometric structure of the cluster. For example,
the structure of the highly stable Fe13 is a complete close-packed icosahedron [19, 21],
which is a geometry generally associated to high stability [23]. Similarly, also Fe15
has the shape of an icosahedron, but with the two 5-atom rings that are replaced by
rings of 6 atoms.

More recently, joint experimental and theoretical investigations have been focused
on Fen oxide clusters, which stand out for their potential applications in an even wider
range of fields than their metallic counterparts. In particular, they are of great interest
for several reactions such as the oxidation of carbon monoxide [24], the water splitting
[25], the Water Gas Shift reaction [26] and for their potential application in fuel cells
[27]. Similarly to Pt clusters, the relative stability of the oxide phases are different
for size-selected clusters than in larger scales. In particular, the FeO oxide phase is
not thermodynamically stable as a bulk material [28], and the FeO phase is only an
intermediate step in the oxidation of Fe(100), Fe(111) and Fe(110) surfaces, where it
rapidly further oxidized to Fe2O3 [29, 30]. On the contrary, mass spectra of FenO +

m
clusters revealed that the stoichiometric species with n = m are predominant for
n < 10, while the Fe-to-O ratio only slightly increases for 10 ≤ m ≤ 20 (FenO +

n+1 )
and for 21 ≤ m ≤ 30 (FenO +

n+2 ) [31]. Therefore, a relevant effort has been dedicated
to the structural optimization of (FeO)n clusters by means of DFT calculations for
n = 1− 16 [32–34]. (FeO)12 was found to be a turning point between the formation
of cage structures (n < 12) and the chemisorption of oxygen atoms on triangular Fe
facets on the cluster surface (Fig. 7.3). For this reason, (FeO)12 was further studied,
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Figure 7.2: DFT calculated geometries of Fen clusters for n = 8−16 in the minimum
energy configurations and for few isomers. Their binding energies, total magnetic
moments, and nearest neighbor distances are also reported. Adapted from [21].

and the most recent results report that this cluster shows a cage-shaped geometry
and an unexpected stability, with an extremely large energy gap (2.00 eV) which is
greater than that of C60, Au20 and Al –

13 clusters [35].
Compared to their metallic counterparts, and despite their interesting potential

applications, experimental studies on oxidized Fe clusters are limited to the gas-phase
[36–38]. This represents a fundamental approach to study these systems and provides
a benchmark for theoretical works, but it is still far from the complexity of supported
catalysts. In this regard, a necessary step towards technological applications is the
transition from the gas-phase to supported clusters [39]. In this chapter, I will discuss
our results on the oxidation of Fen clusters (n = 11, 12, 13, 15 and 20) supported on
GR/Ru. The experiment follows the same pattern adopted in the previous chapters,
with the Fen clusters that are produced with ENAC and deposited directly on the
sample located in the SuperESCA experimental chamber to perform in situ XPS
with synchrotron radiation. The oxidation (performed at T = 20 K with the photo-
induced dissociation of O2) leads to a homogeneous structure in the clusters where
all the atoms can be associated to the oxidation state 2+, similar to the FeO bulk
oxide phase. This confirms the trend observed in the gas-phase, since the oxidation
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Figure 7.3: Geometrical structures and local spin magnetic moments of the lowest
total energy states of the Fen and (FeO)n clusters, n = 11− 16. Bond lengths are in
Å and local spin magnetic moments are in µB. Different colors are used for the iron
atoms with spin-up and spin-down local magnetic moments. Adapted from [34].

state 2+ indicates an O-to-Fe ratio close to 1, and further highlights the different
behavior of the clusters with respect to bulk materials and metallic surfaces, where
the FeO oxide phase is thermodynamically unstable.

The results reported in this chapter have been accepted for publication in the
journal Communications Chemistry, with the title “The highest oxidation state
observed in graphene-supported sub-nanometer iron oxide clusters”.

7.1 Pristine clusters, BEs and potential reactivity

Fen+ clusters with n = 11, 12, 13, 15 and 20 were produced with ENAC and deposited
on GR/Ru, where they are electrically neutralized. The cluster sizes were chosen to
compare the properties of some remarkable clusters, such those composed of magic
number of atoms (Fe13 and Fe15 [19]) or Fe12, whose oxide is particularly stable [35].
Moreover, we included Fe11 and Fe20 to make a comparison also for non-magic clusters
of different sizes. The interaction of Fe with Gr is of intermediate strength compared
to Ag (weak) and Pt (strong) [40], suggesting that the Fe−C interaction may not be
completely negligible. On this regard, it was recently reported that a hybridization
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occurs between Fe and C atoms at the interface that provides stability to the clusters
[41]. However, the substrate-induced changes in the electronic properties are much
smaller, but still noticeable, for the oxidized (FeO)n. The total cluster coverage for
all the depositions was kept to about one cluster each 9 moiré unit cells, following
the same procedure adopted in the previous chapters.
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Figure 7.4: Fe 2p3/2 XPS core level spectra of the as-deposited size-selected Fen
clusters acquired with a photon energy of 800 eV and at T = 20 K.

The Fe 2p3/2 core level spectra of the as-deposited clusters are reported in Fig.
7.4, together with the best fit and the spectral components. Compared to the spectra
acquired for Agn and Ptn clusters, the signal-to-noise ratio is noticeably lower. This is
due to several factors such as the lower photon flux at the SuperESCA beamline at the
energy used to study the Fe 2p3/2 core level (800 eV), and the lower photoionization
cross section and larger intrinsic broadening of 2p core levels compared to the 3d and
4f core levels that we measured for the other clusters. Therefore, the analysis was
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Figure 7.5: Fe 2p3/2 XPS core level spectra of the as-deposited size-selected Fen
clusters acquired with a photon energy of 800 eV at T = 20 K.

BE (eV) Γ (eV) G (eV) α

Fe11 707.38; 709.87 0.22 ± 0.03 1.63 ± 0.16 0.22 ± 0.03
Fe12 707.50 0.17 ± 0.05 1.51 ± 0.10 0.15 ± 0.05
Fe13 707.77 ; 709.92 0.21 ± 0.03 1.76 ± 0.3 0.21 ± 0.02
Fe15 707.47; 709.75 0.37 ± 0.04 1.58 ± 0.28 0.15 ± 0.05
Fe20 707.38; 709.87 0.24 ± 0.03 1.83 ± 0.22 0.24 ± 0.02

Table 7.1: Fitting parameters obtained from the spectral analysis of the Fe 2p3/2
core levels of the as-deposited clusters. The error associated to the BEs is 0.08 eV.

performed by adopting a novel procedure aiming to obtain reliable information not
only on the Fe 2p3/2 core level BEs and on the number of non-equivalent components,
but also of the core level photoemission line shape parameters. Specifically, each
spectrum was fitted with Doniach-Šunjić lines following a 4-step procedure. In each
step, a cross-evaluation of two parameters of the Doniach-Šunjić lines was performed
based on the χ2 maps obtained by fitting the data with the remaining parameters
fixed to different values within a reasonable range. For example, Fe15 was fitted with
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two components separated by an energy ∆E. In the first step of the analysis, the
Gaussian (G) and Lorentzian (L) widths were used as free parameters in several fitting
cycles where the remaining parameters (BE, ∆E and the asymmetry parameter α)
where fixed and combined in several different ways. By doing so, we obtained a G,
L and χ2 value for each combination of BE, ∆E, α (Fig. 7.5). Based on this result,
we selected the G parameter associated to the best χ2 among all the combinations
and kept G fixed to this value for the following steps. Similarly, in the second step
we obtained the best BE, in the third step we obtained α and finally, in the fourth
step we obtained L and ∆E.

The spectral analysis indicates the presence of two different components for each
of the investigated clusters besides Fe12. The position of the low BE component,
which exhibits most of the spectral weight (Fig. 7.4, black lines), is affected non-
monotonically by the cluster size, ranging from 707.38 eV for Fe11 and Fe20 up to
707.77 eV for Fe13 (Tab. 7.1). We associated this component to Fe atoms in a metallic
state. They show a positive CLS up to ∼ 1.1 eV with respect to the bulk value (706.7
eV) [42], and to Fe(110) (706.3 eV) and Fe(100) (706.5) films grown on Cu(100) ([43]).
This is consistent with the typical trend of supported size-selected clusters that we
discussed in the previous chapters, where initial- and final-state effects shift the BEs
to higher values [44–46]. In the specific case of 3d metals such as Fe, it was reported
that initial-state effects induced by lattice strain may affect the BEs to a larger extent
than in the case of heavier metals [47, 48]. For Cu, Ag and Au clusters composed of
13 atoms, it was calculated that a negative strain of 6 % induces a positive CLS of
0.72, 0.52 and 0.50 eV, respectively. The average bond lengths in Fen clusters with
10 ≤ n ≤ 20 is typically ∼ 2.5 Å [21, 34], which correspond to a reduction of ∼ 9 %
with respect to the bulk lattice parameter a = 2.86 Å [49]. Given the Fe 2p3/2 CLSs
that we measured, which are within the range 0.68 - 1.07 eV, we can deduce that
initial-state effects arising from lattice strain play the main role in the Fen clusters
BEs. As a matter of fact, given the metallicity of the GR/Ru substrate we do not
expect a relevant final-state contribution arising from charging effects [46].

If the CLSs are dominated by initial-state effects, then they can be linked to
the chemical properties of the clusters [44]. Initial state effects are rich in chemi-
cal information as they depend also on the modifications of the d-band center, a
well-known indicator of chemical reactivity [13]. In particular, higher BEs can be
associated to higher stability, while lower BEs can predict an higher chemical reac-
tivity. To investigate this aspect, we compared the trends of the Fe 2p3/2 with the
asymmetry parameter α obtained from the fitting analysis. The α parameter in the
Doniach-Šunjić function, which describe the probability to excite electron-hole pairs,
is related to the density of states at the Fermi energy [50] and thus to the chemical
reactivity of the system [51].

In Fig. 7.6 the trend of the Fe 2p3/2 CLS (black, left axis) and α parameter (blue,
axis on the right hand side) are displayed for the different cluster sizes that we studied.
The two parameters follow very similar trends, suggesting a correlation. In particular,
Fe13 shows the largest CLS (+1.07 eV) and lowest α (0.07), thus suggesting that this
cluster is the most stable among the examined ones. This result is not surprising,
but confirm the gas-phase experimental and theoretical studies which predicted that
13 is a magic number for Fe clusters, therefore it is associated to a particularly stable
configuration and low chemical reactivity [18–21]. According to the trend of the CLS
and α parameter, the most reactive clusters are Fe11 and Fe20, which both show a
BE CLS of +0.68 eV and α = 0.22 and 0.17, respectively. Clusters composed of
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Figure 7.6: Fe 2p3/2 CLS (black, left axis) and asymmetry parameters α (red, right
axis) of the graphene-supported Fen clusters.

n = 20 atoms were found to be particularly reactive also in the case of Pdn clusters
supported on TiO2, suggesting that this cluster size could be more generally linked
to enhanced reactivity.

Finally, the spectral analysis shows that the Gaussian width G assumes values
within the range 1.51 and 1.83 eV. As discussed in the previous chapters, it is common
for supported clusters to show large G width in their core level spectra. In the case of
Fe, another contribution that could contribute to increase G comes from unresolved
multiplets that are typically adopted to fit the Fe 2p3/2 spectra of magnetized Fe
single crystal surfaces. In particular, this core level can be fitted with four components
associated to the mj = -3/2, -1/2, 1/2 and 3/2 quantum numbers [52]. However,
there is no consensus in literature on the energy splitting of these components for
the crystalline surfaces of Fe (ranging from 0.3 to 1.0 eV) [53]. Therefore, rather than
fitting the XPS spectra of the clusters with 4 different components, with an energy
splittings set as free parameters, we decided to use a single component, whose G
width also takes into account the possible presence of multiplet splitting.

7.2 Cluster oxidation and final stoichiometry

The second components observed in the as-deposited spectra, which are shifted with
respect to the main peak by ∼ 2.3 eV (on average) can be related to a partial
oxidation of the clusters upon deposition, similarly to what we observed for Ptn
clusters. This is confirmed after the complete oxidation of the clusters achieved with
a O2 exposure of 1 L at T = 20 K and after irradiating the sample for 45 minutes
with X-rays (hν = 800 eV) to obtain atomic oxygen. The Fe 2p3/2 spectra acquired
after the oxidation are shown in Fig 7.7. The oxidation induces a CLS towards
higher BEs, confirming the well-established trend found for Fe surfaces [29, 54, 55].
The oxidized spectra are centered at similar BEs as the second components of the
as-deposited clusters, confirming that they were indeed related to a partial oxidation
of the clusters.

The Fe 2p3/2 core level spectra of oxidized Fe11, Fe12 and Fe15 clusters can be
fitted using a single component, while an additional component at higher BE (green
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Figure 7.7: Fe 2p3/2 XPS core level spectra of the oxidized size-selected Fen clusters
acquired with a photon energy of 800 eV and at T = 20 K.

line curve) has to be included to fit the oxidized Fe13 and Fe20 clusters spectra. As it
happened for the BEs of the metallic clusters, the Fe 2p3/2 BE of oxidized spectra is
affected by the cluster size. The main components are centered at BEs ranging from
709.58 eV for Fe11 up to 709.79 eV for Fe13 (Tab. 7.2). They still show a positive
CLS with respect to oxidized bulk and surfaces, although in a smaller extent than
in the metallic case. The reduced CLS for the oxidized clusters is consistent with
the results discussed in the previous chapters, where we have observed that oxidized
clusters are more similar to their bulk counterparts than they were in the metallic
phase. In particular, this can be related to the dominant role played by Fe−O bonds
and charge transfer between Fe and O in determining the 2p3/2 BE of the clusters
with respect to the global structure and metallic coordination. For example, while
the Fe−Fe distances in the clusters are on average 9 % shorter than in bulk Fe, the
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BE (eV) Γ (eV) G (eV) α

Fe11 709.62 0.22 ± 0.02 3.04 ± 0.02 0.06 ± 0.02
Fe12 709.68 0.17 ± 0.05 4.12 ± 0.02 0.05 ± 0.05
Fe13 709.79 ; 712.59 0.21 ± 0.02 3.01 ± 0.20 0.00 ± 0.01
Fe15 709.27 0.37 ± 0.03 2.97 ± 0.28 0.02 ± 0.01
Fe20 709.58; 712.39 0.24 ± 0.02 2.63 ± 0.20 0.05 ± 0.02

Table 7.2: Fitting parameters obtained from the spectral analysis of the Fe 2p3/2
core levels of the oxidized clusters. The error associated to the BEs is 0.08 eV.

Fe−O bond lengths in oxidized (FeO)n clusters (1.81 - 1.96 Å)[34] are similar to the
values calculated for the O adsorption on a Fe(110) surface (1.78 - 1.91 Å) [56]. When
adsorbed on graphene, the Fe−O bond lengths in the clusters do not appreciably
change with respect to the gas-phase [41].

By comparison with previous XPS experiments, the main component in the
oxidized spectra can be associate to Fe(II) cations (BE = 709.5 eV) [42, 57]. Therefore,
since the clusters on graphene are electrically neutral and the vast majority of the
Fe atoms present an oxidation state 2+, and given the usual oxidation state 2- for O
anions on the clusters, we can conclude that the Fe-to-O ratio is close to 1, with a
final stoichiometry close to (FeO)n. If the ratio were higher, i. e., there were more Fe
than O atoms, we would have expected to observe an additional spectral component
associated to metallic Fe atoms or to atoms with a lower oxidation state. For example,
the cage-like structure that was proposed for the Fe13O8 oxidized cluster contains
a metallic Fe atom in its core [58]. Since from our spectra we can disregard the
presence of atoms in the metallic state, we can exclude a similar Fe:O ratio. At the
same time, if we had more O than Fe atoms in our clusters, we would expect to
observe a component in the Fe 2p3/2 spectra compatible with a higher oxidation state.
This is what happens in the case of Fe13 and Fe20, where a small second component
at 712.59 and 712.39 eV was observed. It is not trivial to unambiguously interpret
these components, given their low contribution to the total spectral intensity (less
than 20 %). However, we can exclude that they could arise from the formation of
Fe(III) ions in the clusters, which typically show a lower BE around 711 eV [57].
On the contrary, it could originate from oxidized Fe atoms at the cluster/graphene.
As a matter of fact, Fe(II) ions composing the material known as siderite (FeCO3),
show a BE of ∼ 712 eV [42]. In this material Fe and C are not binding directly, but
through an O atom. Therefore, a structure with an O atom adsorbed in a bridge
site between the clusters and the graphene layer could induce the formation of a Fe
2p3/2 component above 712 eV, such as those that we measure.

From the spectral analysis it is not possible to resolve the presence of oxidized
clusters with a stoichiometry of FenOn+1 or FenOn+2, which ware found for positively
charged oxidized Fe clusters on the gas-phase [31]. However, the Gaussian widths
of the spectra, which are larger than in the metallic phase and can be as high as
4 eV for Fe12, suggests that similar small fluctuations on the Fe-to-O ratio could
also be obtained. The large G values do not allow to test the presence of clusters
with stoichiometries FenOn+1 or FenOn+2, which were found in previous works on
positively charged oxidized Fe clusters in the gas-phase [31]. Moreover, the G width
could be affected by the presence of several oxidized isomers. For example, the cage-
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Figure 7.8: Fe 2p3/2 CLS (black, left axis) and asymmetry parameters α (red, right
axis) of the oxidized graphene-supported Fen clusters.

shaped minimum energy configuration of Fe12O12 is favored by just 0.07 eV with
respect of two tower structures composed of 3× 3 and 4× 4 rings which are nearly
degenerate, with an energy difference of just 0.01 eV [32].

Similarly to the metallic case, also for the oxidized clusters it is possible to
correlate the Fe 2p3/2 CLSs (with respect to the FeO bulk oxide BE = 709.5 eV
[42, 57]) to the chemical properties of the clusters through the asymmetry parameter
α. Based on the comparison of the two parameters, which is shown in Fig. 7.8,
oxidized Fe13 still appears to be the most stable cluster. Among the oxidized clusters
in the gas-phase, (FeO)12 was predicted to be surprisingly stable, with an energy gap
of 2.00 eV [35]. However, our data indicates that the density of state at the Fermi
level is not zero. This can be a consequence of having different isomers and to the
interaction with graphene, which can reduce to zero the band gap in oxidized Fe
clusters. This was calculated in the case of FeO and (FeO)2 clusters, which had a
energy gap respectively of 0.24 and 0.51 eV in the gas-phase, while it decreased to
zero when the clusters were adsorbed on free-standing graphene [41].

7.3 Discussion: From gas-phase to supported (FeO)n clus-
ters

Our experiment on the oxidation of supported Fe clusters returns similar results
with respect to the oxidation in the gas-phase, where the (FeO)n stoichiometry was
found to be particularly stable both experimentally [31] and with DFT calculations
[34, 35]. This is a potentially relevant achievement towards the application of oxidized
Fe clusters as graphene-supported catalysts, as it indicates that the properties of
the clusters are only slightly affected by the interaction with the substrate. As a
matter of fact, it was predicted by DFT calculations that the graphene-induced
changes in the electronic properties of oxidize (FeO)n are smaller than for their
metallic counterparts [41]. However, we have shown in the previous chapters that
the corrugated morphology of the moiré lattice of graphene epitaxially grown on
Ru(0001) or Ir(111) and the interaction with the metallic surface underneath could
affect the properties of the clusters, both in terms of mobility and electronic properties.
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Therefore, in to order deepen our knowledge of the system that we studied in this
chapter, it is pivotal to extend DFT calculations for clusters not only on free-standing
graphene, but also for the complete corrugated moiré cell of graphene on a metallic
surface.

In the previous chapter, we discussed the role played by the square-planar PtO4
units in determining the oxidation state in the clusters. This is the same unit observed
also for the Ag clusters, although it corresponds to an higher oxidation state 3+.
While for bulk materials, the PtO phase with a similar unit is not as stable as the PtO2
phase (oxidation state 4+), this latter structure is composed of three-dimensional
PtO6 octahedra, which appear to be not easily obtainable at the sub-nanoscale as the
three-dimensional geometry would require a major reconstruction of the Pt clusters.
In the case of Fen, we can think of a similar scenario to rationalize the formation of
the oxide FeO phase rather than Fe2O3. Contrary to Ag and Pt, Fe oxides do not
present have square-planar unit, but both FeO and Fe2O3 are composed of Fe ions
that bind with 6 O atoms each [28]. However, the unit cell of Fe2O3 accommodates
32 O2– ions, while there are only 4 in the unit cell of FeO [28, 59]. Therefore, it seems
reasonable to expect that the formation of such a large unit cell would be strongly
unfavorable, hindering the formation of Fe(III) ions. This especially applies for Fen
for n ≥ 12, where DFT calculations have predicted for clusters in the gas-phase that
the reconstruction of the gas-phase clusters into cage structures is less favorite than
a simple chemisorption mechanism of O on the cluster surface [34].

7.4 Conclusion
Oxidized Fe clusters are interesting in a wide range of technological applications, but
up to now their properties have been investigated mainly in the gas-phase. We applied
the oxidation method based on the photo-induced dissociation of O2 to extend the
characterization on their oxidation process also to the case of graphene-supported
Fen clusters (n = 11, 12, 13, 15 and 20) by means of high resolution XPS. Metallic
Fe clusters show a Fe 2p3/2 CLS towards higher binding energies with respect to
their bulk counter parts that can mainly attributed to initial-state effects due to
lattice strain. Moreover, the CLSs can be related to the chemical reactivity of the
system through a comparisons with the asymmetry parameter α obtained from an
accurate fitting procedure performed with Doniach-Šunjić functions. In particular,
the similar trend of the CLS and α for different cluster sizes allows to conclude that
the magic Fe13 cluster is the most stable among the ones we studied, in agreement
with the results obtained in the gas-phase. The BE of Fe clusters after the oxidation
are more similar to bulk and surface oxide with respect to their metallic counterparts,
following a similar behavior than oxidized Agn and Ptn clusters that appear more
similar to their bulk counterparts than they were in the metallic phase.

The complete disappearance of the metallic component in Fe 2p3/2 core level
spectra of the oxidized clusters, which is paralleled by the growth of a single new
component at higher BE consistent with the Fe(II) oxidation state is interpreted as
the formation of Fe clusters with a stoichiometry close to (FeO)n, in agreement with
previous works on oxidized clusters in the gas-phase. In the case of Fe bulk or metallic
surfaces, the formation of the FeO phase is less favorite than F2O3 (oxidation state
Fe(III)), highlighting a difference between the oxidation of Fe at the sub-nanoscale.
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CHAPTER 8
Conclusions and future perspectives

Within my PhD project, the commissioning of the cluster source ENAC was finally
completed. This exciting result allowed to perform the experiments reported in this
thesis using ENAC in combination with the SuperESCA beamline, which together
represent a unique experimental apparatus to investigate the properties of size-
selected clusters by means of high-resolution XPS.

The capabilities of this experimental setup were first tested by studying the
adsorption of size-selected Agn clusters on bare Ru(0001) at room temperature,
where we looked for size-related features in the Ag 3d5/2 core level spectra. Thanks
to the support of DFT calculations, it was possible to associate small Ag 3d5/2 CLSs
to different structures formed by the clusters on the surfaces. In particular, their high
mobility on Ru(0001) induces the formation of 2D islands with an average in-plane
coordination number that is determined by the cluster size and shape. The possibility
to tune the density of under-coordinated atoms in nanostructures using clusters as
building block is particularly promising given the importance of the coordination
number in determining the chemical properties of a material.

Afterwards, we moved to experiments focused on the main scientific topic of my
PhD, the oxidation of graphene-supported size-selected clusters. We selected three
different elements based on their technological relevance, especially in heterogeneous
catalysis, and spectroscopic properties: Ag, Pt and Fe. Our choice was also based on
the different atomic masses of these elements, spanning from 56 amu for Fe, up to 195
amu for Pt, which allowed to further test the capabilities of ENAC in working with
different transition metals. The graphene template was selected for its low interaction
with the clusters and it was epitaxially grown on the surface of transition metals
where it forms a corrugated moiré lattice which reduces the mobility of the clusters.
In the case of Ag and Fe clusters, graphene was grown on Ru(0001), which is one of
the substrates with the highest corrugation and diffusion barriers. Pt clusters where
deposited on graphene/Ir(111) because the Pt 4f core level overlaps with the Ru 4s,
but the lower corrugation of this template was compensated by the higher interaction
of Pt with graphene.

The previous study on bare Ru(0001) highlighted the high mobility of the clusters
at room temperature, therefore the experiments were performed at extremely low
temperature (T = 20 K) to prevent sintering and preserve the mass selection. However,
the oxidation of the clusters at this temperature is particularly challenging, since none
of them are able the dissociate O2 molecules at T = 20 K. To overcome this limitation,
we adopted a method based on the photo-induced dissociation of physisorbed O2 to
obtain atomic oxygen in UHV. This method was previously used to oxidize noble
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metal surfaces and nanostructures, but it has been implemented for the first time in
this thesis to obtain a high degree of oxidation in supported size-selected clusters. A
key ingredient to reach this result was the possibility to study the clusters produced
with ENAC in situ, which allowed to always keep the sample at T = 20 K and in
UHV to drastically reduce the cluster mobility and the presence of contaminants.

The analysis described in chapter 4, 6 and 7 for Ag, Pt and Fe clusters highlights
the general trend of the oxidized clusters at the sub-nanoscale to assume a final
conformation typical of the MO (M = Ag, Pt, Fe) oxide phase. This is particularly
interesting since this phase is not the most favorite at larger scales, where Ag2O, PtO2
and Fe2O3 are respectively preferred. In particular, the DFT calculations on both
Agn and Ptn clusters highlighted the formation of square-shaped MO4 bulk motifs,
with a metallic atom surrounded by four oxygen atoms. This is the building block of
Ag2O3 and AgO bulk oxides, but the hybrid structure of the oxidized clusters, with
the simultaneous presence of atoms in the oxidation state 3+ and 1+, indicates that
the clusters are more similar to AgO. In the case of Pt, the PtO4 motif is typical
of both PtO and Pt3O4, two oxides with similar oxidation states and Pt−O bond
lengths. Interestingly, the higher interaction of Pt with GR/Ir led to an asymmetric
oxidation, with the atoms at the interface that were almost unaffected by the oxygen
exposures (especially for larger clusters) and the PtO4 motifs that appears only
in the topost layer of the cluster. On the contrary, the oxidation of Fen clusters
was more similar to the case of Ag, since XPS measurements indicated that all the
atoms reach the same oxidation state 2+ which corresponds to a stoichiometry close
to (FeO)n. The appearance of bulk motifs at this scale is a clear difference with
respect to metallic clusters, which are characterized by peculiar shapes based, for
example, on icosahedral geometries. This information can be potentially relevant for
the tailor-made growth of nanocatalysts based on these material and to incorporate
sub-nanometric clusters in important catalytic reactions.

Besides the analogies with bulk oxides, in chapter 5 we studied the core level shift
anomaly of Ag in size-selected Ag7 and Ag11 clusters, finding that the typical trend
of the Ag 3d5/2 core level for increasing oxygen densities does not apply at this scale.
This anomaly, as well as the formation of bulk motifs, seems to be related to the fact
that the clusters can be completely oxidized, without a distinction between surface
and bulk atoms. Therefore, one could speculate that this anomaly will persist until
the clusters reach a structure with a well defined surface that prevents the oxidation
of the core. It is not trivial to predict a precise cluster size where this would happen,
but a similar analysis could inspire future works.

Our experimental outcomes highlighted, also in the case of high-resolution XPS
performed with synchrotron radiation, the large Gaussian broadening characteristic
of small size-selected clusters compared to surfaces and nanomaterials. This feature
does not allow to obtain an atomistic understanding on the electronic and geometric
properties of the clusters based entirely on the experimental XPS data, but required
a major support by DFT calculations. To make progress towards a more complete
experimental characterization on the cluster, it would be extremely useful to support
the XPS data with other techniques. The data reported in this thesis are entirely
based on XPS since the SuperESCA beamline is specialized on this experimental
technique and, up to date, ENAC can be connected only to this beamline. However,
several other spectroscopic techniques based on synchrotron radiation are available
at this beamline. A prime example is X-ray absorption spectroscopy (XAS), a widely
used technique to investigate the local geometric and/or electronic properties of mat-
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Pt12

Figure 8.1: Comparison of the experimental and theoretical NEXAFS spectra for
the N5 edge of the Pt12 cluster (shown in the insertion). The experimental spectra
(black circles) are acquired at T = 77 K and with the cluster deposited on Gr/Ru.
The theoretical data (green and dashed purple line, see text) are performed for the
cluster adsorbed on free-standing graphene.

ter [1, 2]. The photon energy available at the SuperESCA beamline is not optimized
for XAS experiments, which often require energies of several thousand of eV, and
therefore it is not trivial to be able to study the clusters at a coverage as low as
those used in this thesis (less than 0.1% ML). Nevertheless, we recently tested this
technique to stady the NEXAFS region (near-edge X-ray absorption spectroscopy)
of the N5 edge of a Pt12 cluster deposited on Gr/Ru, which corresponds to the
excitation of the Pt 4d5/2 core level.

The spectrum that we obtained is shown in Fig. 8.1, together with the geome-
try of the cluster and with a comparison with theoretical calculations (convoluted
with Gaussian functions with different FWHM) on the same cluster performed in
collaboration with the group of Prof. Mauro Stener, from the University of Trieste.
The comparison of the theoretical and experimental results is very promising in the
NEXAFS region that precedes the ionization potential, where theory predicts the
three distinct features (labeled A, B and C) that are observed in the experimental
spectrum. The analysis of the theoretical data is not yet complete, and other cal-
culations are scheduled to verify the behavior of these features also if Pt12 isomers
and different rotations are considered. Nevertheless, this preliminary result indicates
that XAS experiments can also be performed in situ at the SuperESCA beamline
to support the XPS data.

Several upgrades are scheduled for the upcoming months to further increase the
experimental techniques that can be used to characterize the clusters. In particular,
ENAC will soon be connected to the main chamber of the nmLab through a prepa-
ration chamber equipped with a manipulator that will allow to transfer the samples
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a position where clusters can be deposited into the main experimental chamber of
the nmLab. In this chamber, it will be possible to threat the sample with differ-
ent gasses and to perform XPS measurements using a conventional X-ray source.
Moreover, the chamber is equipped with a spot profile analysis low-energy electron
diffraction (SPA-LEED) apparatus, which allows to investigate the long range order
of the cluster on a sample. In addition, a new low-temperature scanning tunneling
microscopy apparatus will be installed in the upcoming months, giving the possibility
to support the information on the electronic properties acquired at the SuperESCA
beamline with data regarding the structure and dispersion of the clusters on the
surface. In particular, this combined approach will be instrumental to find solutions
to maintain the clusters mono-dispersed in given experimental conditions that can
then be investigated by XPS. A similar result would allow to find adequate templates
and conditions where it is possible to avoid sintering also at room or higher temper-
atures and at higher pressures. Such achievement would be particularly relevant as
it would open to the possibility of characterizing the clusters in conditions closer
to their technological applications as catalysts. As a matter of fact, the conditions
used to study their oxidation in this thesis, i.e., UHV and T = 20 K, are optimized
to understand their fundamental behavior, but far from real applications. Finally,
having more control on the mobility of the clusters at different temperatures would
allow to exploit the vacuum suitcase that will be connected to ENAC in the nmLab
and that will be used to transport several samples to different beamlines of Elettra
and to other synchrotron facilities. This will permit to further expand the range
of experimental techniques that can be used to study, for example, the magnetic
properties of the clusters or to perform near ambient pressure XPS measurements
and open to a new, wide range of possible discoveries.
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