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Résumé

La morphologie, la stabilité et la réactivité des particules de taille nanométrique (Au, P t)

sont étudiées sur trois supports différents: HOPG, YSZ et TiO2 .

Dans le premier cas, des nanoparticules d’or avec un diamètre compris entre 4 et 6nm

sont stabilisées dans des trous d’une profondeur bien définie dans du HOPG (higly ordered

pyrolytic graphite). Ces trous sont produits par la création de défauts artificiels, suivie d’un

agrandissement (etching) à température élevée sous une pression contrôlée d’oxygène. À des

faibles taux de recouvrement, les nanoparticules d’or se trouvent dans les coins des trous

hexagonaux afin de maximiser les contacts avec les liaisons pendantes des multicouches de

graphite. Pour des taux de recouvrement plus élevés, les particules d’or forment des chaînes

avec une taille bien définie et une distribution uniforme le long des marches. Le résultat le

plus remarquable est la stabilité de ces nanostructures dans des conditions ambiantes. Des

températures aussi élevées que 650K ne modifient pas la morphologie des nanoparticules

d’or. Au-dessus de 700K, les nanoparticules d’or montrent un pouvoir catalytique qui

permet de faire un etching dans des couches de graphite lorsque ce système est chauffé sous

conditions atmosphériques. La profondeur du canal ainsi produit est définie par la profondeur

du trou qui est à l’origine du canal et sa largeur du canal est donnée par la taille de la particule

d’or. Hydrogène, oxygène et l’eau se dissocient sur les particules d’or à basse température

(> 400K). Du CO et du CO2 sont produits au-dessus de 700K ce qui confirme l’etching

des multicouches de graphène. La réaction du “water-gas shift” a été observée dans laquelle

l’oxygène et l’eau se dissocient sur les particules d’or à basse température.

Des mesures de spectroscopie par désorption thermique (TDS) ont été effectuées sur du

platine Pt déposé sur Y SZ. Les pics de désorption de CO et O2 ont été mis en évidence.

Le monoxyde de carbone désorbe de la surface à une température de 535K et l’oxygène à

705K, en accord avec les valeurs présentes dans la littérature. Des mesures catalytiques ont

confirmé la forte activité catalytique du Pt. L’oxydation du CO s’effectue à des températures

comprises entre 450K et 700K. Les températures d’adsorption et de désorption des deux gaz

ont été confirmées lors de la mesure de la catalyse.
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Des particules d’or triées en taille Aun (n = 5, 7) sont déposées à partir de la phase

gazeuse à température ambiante avec une énergie cinétique bien contrôlée sur du TiO2 . Deux

reconstructions de surface différentes ont été utilisées comme support: TiO2(110) − (1 × 1)

et TiO2(110) − (1 × 2) . Des études systématiques de la morphologie, de la stabilité et des

sites d’adsorption ont été effectuées en utilisant la microscopie à effet tunnel (STM). La taille

moyenne des nanoparticules d’or est maintenue en cours de dépôt à une énergie cinétique

de 7.1eV par atome, ce qui indique qu’il n’y a pas de fragmentation. Les nanoparticules

d’or ne sont pas stables sur les deux reconstructions lors du recuit jusqu’à 800K, ni sur

le TiO2(110) − (1 × 1) ni sur le TiO2(110) − (1 × 2) . Une transition progressive des

structures bidimensionnelles vers des particules tridimensionnelles est observée. La distri-

bution en taille des particules est petite et le mode de croissance (mûrissement d’Ostwald)

est indépendant de la reconstruction de surface. La rugosité élevée de la reconstruction

TiO2(110) − (1 × 2) résulte en une stabilité marquée des particules sur les terrasses, con-

trairement à la reconstruction TiO2(110)− (1× 1) où 90% des particules se trouvent sur les

bords des terrasses à des températures élevées. L’activité catalytique des particules d’or com-

mence au moment où la structure des agrégats passe de deux à trois dimensions. Ces mesures

doivent être confirmées et une compréhension complète du processus doit encore être trouvée.

Mots-clés: catalyse, agrégats metalliques, stabilité des agrégats, TiO2, HOPG, YSZ, STM,

TDS
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Abstract

The morphology, stability and reactivity of nanometre-sized particles (Au, P t) is inves-

tigated on three different supports. Gold nanoparticles with a diameter comprised between

4 and 6nm are stabilized in nanosized pits of well defined depth in highly oriented pyrolytic

graphite (HOPG). These pits are produced by creation of artificial defects, followed by

etching under a controlled oxygen atmosphere. At low Au coverage, clusters are found

on the edges of the hexagonal pits maximizing the contact to dangling bonds on graphite

multisteps. Larger coverage results in Au beads of well defined shape and with a constant

bead density per unit length. Most remarkable is the stability of these nanostructures under

ambient conditions. Temperatures as high as 650K do not alter the morphology of the gold

clusters. Above 700K, the gold clusters catalyze the etching of graphite layers when heated

under atmospheric conditions. The depth of the etching channel is defined by the depth of the

pit and the channel width can be controlled by the cluster size. Hydrogen, oxygen and water

are dissociated on the Au clusters at low temperatures (> 400K). CO and CO2 is produced

above 700K which confirms the etching of the multilayer graphene sheets. The so-called

water-gas shift reaction has been observed where oxygen and water dissociate on the Au

clusters at low temperatures.

Thermal desorption spectroscopy (TDS) measurements on the Pt/Y SZ system have

been performed and the desorption peaks of CO and O2 have been evidenced. Carbon

monoxide desorbs from the surface at a temperature of 535K and oxygen at 705K, in good

agreement with values reported in literature. Catalytic measurements have confirmed the

known strong catalytic activity of Pt. The CO oxidation takes place at temperatures between

450K and 700K. The adsorption and desorption temperature of the two educts have been

confirmed during the catalysis measurements.

Size-selected Aun clusters (n = 5, 7) are deposited from the gas phase at room tempera-

ture with well-controlled kinetic energy on rutile TiO2 . Two different surface reconstructions

have been used as support: TiO2(110)− (1×1) and TiO2(110)− (1×2) . Systematic studies

of morphology, stability and adsorption sites have been performed using scanning tunnelling
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microscopy (STM). The mean size of the clusters is maintained during deposition at a kinetic

energy of 7.1eV per atom, indicating that there is no fragmentation. Au clusters are not

stable neither on the TiO2(110) − (1 × 1) nor on the TiO2(110) − (1 × 2) reconstruction

during annealing of the substrate to 800K. A progressive transition into a pronounced 3-d

formation is observed. The size distribution of the particles is small and the growth mode

(Ostwald ripening) independent of the surface reconstruction. The higher corrugation of the

TiO2(110) − (1 × 2) reconstruction results in a pronounced stabilization of the clusters on

terraces, in contrast to the TiO2(110) − (1 × 1) reconstruction where 90% of the clusters

are found on step edges at elevated temperatures. The catalytic activity of the Au clusters

sets in during the 2d - 3d transition. These measurements have to be confirmed and a full

understanding of the process should be found.

Keywords: catalysis, metal clusters, cluster stability, TiO2, HOPG, YSZ, STM, TDS
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Chapter 1

Introduction

The expression “nano” is a prefix in the metric system denoting a factor of 10−9. It is

mostly used for the size of objects, i.e. nanometres. Nowadays, nano is widely used for fancy

objects that possess properties in relation with particles of this specific size range. The first

hits on Google for example show links to Apple (for their iPod Nano), an Indian car company

with a homonymous car model or a computer processor company. All these examples have in

common that their products distinguish themselves from their competitors by their small size.

Research in nanotechnology has significantly increased in the last decades. There are dif-

ferent motivations: the first one (in relation with the above cited examples) is to minimize

the size of objects, e.g. in computer chips, for storage devices or nanometre-sized engines

for drug transport and release in human bodies. Second, the properties on nanometre-sized

objects vary strongly with their size. A historical example from the middle age is the opti-

cal properties of metallic nanoparticles in stained glasses. Figure 1.1 shows a window in the

Cathedral of Canterbury from the 12th century, where the colours are due to the different size

of gold nanoparticles inside the glass. Of course, at this time glass workers had no idea of the

origin of the magnificent colours in stained glass, but they knew the recipes to produce it. It

was only at the beginning of the last century when Gustav Mie provided an explanation based

on electromagnetic theory [1]. This is not the only example that nanotechnology has been

of benefit. The famous Damascus sabres, well known for their strength contain carbon nano-

tubes [2]. To benefit from the elaborated properties of nanosize materials beyond accidental

discoveries as cited above, a more detailed knowledge of physical and chemical properties of

nanometre sized materials is necessary.
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2 CHAPTER 1. INTRODUCTION

Figure 1.1: Stained glass window in the Cathedral of Canterbury from the 12th century.

Besides the optical and mechanical properties presented above, also chemical, magnetic

and electronic properties strongly depend on particle size. The change of properties is not

necessarily smooth, as it is illustrated in Figure 1.2. Here, G denotes a physical property such

as the melting point, the ionization potential or the band gap. It is shown as a function of

particle size. The property G varies from the bulk value G (∞) to G (1), the value for a single

atom. For large cluster size, G increases smoothly but with smaller cluster sizes, the change

can vary strongly with each atom that is missing.

The size of nanoparticles ranges from a few to a million atoms and especially very small

particles present strong variation of their properties. Very small nanoparticles are also called

clusters. Our study focuses on this size range (from one to thousands of atoms), where one

sentence gives a good summary: small is different - each atom counts! This is particularly

true for the cluster abundance. The stability of clusters or, more precisely, metal clusters

is due to their confinement of the electronic shells. The valence electrons are delocalized

and form a shell-like structure [4, 5]. If one looks at the mass spectrum of sodium studied

by Knight et. al., the abundance drops above precise cluster sizes: 8, 20, 40, 58, .... These
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Figure 1.2: Physical or chemical properties as a function of size [3].

so-called magic numbers are clusters with completely filled electron shells. An example to

be cited for a magic-number cluster is the beautiful tetrahedral geometrical structure of Au20

clusters, studied by Li et. al. [6] (see Figure 1.3).

Nanoparticles can be created in different ways, but two fundamentally different ap-

proaches exist: top-down and bottom-up. The first (top-down) cuts a piece of material to

smaller and smaller sizes. It is limited by mechanical constraints and one cannot reach very

small sizes. The second (bottom-up) goes the other way. Starting from a single atom, atoms are

added one by one and the cluster size can be precisely controlled. This is the way employed

in almost all studies of clusters including this one.

Many results have been obtained for clusters in the gas phase, also called free clusters.

Geometric structures of free clusters have been determined by ion mobility measurements

[7–10] and electron diffraction methods [11–16]. A more indirect way to determine the ge-

ometry has become available with the invention of free electron lasers [17, 18].

Some studies of clusters require that they are deposited and stabilized on surfaces. Thus,

clusters have to be deposited in a way that they adhere but do not decompose on the surface.
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Figure 1.3: Tetrahedral structure of a Au20 cluster [6].

One can also imagine assembling such structures one by one. Atoms can be added to and

moved on the surface by means of an STM (scanning tunnelling microscope) tip. On the other

hand, self-organization is also possible. Deposited atoms and nanoparticles can organize

themselves under energetically favourable conditions. A simple energy supply by heating the

surface is sometimes sufficient to enhance the mobility and the arrangement of particles.

One of the fascinating discoveries in the last years is the catalytic activity of metallic

nanoparticles with a countable number of atoms, in particular Au clusters. Gold, which is an

inert material in the bulk phase becomes catalytically active when the size of the nanoparticles

drops below 10nm approximately. This pioneering work of Haruta [19–22] has led to an

intense research effort on the catalysis of gold [23]. The size dependence was thoroughly

studied and it was generally agreed that the activity increases with decreasing cluster size, as

shown by the work of Goodman and co-workers [24]. However, the smallest sizes active for

specific reaction were badly defined because of experimental imperfections. It was the seminal

work of Heiz et. al. [25, 26] and some years later Anderson [27–29] who used mass selected

deposition of Au clusters. These investigations clearly showed that Au clusters containing as

few as 7 atoms are already active. To be more precise we should state that the first catalytic

measurements on size selected clusters have been performed by Wöste and co-workers in

Lausanne [30, 31]. They showed that Ag clusters containing at least 4 atoms were necessary

to develop AgBr grains in the photographic process.

Later work by Turner [32] showed, using high resolution, aberration corrected electron
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Figure 1.4: Spectrum of sodium clusters. The so-called magic numbers 8, 20, 40, 58 show higher abun-
dance than neighbouring clusters, due to their closed shell structure. The stability of such closed-shell
is elevated [4].

microscopy, that the active clusters in samples with a broad size distribution are the very

small ones. Vajda et. al. extended these studies with mass selected clusters to real catalysis

conditions [33, 34]. One of the key issues in this research, however, is the question on

morphology and stability. So far very few is known on the morphology change of such small

clusters under reaction conditions, i.e. temperature and gas exposure.

This work focuses on different properties of clusters, deposited on surfaces: their mor-

phology, stability and the catalytic activity. The morphology describes the above mentioned

arrangement of particles, their location on surfaces and evolution at high temperatures. The

stability gives information about how strong particles are bound to the surface. Catalysis is the

change in rate of a chemical reaction due to the participation of a substance called a catalyst.

The understanding of catalytic properties of nanoparticles is related to stability and morphol-

ogy which is itself related to stability. Unlike other reagents that participate in the chemical

reaction, a catalyst is not consumed by the reaction itself. The industrial applications of effec-

tive catalysts are huge, going from exhaust gas catalysers in cars to the industrial production

of ammonia-based fertilizers. This fertilizer production is an excellent example of how im-

portant catalysts can be for our live and society and what impact they have on the economy:

the worldwide production of ammonia-based fertilizers is huge, the total production in 2009
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was at 133 million tons1! The impact on nature, i.e. the energy consumption is not negligible.

In fact, the energy used in ammonia production alone equals 2% of the total energy consumed

globally2. It has been shown that the use of catalysts can reduce the required energy by an

important factor and its impact on economy as well as ecology would be drastic. The only

drawback is that such catalysts exist in laboratories but are not yet ready for the application in

the industry.

One of the purposes of this work is to evidence the catalytic activity of clusters in an

environment, which could be of interest in industrial applications. Different supports (sub-

strates where clusters are deposited) and different cluster materials have been used for cluster

deposition but all pursue the same goal: to show a catalytic activity of metal nanoparticles.

This work is structured in several chapters. Chapter 2 gives an overview of theory regard-

ing the present work. In Chapter 3 the different supports that have been used in order to study

the properties of metal clusters are described. The following Chapter (4) introduces the exper-

imental setup to the reader. One of the achievements of this thesis is the development of a new,

highly sensitive detector for reaction products. The setup and performance tests are presented

in this part. The results of the different systems (clusters on different supports) are divided

into three chapters (5 to 7) in order to facilitate the reading of this manuscript. The review of

results in literature in relation with this work and parts of the discussion are summarized in

Chapters 2 and 3. Finally, Chapter 8 summarizes the results and gives some final conclusions.

1http://minerals.usgs.gov/minerals/pubs/commodity/nitrogen/
2http://www.qsinano.com/apps_ammonia.php

http://minerals.usgs.gov/minerals/pubs/commodity/nitrogen/
http://www.qsinano.com/apps_ammonia.php
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Clusters on surfaces and their catalytic
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This Chapter presents the theoretical aspects of physical processes with an interest for the

present work. As this study concentrates on morphology, stability and chemical reactivity of

clusters, we focus also in the fundamentals on these points. In a first part (Section 2.1) cluster

deposition process, evolution and structure of clusters on surfaces are presented. General re-

marks as cluster deposition on surfaces or evolution of clusters are true for clusters of different

7
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materials. Different models have been proposed in literature that describe cluster growth. We

are able to identify the growth of our metal clusters with one of the presented growth mod-

els. The detailed structure of gold clusters as well as their diffusion properties are shown in

Sections 2.1.4 and 2.1.5, as gold is the material we used predominantly in this work.

In a second part (Section 2.2) we discuss catalytic processes in general and their funda-

mental characterization. Moreover, catalytic reactions by clusters are presented. Finally, we

go more into detail and explain the different catalytic activities of gold clusters (in Section

2.2.5).
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2.1 Clusters - systems with reduced dimensions

Clusters (n = 2 to 106 atoms) bridge the gap between atomic and molecular physics on

one side and solid state physics on the other. These small objects are inherently interesting

from a fundamental point of view, i.e. how the transition to the bulk is formed, as well as for

possible applications [35]. Small particles are defined as objects that behave as one unit in

terms of chemical, electronic, optical, magnetic or mechanical properties. They are classified

according to their size: small particles of 100 to some thousands nanometres of diameter

mark the upper limit of fine particles. Ultrafine particles, also called nanoparticles, are sized

between one and 100 nanometres. They consist of one to several thousands of atoms. They

may (but do not have to) show size-related properties that differ strongly from those observed

in bulk material.

Our knowledge of the electronic and geometric structure as well as of material properties

has been considerably improved over the last two decades. Spectacular discoveries in par-

ticular on carbon clusters (fullerenes and nano-tubes) have led to the development of proper

research fields. The discovery that small gold clusters are catalytically active and efficient

has emerged into a field today known as nanocatalysis [25, 36]. Metal clusters have attracted

much interest for different reasons. Alkaline metals are “the” model system for free electron

metals which allows a relatively simple theoretical description. The free electron nature of

the valence electrons and their formation into electronic shells has been discovered already

15 years ago [5]. Coinage metals are much more resistant to a satisfying understanding of their

electronic structure since the d-electrons have to be taken into consideration in any theoretical

modeling. A large amount of experimental data has been collected in particular for their opti-

cal properties [37]. The calculation of the electronic structure of small silver, gold and copper

clusters (n < 15) using sophisticated ab initio methods is state of the art and in the focus

of several research groups. Gold clusters have gained considerable interest not only for their

optical properties but also for their catalytic properties as will be further outlined below. The

geometric structure of small gold anions have been found planar [8] in experiments against

theoretical predictions which have been corrected now showing the importance of relativistic

effects in the electronic structure [38]. A prominent example for a geometrical structure is
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the beautiful tetrahedron of the free Au20 cluster which has been found by a comparison of

photoelectron spectroscopy (PES) and state of the art density functional theory [6].

The electronic structure of the “true” transition metal clusters like Platinum, Palladium

or Nickel is even more complicated. These materials are interesting in particular for their

magnetic, ferroelectric and catalytic properties. Intense research on these systems is actually

underway [25, 33, 39, 40].

The study of free clusters are the key to understand the evolution of the electronic and

geometric structure with size. This is also true for reactive collisions of gas phase clusters

with specific gases. These experiments can be considered as the precursor experiments to

heterogenous catalysis of supported clusters. Considerable progress has been made in the last

years by the group of Bernhardt [41–44]. However any imaginable application asks for the

cluster to be either supported or embedded in a medium. An additional difficulty is then added

in these cluster surface system since the geometrical and electronic structure of the clusters

are altered. This is in particular true for small clusters and strongly interacting substrates.

However, one has to be aware of the support influence on the reactivity. Recently, the group

of Heiz investigated the effects of the cluster support (MgO surfaces grown on molybdenum)

on the catalytic activity of deposited gold nanoparticles [45]. They found that the thickness

and the composition of the substrate influence the reactivity of such gold nanoparticles.

2.1.1 Cluster deposition of surfaces

The properties of nanostructures depend strongly on their size and shape. It is therefore

essential to control the precise size of the particles during the production process. Different

ways have been proposed with different aims: nanolithography with a minimal size of 5nm

is widely used in the fabrication of leading-edge semiconductor integrated circuits (nanocir-

cuitry) or nanoelectromechanical systems [46]. Single atom manipulation, on the other end of

the scale of nanostructures, can be done by moving atoms with an STM (Scanning tunnelling

microscope) tip on the surface [47, 48]. In a simpler way, but with less control of the particle

size, we can let nature do the work by using the thermodynamic laws. When single atoms

or small clusters are deposited on a surface, they will migrate and maybe aggregate together.

We will use this process for our deposition of nanoparticles. It is not possible to control the

precise deposition location and the cluster shape. However, the size, still the most important
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parameter, can be well controlled. Various studies in the last decades have pushed the knowl-

edge of morphology1 evolution forward to a point where some behaviours of nanoparticles

can be forced (by carefully choosing the cluster size, the substrate and the deposition condi-

tions). In particular, we want to mention the auto-assembly of nanostructures and its derived

technological applications [49]. In the following paragraphs, we develop the basics of cluster

deposition on a surface, particle evolution and finally the equilibrium structure and shape of

cluster islands after their thermalization.

Collision mechanism In cluster and atom depositon, the particle collides with the surface.

The collision time of an atom or a cluster with a surface is very short, in the order of some

picoseconds (10−12s) [50]. The very fast reaction time does not allow a broad dissipation of

energy. The area concerned is very narrow, therefore the local temperature (T ≈ 3000K) and

pressure (p ≈ 107mbar) are high enough to enable the fusion of the support material [51].

It implies the structural change of the support and the cluster (or atom) during impact. In the

case of clusters the results depend on various parameters:

• Kinetic cluster energy: 10−2eV < Ecluster
kin < 108eV

• Size (number of atoms in a cluster): 2 < n < 105

• Adsorption energy Eads of the cluster atoms on the surface.

• Cohesion energy of the cluster (ECl
coh) and the surface (Esurf

coh ), representing the hardness

of the material.

• Angle of incidence.

• Ratio of atomic mass between cluster and surface material.

The ratio of cohesion energies of the cluster and the surface can be expressed as:

R =
ECl
coh

Esurf
coh

(2.1)

If R is large, a hard cluster encounters a soft surface. The particle can penetrate easily into

a substrate. On the other hand, a small value of R represents an impact of a soft cluster on a

1morphology is the study of form and structure without regard to function
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Figure 2.1: Diagram for fundamental processes at cluster impact. X-axis represents the relative hard-
ness of cluster and surface, Y-axis the reduced kinetic energy [50].

hard surface. The impinging cluster then risks fragmenting without inducing damage to the

surface.

In Figure 2.1 the different regimes of cluster impact are schematically represented. The

different regimes of a cluster impact can be classified in ten subgroups, according to the above

mentioned cluster and surface properties and the cluster impact energy. Figure 2.2 shows an

overview of most of the possible processes. Here, we concentrate on the important ones for

this study:

• Soft landing: the cluster lands on the surface smoothly without any damage, neither

on the surface nor to the cluster itself. This is an ideal case that does not happen in

reality. In fact, the adsorption energy is never zero and the surface induces deformation

to the cluster. The real process is closer to a plastic deformation than a soft landing. An

example hereof are hard metal clusters deposited in rare gas matrices [53, 54].

• Plastic deformation: the surface remains intact. The cluster undergoes a deformation

but does not break into several parts. The shape of the cluster is changed, due to attract-

ing forces between substrate and cluster.

• Fragmentation: the surface remains intact but the cluster breaks into several pieces.
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Figure 2.2: Fundamental processes for cluster deposition [52].

• Implantation: during impact, the cluster modifies locally the surface and creates de-

fects. The defects can figure as anchor points for the cluster and stabilize its position.

• Sputtering: at very high impact energies, surface atoms or even bigger parts of the clus-

ter are ejected. This process is used as a standard method for producing nanoparticles

(made of the surface material), see Section 4.1.3.

2.1.2 Evolution of clusters and atoms on surfaces

After impact, and once the deposited particles are thermalized down to the support tem-

perature, the system still evolves. These processes, such as surface diffusion, have different

reaction rates as a function of the system temperature or activation energy. They can be seen

as a random walk process. Figure 2.3 shows different possible mechanisms of cluster or atom

movement on a surface: dissociation of a cluster that splits in several parts, position exchange

between a cluster and a surface atom, evaporation, aggregation of single atoms or entire clus-

ters, diffusion of atoms on terraces, at steps or at the edge of clusters. An atom diffusing on

the surface can meet another atom (dimer formation) or a whole cluster (adhesion). The prod-

uct of such a combination can itself diffuse on the surface, dissociate or stay immobile. In a
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Figure 2.3: Movements of atoms and molecules on a surface.

normal case, atomic diffusion is faster than diffusion of cluster islands. The results are bigger

clusters but with a lower abundance.

Cluster growth mechanisms The case of immobile clusters where only single atoms dif-

fuse is known as Ostwald ripening process [55]. Single surface atoms leave the cluster and

migrate on the substrate. After a random walk on the surface they will meet another cluster

or attachment point and adhere to it. The theory developed around this process has been ap-

plied in many studies after the discovery of electronic microscopy and scanning tunnelling

microscopy (STM) [56, 57]. The Gibbs-Thompson equations require that the vapour pressure

(in the present case the diffusing atoms), in equilibrium with its condensed phase (the islands),

decreases with the increase of the curvature radius of the islands. As a consequence, small par-

ticles decompose more rapidly than big ones and will finally disappear. The second process is

characterized by the diffusion of entire cluster or islands. They migrate as an ensemble and do

not dissociate during migration. When two migrating clusters meet each other, they fuse and

build a new, bigger cluster. Their growth is thus not smooth in size but increases stepwise.

The mean size evolution of islands as a function of the temperature is different for each

growth mechanism. Figure 2.4 illustrates the thermal evolution of the mean island size for nu-

cleation by cluster diffusion and Ostwald ripening. In the first case we get a growth by steps.

As whole clusters diffuse, there are no intermediate sizes between multiples of the initial

cluster sizes. One observes for Ostwald ripening a constant island size at low temperatures

followed by an exponential growth. The plateau on the Ostwald ripening curve can be ex-

plained with the fact that the smallest particles need a certain energy to get unstable and to

dissociate [59]. From this data we deduce information about the binding energies of small
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Figure 2.4: (a): nucleation by cluster diffusion (0.1MLCo/Pt(111)) [58]. (b): mean size evolution of
clusters by Ostwald ripening (0.1MLAg/Pt(111)) [59].

islands. Looking at the size distribution for Ostwald ripening and nucleation growth, one sees

that the peak for Ostwald ripening is much sharper than the latter (see Fig 2.5). The diffusion

of single atoms and the enhanced stability of big clusters lead to the narrower distribution.

The control of island size is achieved by carefully choosing the annealing temperature of the

sample.

An everyday example of Ostwald ripening is the re-crystallisation of water within ice

cream which gives old ice cream a gritty, crunchy texture. Larger ice crystals grow at the

expense of smaller ones within the ice cream, thereby creating a coarser texture [61]. Another

gastronomical example is found when Pastis is mixed with water, the so-called ouzo effect.

Droplets in the cloudy microemulsion grow by Ostwald ripening [62].

2.1.3 Equilibrium structure of islands

At thermodynamic equilibrium all diffusion processes cited above take place in both

directions. On a macroscopic scale one can claim that there is neither growth nor decompo-

sition. The growth mechanism can be re-activated by supplying additional energy (heat) to

the sample. The evolution continues as before by diffusion of particles. After cooling, the

system is found in the most stable state. The total energy is minimal and does not depend

on the history of deposition and diffusion. The only determining factors are the surface

tension ∆γ of the deposited material γCl, the substrate γSurf and the free interface energy
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Figure 2.6: Illustration of different models of growth by means of the Bauer criterion: Angle between
surface and the deposited nanoparticle.

γInter: ∆γ = γCl − γSurf + γInter. The Bauer criterion (see Fig. 2.6) helps to distinguish

between the different models of growth [63, 64]. Depending on the sign of ∆γ one can

distinguish between the different growth mechanism, schematically shown in Figure 2.7.

• ∆γ < 0: The energy balance of the surface favours the complete wetting of the sur-

face. Particles have tendency to form bidimensional layers. This growth in called Frank

van der Merwe and goes layer by layer. It is the normal growth mechanism for met-

als deposited on metallic surfaces with similar lattice parameters and is of particular

importance in the case of epitaxial growth of semiconductors.
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Figure 2.7: Schematic representation of different growth models: (a) Frank van der Merwe growth:
clusters aggregate layer by layer. (b) Volmer-Weber: clusters grow three-dimensionally from the be-
ginning. (c): Stransky-Krastanov mechanism: In initial layer growth is followed by 3-d aggregation
and cluster formation [68].

• ∆γ > 0: The free surface energy of the deposited material prevails over the surface

and three-dimensional nanostructures will appear. It is called a Volmer-Weber growth

mechanism and occurs principally for transition metals (Pt, Cu,Au,...) deposited on

oxide surfaces [65–67]. Our study fits into this category.

• Intermediate case: The transition between the two growth mechanisms is smooth. Typi-

cally, two-dimensional growth is observed for a few monolayers before growth is getting

three-dimensional. The change is due to a tension relaxation of the grid, caused by the

different lattice parameters. This type of growth is called Stransky-Krastanov growth.

As a concrete example, we mention gold clusters on graphite. An important factor is the

binding force between gold nanoparticles and the surface. Different studies on the surface

tension of gold clusters on graphite have been made. The results differ significantly from each

other. The values of γ vary between 1.2 N
m
γ < 3.1 N

m
[69–71]. Theoretical calculations have

shown that the contact angle of liquid gold on graphite is θ = 146◦, independent of the cluster

size. Taking this value also for considerations of single clusters, the shape of clusters would

then be a truncated sphere (see Fig. 2.6).
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Figure 2.8: Mass spectrum for cationic silver clusters Ag+
n obtained during this work. Peaks for odd-

numbered clusters are stronger than even-numbered ones (for cations, the number of electrons is one
unit inferior to the number of protons; therefore the magic numbers are shifted by one). The peak
between Ag+

1 and Ag+
2 is due to ionization gas in the sputtering gun (see Section 4.1.3).

2.1.4 Geometry and stability of small gold clusters

Several groups have investigated the structure of small free gold clusters (anions, cations,

neutrals) during the last years. Experiment and theory (DFT) are often in a good agreement.

In the present study we focus on cations and present therefore only the related results from

the literature. More general publications can be found here [7, 8, 72–74].

The stability of gold clusters or, more general, of metallic clusters, is mainly due to their

electronic shell structure. It is generally accepted that the electronic structure of simple metal

clusters is dominated by the number of valence electrons. They are delocalized and the sys-

tem shows a spherical shell structure [4, 5]. Knight et. al. investigated the stability of sodium

clusters and showed that for certain cluster sizes, the stability is strongly increased. By adding

an additional atom to these stable structures, the abundance was found to be lower. The ex-

planation is found when looking at the shell structure of these clusters: the so-called “magic

numbers” with 2, 8, 20, 40, 58, ... atoms stand for completely filled shells. By adding one atom,

the valence electron has to occupy a state in a higher energy level and thus the stability of the

cluster drops. An example is presented in Figure 2.8.
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Figure 2.9: Representation of lowest energy forms of Au+
n (n = 3− 13) from DFT calculations. The

symmetry as well as bond lengths are indicated [7].

The same behaviour is also valid for gold clusters. Katakuse et. al. [75] showed the abun-

dance for cationic gold clusters: at the magic numbers (3, 9, 21, 41, 59, ...) the ion intensity

decreased steeply (for cations, the number of electrons is one unit inferior to the number of

protons; therefore the magic numbers are shifted by one). Beside the dependence on the shells

they also observed an even-odd oscillation in stability. It is caused by the same effect, namely

that odd-numbered cation clusters possess an even number of electrons (an entire number of

pairs) and tend to be more stable than even-numbered clusters [76]. Gilb et. al. [7] combined

experimental measurements and theoretical DFT calculations to find the geometric structure

of small cationic gold clusters. In contrast to other metal cluster cations (e.g. silver), gold re-

mains two-dimensional until a cluster size of seven atoms. The strong s-d hybridization allows

small gold clusters to stay favourably in a 2-d configuration. Starting from Au+
8 , they grow in

three dimensions. Figure 2.9 shows the computed cluster cation shapes.

2.1.5 Structure and diffusion of Au on TiO2(110)− (1× 1)

This Section ends with a brief summary of the results of gold on rutile TiO2(110)−(1×1).

Titanium dioxide (TiO2 ) is one of the supports we used for our measurements. The properties
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of the substrate are described in detail in Section 3.2. Particularly in systems like metal

oxides, bias voltage and the polarity for scanning tunnelling microscopy play important roles

on the measured contrast (see Section 4.3.4). This has to be taken into account when data are

compared.

A nominal Au(111) monolayer has an effective thickness of 0.235nm [67]. However, the

association of an apparent height to gold mono- and multilayer on the surface is not unambigu-

ous. Spiridis et. al. [77] have measured height distributions of thermally grown gold clusters

at a bias potential of +1.7V . They find an apparent height of 0.2nm for 2-d and 0.4nm for

3-d gold clusters. Much smaller values have been found by Buratto et. al. [78]. In their work

mass selected Au atoms and clusters are deposited and observed at room temperature. They

found that deposited gold atoms sinter very rapidly and lead to formation of particles with an

average height of four atomic layers. In contrast to atoms, gold dimers, trimers and tetramers

show almost no sintering. They remain isolated and lay flat on the surface, showing 2-d struc-

tures. Bigger clusters Aun(n > 4) all exhibit two-layer, i.e. three-dimensional structures.

They associate an apparent height of 0.15nm to these flat clusters and 0.25nm to gold double

layers Aun(n > 4). The observed transition from flat to 3-d structures between Au4 and Au5

is in contradiction to theoretical calculations and results in the gas phase, see Section 2.1.4.

Buratto et. al. explain their observation with the ability of the surface to bind the cluster. For

them, the binding sites are such that the tetramer is the smallest cluster able to span across

two adjacent rows. The transition from 4 to 5 atoms suggests that the fifth atom is not needed

for maximal binding and a second layer can be created. The cluster thus grows in three di-

mensions. Matthey et. al. [79] conducted a careful study on the stability of Au monomers on

TiO2(110)− (1×1) in different surface preparation states (reduced, hydroxilated and oxygen

rich). They used the same tunnelling parameters as we used in this work. The isolated gold

atom has a measured height of 0.23nm, compared to the monolayer height of 0.25nm. Both

Au+
5 and Au+

7 are two-dimensional in the gas phase in their neutral as well as cationic charge

state [7, 73]. From the above presented results we assume that Au+
5 and Au+

7 deposited on

TiO2(110)− (1× 1) are two-dimensional.
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Figure 2.10: STM image of gold atoms deposited on TiO2(110) − (1 × 1) at room temperature.
Clusters are located almost exclusively on steps. Vgap = 1.2V , IT = 100 pA. Image size: 60nm ×
60nm [80].

Former workers in our group made systematic investigations of deposited Au clusters on

TiO2(110) − (1 × 1) at different kinetic energies [80]. They studied the influence of cluster

size and deposition kinetic energy on the morphology, adsorption sites and defects created by

the impact. They concluded that on defect-poor surfaces, gold particles have the tendency to

accumulate on steps, in agreement with many other groups [81–84]. An example is shown

in Figure 2.10. Large terraces are barely covered with Au clusters, they are principally

connected to steps. The key point for the stabilization of cluster on terraces is the presence of

oxygen vacancies on the surface.

The group of Egdell realized a study on the mobility of gold atoms deposited on

TiO2(110) [81]. They observed that the size of gold islands increases at higher temperature

(750K). The principal growth is due to Ostwald ripening. Diffusion of small islands at 750K

in the [001] direction has been observed, but not for bigger islands. They do not migrate and

thus remain stable for several hours. Above 873K the gold particles leave the surface. The

cluster diffusion can be explained with the surface structure. In fact, TiO2 is composed of

parallel rows of Ti and O atoms (see Section 3.2). If the crystal is not perfectly stoichiomet-

ric, some of the oxygen atoms are missing and create oxygen vacancy sites. The mobility of

these vacancy sites is not zero, even at room temperature, and thus the surface cannot be re-
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garded as temporal stable. The group of Besenbacher [82] related the diffusion of gold atom

and vacancy sites for temperatures between 150K and 300K. They have measured a decrease

of the number of vacancy sites with increasing gold quantities deposited on the surface and

thus concluded that a vacancy stabilizes three to five gold atoms. If the islands get too big

for the number of vacancies, the whole gold-vacancy complex diffuses on the surface until it

captures a sufficient number of vacancy sites.

Density functional theory (DFT) calculations have shown that a monolayer of gold binds

very poorly to the clean surface [85] but connects to the oxygen vacancy sites (1.6eV binding

energy per vacancy) [86]. Big gold particles can only be stabilized on vacancy sites or at steps

which can be considered as ensemble of vacancies [87, 88].

The mobility of thermally deposited atoms or clusters creates problems for the fabrication

of commercial catalysers containing small gold particles (d < 4nm). They have to be stable up

to temperatures of 600K which is apparently not the case. Their mobility leads to an assembly

of particles with size larger than the critical size (see Section 2.2.5).

2.2 Catalysis

The word “catalyst” originates from the Greek word “καταλυειν”, meaning “to annul”

or “to untie” or “to pick up”. It was Berzelius in 1836 who defined a catalysed process:

“to awaken affinities, which are asleep at a particular temperature, by their mere presence

and not by their own affinity”. Ostwald started in the 1880s a systematic investigation on

catalysis. He introduced the concept of reaction velocity as a criterion of a catalytic process.

He proposed the following definition: “Catalysts are substances which change the velocity

of a reaction without modification of the energy factors of the reaction” [89]. Unlike other

chemical reactants, the catalyst is not consumed during the reaction, it is thus available in

principle for unlimited cycles.

Chemical reactions are characterized by a certain activation energy, denoted by EA

(Figure 2.11). Free reactants possess a characteristic potential energy Epot. Almost any

reaction between these active parts needs additional energy, for example adsorption energy

Eads. We are confronted with an energy barrier which has to be exceeded to launch the
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Figure 2.11: Activation energy barrier EA for a chemical reaction. The presence of a catalyst reduces
the energy barrier E∗A and increases the reaction rate [90].

reaction. This barrier can be high, even for strongly exothermic reactions 1. The presence

of a catalyst can reduce this energy barrier and increase the speed of the reaction. The

main catalysts are transition metals such as Fe, Co,Ni, Cu,Rh,Ag, P t, Ru, Ir, Os or

Au. Each catalyst has its own efficiency rate for different reactions. The efficiency of a

catalyst is also influenced by the number of available adsorption sites on the catalyst.

It is important to note that catalysis is a process which happens on surfaces and not in

the bulk. It is thus favourable to increase the catalytically active surface instead of the

volume. This is where nanostructures enter the discussion. Their accumulated surface, due

to the isolated structures as particles, ribbons or patterns, exceed conventional surfaces

by a factor of several thousands. For illustration, Pt particles with a diameter of 1mm

have a total surface of 1.4 · 10−1m2

kg
. If the diameter is reduced to 1nm, the actual dimen-

sion of nanoparticles, the active surface increases to 1.4·105m2

kg
, a difference of a factor of 106!

In the industry, catalysts are widely used. One of the most common examples is the exhaust

gas catalyser in motorized vehicles. They use metal coated ceramics (platinum, palladium and

rhodium) as catalyst because they are amongst the most efficient (but not cheapest) catalysts.
1An exothermic reaction is a chemical reaction which releases energy, mostly delivered as heat. The final

potential energy is lower than the potential energy of the reactants. In contrast, an endothermic reaction has a
higher final potential energy than the reactants, it thus needs external energy to launch the reaction.
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In nature, many processes use catalysts, for example to produce ammonia which can be

used as a natural fertilizer. The bacteria Azobacer vinelandii is able to synthesize ammonia

out of nitrogen and hydrogen at ambient conditions (this is not yet possible in industry.

Industrial production of ammonia needs very high temperature and pressure and thus a

huge amount of energy). It possesses an enzyme, called Nitrogenase, that, thanks to an iron

complex in the inner part, breaks apart the very strong nitrogen bonds [91, 92]. Many other

examples could be cited.

Catalytic reactions can take place either in one phase (homogeneous reaction) or in dif-

ferent phases (heterogeneous reactions). We concentrate on the second one, as it is the actual

process taking place in our study. Heterogeneous catalysis typically involves a solid catalyst

and the reactants being in a liquid or gaseous phase. Different types of mechanisms exist, as

presented in the following.

2.2.1 Dissociation

The simplest process is a dissociation by adsorption on a surface [90]. A molecule (AB)

in the gas phase (denoted with a g) adsorbs on an adsorption site (∗) at the catalyst. The

presence of a catalyst leads to a dissociation of the molecule and a subsequent desorption of

the products:

AB (g) + ∗
 AB∗ → A∗ +B (g)→ A (g) +B (g) (2.2)

We define the reaction speed r as a function of the partial rate constants for adsorption

(k1), desorption (k−1) and reaction (k). Lets CAS denote the number of occupied sites, CA the

number of available molecules, θ the surface coverage and CS the total number of available

sites:

r = −dCAS
dt

= kCAS = kθCS (2.3)

Consider now a steady state condition. The balance of reactants and products remains

constant and Equation 2.3 becomes:
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dCAS
dt

= 0 = k1CA(1− θ)CS − k−1θCS − kθCS (2.4)

The first term on the right side of Equation 2.4 represents the quantity of adsorbed and the

second of desorbed molecules. Molecules taking part in the reaction are expressed by the last

term. Solving the equation for θ we get the coverage of the surface and the reaction speed r:

θ =
k1CA

k1CA + k−1 + k
(2.5)

r =
k1kCACS

k1CA + k−1 + k
(2.6)

For k � k1CA, i.e. when the reaction is limited by adsorption or desorption, the Equation

2.6 becomes:

r ≈ k1CACS (2.7)

for k � k1CA, representing a reaction rate limitation, we get

r ≈
k1

k−1
kCACS

k1

k−1
CA + 1

(2.8)

2.2.2 Bimolecular reaction: Langmuir-Hinshelwood mechanism

In contrast to a simple dissociation of one molecule, a Langmuir-Hinshelwood-driven cat-

alytic reaction involves two different molecules which have both to adsorb on the surface.

Figure 2.12 shows schematically the chemical process of the reaction.

A+ ∗
 A∗

B + ∗
 B∗ (2.9)

A∗ +B∗ → AB∗ → AB(g)

The rate constants are now k1, k−1, k2 and k−2 for the adsorption and desorption of A

(concentration CA) and B (concentration CB) respectively and k for the reaction rate. The
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Figure 2.12: Reaction of the Langmuir-Hinshelwood type. Both molecules A and B are adsorbed on
the surface and react together.

reaction speed can thus be written as r = kθAθBC
2
S . We proceed identically for A and B as

before and get

dCAS
dt

= 0 = k1CA(1− θA − θB)CS − k−1θACS − kθAθBC2
S

dCBS
dt

= 0 = k2CB(1− θA − θB)CS − k−2θBCS − kθAθBC2
S (2.10)

Similarly to the case of dissociation:

θA =
k1CA(1− θA − θB)

k−1 + kCSθB
(2.11)

The limiting step for a Langmuir-Hinshelwood mechanism is the reaction between the

adsorbed reactants: the probability that two different adsorbed molecules meet each other on

a surface is much smaller than the probability that one molecule desorbs off the catalyst. We

can assume that k−1 � kACAθA. The expressions for θa and θB becomes:

θA =
k1CA(1− θA − θB)

k−1

θB =
k2CB(1− θA − θB)

k−2

(2.12)

Knowing that the reaction speed is given by r = kθAθBC
2
S , Equations 2.12 can be com-

bined:
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r = kC2
S

k1

k−1
CA

k2

k−2
CB(

1 + k1

k−1
CA + k2

k−2
CB

)2 (2.13)

Consider now three scenarios:

• Both molecules have a low adsorption probability: 1� k1CA ∼ k2CB

r = kC2
S

k1

k−1

CA
k2

k−2CB
(2.14)

The order is one respect to both reactants.

• One molecule (B) has an adsorption probability close to zero: In this case, only one

part can be neglected: 1� k2CB and the reaction rate is:

r ≈ kC2
S

k1

k−1
CA

k2

k−2
CB

(1 + k1

k−1
CA)2

(2.15)

At low concentrations of A, the reaction has the order one with respect to A. At high

concentrations, the order gets minus one with A. The higher the concentration of A, the

slower the reaction takes place and one says that A inhibits the reaction.

• One molecule (B) has an adsorption probability close to one:

r = kC2
S

k2

k−2
CB

k1

k−1
CA

(2.16)

The reaction order is one respect to B and minus one respect to A. Molecule B dom-

inates all the adsorption sites and molecule A cannot adsorb. It inhibits the reaction at

any concentration. This scenario is also called surface poisoning. We will discuss the

adsorption properties of molecules on substrates (especially for TiO2 ) in Section 3.2.7.

2.2.3 Bimolecular reaction: Eley-Rideal mechanism

In this model (Figure 2.13), only one of the two reactants (A) adsorbs on the surface of

the catalyst. The second part of the catalytic reaction (B) does not adsorb on the surface but

react directly with the adsorbed species (A). We can write the process as the following:
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Figure 2.13: Sketch of an Eley-Rideal type reaction. Only one type of molecule adsorbes on the sur-
face and reacts with the other, remaining in the gas phase.

A+ ∗
 A∗

A∗ +B(g)→ AB(g) (2.17)

The reaction speed in this case is

r = CSCB

k1

k−1
CA

k1

k−1
CA + 1

(2.18)

The reaction has the order one regarding the molecule in the gas phase. We can, similar to

the preceding process, distinguish different cases:

• Low concentration of A: The reaction is of the order 1 with respect to A.

r = CS
k1

k−1

k2

k−2CACB
(2.19)

• High concentration of A: The order of the reaction with respect to A is zero:

r = CS
k2

k−2

CB (2.20)

An example of a catalytic reaction following the Eley-Rideal mechanism is the oxidation

of CO on free gold clusters [93]. It is not always evident to identify the catalytic mecha-

nism. Gold nanoparticles Au8 on a metal oxide surface show a Langmuir-Hinshelwood-like

behaviour during the oxidation of carbon monoxide if the CO molecule sits on the top of

the gold particle. If the CO is attached elsewhere on the Au8 cluster, the process follows an

Eley-Rideal mechanism [94]. This example shows how minor changes in the setup of the sys-
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Figure 2.14: Structural parameters and kinetic effects on supported metal catalysts [95].

tem (in the particular case the support and the adsorption site) can change the whole catalytic

mechanism.

2.2.4 Catalysis by clusters

The catalytic properties of clusters on surfaces are basically defined by their size and their

geometric and electronic configuration. Additionally, it is also important to understand the

dynamics of the reaction. Gas molecules are able to move during the catalytic process and

the cluster itself can change its geometrical and electronic properties during the cycle. But,

as the definition of a catalyst requests a cyclic behaviour, the catalyst has to find its original

configuration before the reaction ends. Figure 2.14 summarizes the aspects one has to take

into account to describe the fundamentals of catalysis. Freund and co-workers presented a

model study in heterogeneous catalysis in their reviews [95, 96]. The parameters can be split

into different categories:

1. Support-related effects (a schematic representation is given in Figure 2.15): The capture

zone limits the perimeter wherein the molecule can reach the catalyst before it desorbs

to the gas phase. The capture zone depends on the temperature, the adsorption and

desorption coefficients as well as the cluster density. Schwab and Pietsch proposed in

1929 that catalytic reactions often take place at the interface between catalyst and the
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reverse-spillover adlineation

capture zone

spillover

desorption

adsorption

Figure 2.15: Schematic representation of the collection zone, adlineation and reverse spillover (graph-
ics adapted from [36].

surface [97]. This effect is known as adlineation and is similar to reverse-spillover.

In reverse-spillover, the molecule adsorbs on the surface of the support and diffuses

towards the catalyst. Spillover is the opposite effect. It describes compounds which are

formed on the catalyst surface and which migrate then from the catalyst to the support

surface where they desorb from the surface. In addition to the mentioned support-related

process, one can also imagine chemical reactions involving support components.

2. Effects related to the electronic structure of the active particle: in small particles, elec-

tron confinement due to lattice distortion plays an important role. Electronic interaction

with the support can also influence the catalytic (and other) properties.

3. Effects due to the geometric structure of the particle: metal particles expose specific

sites, edges and corners which do not occur in the bulk material. Their density de-

pends on the particle size and is substantial in the practically relevant size range of a

few nanometers. Additional irregular sites such as steps may occur, in particular if the

equilibrium shape of the particle is not fully established.

4. Communication effects: these can result from the coupling of small surface regions with

different adsorption and reaction properties via surface diffusion. The behaviour of the

coupled system may differ a lot from that of a simple superposition of the individual

regions.

5. Confinement phenomena: modifications of the kinetics can arise as a result of the fact

that the mobility of reactants is limited due to the structure of the catalyst. Reactants
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Figure 2.16: Publications of the catalytic activity of gold from 1900 to 2005 [100].

may, for example, be confined to the active metal particles, with surface diffusion to

other parts of the surface being inhibited. There are different consequences of this effect:

for example, bulk diffusion of hydrogen, may be restricted, leading to changes in the

related kinetics.

2.2.5 Catalytic activity of gold

Bulk gold is chemically inert and was for a long time considered as a very poor

catalyst [98]. It was in 1973 when Bond reported the hydrogenation of supported gold

clusters [99]. Other publications have been submitted during the following years, but it was

only in the ’90s when Haruta and co-workers showed that, under certain conditions, gold clus-

ters can catalyze the oxidation of CO [19–22]. In the following years, many groups started to

investigate different catalytic systems and the number of publications increased almost expo-

nentially. Figure 2.16 shows the evolution of publications about catalytic activity of gold from

1900 to 2005. Knowing that the rush of research on this topic did not stop yet, we estimate

that the number of publications in 2010 is still increasing.

Nowadays gold is known as a catalyst with a huge chemical potential. Various catalytic

processes have been studied: the most studied reaction is the oxidation of CO and H2

[19, 22, 101, 107–112]. Haruta et. al. also reported the reduction of NO [113] on gold,

deposited on supported metal oxides and the methanol synthesis from CO2 [114, 115]. The
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Bond and Thompson, 1999 Preparation and characterization of active
gold catalysts, CO and H2 oxidation and
reactions involving hydrogen and nitro-
gen

[101]

Haruta, 2002 Summary of the catalysis of Au nanopar-
ticles deposited on metal oxides

[102]

Cortie, 2002 Phenomenology of heterogeneous cataly-
sis by Au nanoparticles

[103]

Daniel and Astruc, 2004 Chemical properties, application towards
biology, catalysis and nanotechnology

[104]

Meyer et. al. , 2004 Reaction on single gold crystals, model
catalyst systems regarding the relation-
ship between gold and the support

[105]

Heiz and Bullock, 2004 Role of oxide support defects, cluster size
dependence, cluster structure fluxionality
and impurity doping on the catalytic prop-
erties of size-selected metal clusters

[25]

Hashmi and Hutchings, 2006 Chemical transformation, homogeneous
and heterogeneous catalysis

[100]

Thompson, 2006 Overview of gold-catalyzed oxidation
processes

[106]

Table 2.1: Review articles about the catalytic activity on Au nanoparticles.

water-gas shift reaction, as one of the oldest known catalytic reactions, has been investigated

by Andreeva et. al. and other groups [116–120] (Section 2.2.6). Many researchers have

published review articles regarding the catalytic activity of Au nanoparticles during the last

decade. They focussed on different parts of this very broad field, summarized in Table 2.1.

The mentioned catalytic reactions in the text above are by far not the only ones known for Au

nanoparticles. References are given in the Table.

Two requirements for a powerful industrial catalytic system are reliability at ambient con-

ditions and a high efficiency. The experimental development is not yet at a point to produce

samples which fulfil the standards of industry. Depositions on surfaces still have to be done

under controlled conditions, the particle size is a very sensitive parameter and setups able to

produce reasonable quantities of clusters do not exist so far. But the research on these systems

is progressing and applications are becoming reality.
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Figure 2.17: Catalytic activity of CO oxidation as a function of cluster diameter (a) Results of Valden
show a maximum in activity for cluster size of 3nm diameter [24, 122]. (b) Haruta observed a maximal
activity at 3nm but did not investigate on smaller particles [123]. (c) Lee showed that the activity drops
drastically below a critical cluster size of 8 atoms [27].

Studies have shown that an important factor for the oxidation of CO is the production of

size-selected particles. Only particles with a certain size exhibit catalytic activity, shown by

Valden [24, 121, 122] and Haruta [123]. These authors highlighted the maximum of activity

for particles with a diameter of 3nm (see Figure 2.17(a)). For particles below a specific barrier

(n < 8 atoms) the catalytic activity drops and is almost inexistent, as shown by Lee and Heiz

et. al. [27, 94]. The drawback of this measurement is that no morphological confirmation of

the clusters has been done and thus no information about an eventual aggregation is available.

This statement is supported by Convers in his PhD thesis [80]. He deposited low energetic

Aun(n = 2...8) clusters on TiO2(110) − (1 × 1) at low energy (2eV/atom) and showed

that small gold clusters migrate on the surface even at room temperature which leads to big-

ger islands [80, 81]. This diffusion is strongly influenced by the saturation of defects with
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OH-groups as confirmed by Besenbachers group. Moreover, oxygen vacancies are the active

nucleation sites for Au clusters on TiO2(110) [82]. Theoretical calculations by Lopez and

Nørskov [85] confirm this statement. Their DFT calculations showed that bonding at the in-

terface depends on Au coverage. At low coverage, protruding oxygen atoms are the preferred

adsorption sites and are responsible for the reactivity. No strong interaction exists for defect

free supports.

2.2.6 Water-gas shift reaction (WGS)

The water-gas shift reaction (WGS) is one of the oldest catalytic processes employed in

chemical industry. Details of the processes are described below. Its principle application is the

production of hydrogen:

CO +H2O → CO2 +H2 (2.21)

Hydrogen is one of the primary ingredients to produce ammonia-based fertilizers. The

catalysts used for WGS are basically iron-based at high temperature and copper-based at low

temperature. Many authors have studied the catalytic activity of other metals in the WGS.

Grenoble et. al. studied the reaction details of several noble metals on alumina [124]. He

presented a rating of the reaction activity for different metals, noting that gold has the lowest

activity of all studied metals. He also pointed out that the substrate on which the particles are

deposited plays a crucial role. For instance, the activity of platinum on alumina is a factor of

90 higher than the reactivity of the same metal on carbon. Ovesen et. al. [125] presented a

kinetic model of the water-gas shift reaction, based on a description of its elementary steps at

the atomic level, as shown in Table 2.2. A gaseous water molecule adsorbs on the surface (the

asterisk (∗) signifies an adsorption site) (1) and dissociates into an OH group and a hydrogen

atom (2). If two hydroxyl groups are close enough, the can recombine to form water, leaving a

single oxygen atom on one of the adsorption site (3). Alternatively, if free adsorption sites are

present around a hydroxyl group, it dissociates (4). The thus obtained hydrogen atoms form

a hydrogen molecule that leaves the surface (5) and gaseous CO adsorbs on one of the free

adsorption site (6). It combines with an oxygen atom (7) to form gaseous CO2 (8).
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Reaction steps Reaction number

H2O (g) + ∗ � H2O
∗ 1

H2O
∗ + ∗ � OH∗ +H∗ 2
2OH∗ � H2O

∗ +O∗ 3
OH∗ + ∗ � O∗ +H∗ 4

2H∗ � H2 (g) + 2 ∗ 5
CO (g) + ∗ � CO∗ 6
CO∗ +O∗ � CO∗2 + ∗ 7

CO∗2 � CO2 (g) + ∗ 8

Table 2.2: Different steps in the water-gas shift reaction [125]. The asterisk (∗) stands for an adsorption
site.

After the publications of Haruta et. al. (mentioned above), the perception of gold changed

drastically. Several groups investigated WGS reactions of gold nanoparticles on various sur-

faces. Andreeva et. al. showed that the essential mechanisms are the dissociative adsorption

of water on gold particles and the spillover of active hydroxyl groups onto adjacent sites on

the surfaces (Al2O3 and α − Fe2O3) [117, 118]. Boccuzzi and his group showed by FTIR

(Fourier Transform Infrared Spectroscopy) measurements that H2 dissociates already at room

temperature on the catalyst and that it reacts with adsorbed oxygen atoms [120]. Schumacher

[126] studied the catalytic activity of WGS for various transition metals by estimating the

reaction rate with the use of a micro kinetic model. One of the conclusion of his work is

that Cu is close to the optimum rate but no quantitative results have been presented for Au.

A review of Andreeva summarizes the results reported in literature for the WGS reaction over

gold-containing catalysts [119].
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This Chapter treats the support materials for these investigations. We basically worked

with three different substrates, highly ordered pyrolytic graphite (HOPG), titanium dioxide

TiO2 and yttria-stabilized zirconia Y SZ. Each system has its own properties but all have

in common that they are basically inert for catalytic reactions. Once the metal particles are

deposited on the surfaces, one can observe catalytic reactions. Hence, the catalytic activity is

related to the particle itself and the interaction between particles and substrate.

Highly ordered pyrolytic graphite (in the following named HOPG or graphite) is one of

the supports used in this thesis for catalytic measurements. Its main advantage are that it

does not need complex surface preparation and that it can be handled at ambient conditions.

It is also known as one of the simplest surfaces for STM measurements. In Section 3.1,

we will point out the most important features and processes on HOPG in relation to this

work. It is catalytically inert which makes it an ideal support for such studies. Thus, many

groups studied catalytic reactions and particle-enhanced catalytic etching of graphite. These

investigations deal with almost all catalytic active metals such as Ni, P t, Rh,Co or Ag.

Gold on graphite has only been studied in very few publications, the results are presented in

Section 3.1.4.

Titanium dioxide is another support we used for the studies. It is an interesting surface for

the investigation of mobility and evolution of clusters because it presents natural defects that

can figure as anchor points for clusters. On the other side, it is known as inert for catalytic

measurements. We present the crystallographic structure and different surface reconstructions

in Section 3.2.1. The chemical properties, i.e. adsorption of gas molecules, are shown in

Section 3.2.7.

Y SZ, yttria-stabilized zirconia is used for platinum deposition. An interesting property of

Y SZ is the conductance of ions rather than electrons. Widely used in chemistry, this support

is an ideal candidate for electrochemical promotion. The support as well as the properties of

platinum films on Y SZ are presented in Section 3.3.
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3.1 Highly ordered pyrolytic graphite (HOPG)

3.1.1 Atomic structure

a : 2.456 Å

c : 6.696 Å   

A    Carbons

B    Carbons

a

c

(a) side view

Upper layer (A)

Lower layer (B)

(b) top view

Figure 3.1: Atomic lattice of highly ordered pyrolytic graphite (HOPG). Side view (a): The planes are
constituted of sp2 carbon atoms which form a hexagonal two-dimensional lattice. Van der Waals forces
act between the layers. Top view (b) shows the hexagonal lattices of two neighbouring layers that are
shifted by 1.42

◦
A. [127]

Graphite is a layered semi-metal with very strong covalent carbon-carbon bonds within

its basal plane and relatively weak Van der Waals interlayer forces. The planes composed of

sp2 carbon atoms, each forming a hexagonal two-dimensional lattice, are stacked in a AB or

Bernal structure (Fig. 3.1) [127]. An A atom is placed above an underlying A atom. An atom

B in the upper layer is located above the centre (hollow site) of the hexagon in the adjacent

lower layer. There are four atoms per unit cell, two of the inequivalent A and B carbon

atoms (Fig. 3.1(a)). Theoretical calculations and experimental results agree for the distances

between atoms: the lattice constant is 2.456
◦
A, the interlayer distance 3.348

◦
A [127]. An

STM image of a clean HOPG surface with atomic resolution taken in our laboratory is shown

in Fig. 3.2.

A clean surface of HOPG presents large atomically flat terraces separated by steps (< 5%,

according to the quality). These single crystalline surfaces can cover distances up to the mi-
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0.5 nm

Figure 3.2: STM image of a clean HOPG surface in a 2-d (a) and 3-d representation (b). One can see
the hexagonal pattern of the atom alignment in a plane. Vgap = 0.6V , IT = 4nA, T = 77K. Image
size: 1.65nm× 1.65nm.

crometer scale. Naturally, monolayer as well as multilayer step edges occur. The orientation of

the steps follows the atomic alignment of the HOPG structure. Natural defects on the surface

or atoms at step edges contain dangling bonds, unoccupied sp2 orbitals. These free orbitals

are highly reactive and responsible for molecule adsorption on the surface, for example O2.

3.1.2 Etching process

In order to obtain a structured HOPG surface, local defects can be enlarged by an etch-

ing process. The defect induced etching mechanism or oxidation of graphite is driven by an

exothermic dissociation of the oxygen molecule. Two different models have been proposed

for the etching mechanism: oxidation from direct interaction of gas-phase O2 molecules with

reactive carbon sites (Eley-Rideal mechanism) and adsorption of oxygen on a non-active site

on graphite. The chemisorbed oxygen has to migrate on the surface towards an active site. The

reaction pathway to produce CO and CO2 gases is shown in Fig. 3.3 [128]. An O2 molecule

dissociates and adsorbs either on top sites or on bridge sites of HOPG. Due to adsorption,

there is an energy gain of 5.5eV and 10.1eV for the two different adsorption sites respec-

tively. Since the C-O bond is more stable at the bridge site than at the top site, C-O at the

top site is more liable to be etched away to form CO gas at typical temperatures. During this
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Figure 3.3: Reaction pathway for the etching mechanism of HOPG with the presence of O2 [128].

reaction, the free energy is increased by 2.6eV at the top sites, however it is still lower than

that in the initial state before the reaction. The reaction we are describing is thus exother-

mic, following an Eley-Rideal mechanism. Unlike at the top sites, the C-O bond at the bridge

site is much stronger linked and its etching is unlikely. Under assistance of an energetic CO

molecule from another etching process, the reaction can be enhanced and lead to formation of

CO2. The free energy is increased in this process by 0.9eV but is still much lower than that

of the initial stage of an O2 molecule.

The oxidation of HOPG depends on the temperature during the process. At temperatures

below 1000K, the carbon-oxygen reaction is highly dependent on the nature of the carbon

sites on the HOPG. Oxidation is basically initiated at defects, vacancies or step edges, due

to their unoccupied sp2 orbital, following the mechanisms described above [129, 130]. At

temperatures above 1000K, the energy of the oxygen molecules is sufficiently high to attack

basal planes of the HOPG and create additional defects in the surface [131].

Thermal oxidation of graphite is a widely used technique to prepare samples with different

properties, i.e. nanopits or channels in the graphite layer. First measurements of gasification
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reactions of carbon have been made by Hennig, Thomas, Yang and others [132–134] in the

middle of the last century. In the ’80s, the invention of the scanning tunnelling microscopy

(STM) opened new doors to investigate the etching process.

Rabe et. al. [129] studied the etching rate of monolayer pits. They showed that the diameter

of the pit during etching grows with a constant velocity.

Beebe et. al. [135] compared the etching speed of monolayer and multilayer pits. At a

given temperature (920K), multilayer pits grew up to four times faster than monolayer pits.

They stated that the pit growth rate of multilayer pits increases with increasing depth up to four

or five layers and then levels off and stays constant for deeper pits. Additionally, they found

that the pit growth rate is dependent on the pit density. The growth rate for both monolayer

and multilayer pits decreases with increasing pit density [136].

Kang et. al. [137] confirmed the results on etching speed vs. pit depth. They studied oxy-

gen adsorption energies and thus the desorption process that leads to gaseous CO and CO2

with DFT calcualtion. According to their results, the pit grows along the graphite lattice di-

rections, i.e. 〈1100〉 , 〈1010〉 and 〈0110〉 directions (< 30nm). For such small dimensions, the

pits grow first hexagonally but at a certain size, these shapes are blurred. The dangling bonds

of atoms on straight rims get randomly attacked and the pit shapes become circular.

Kappes and co-workers [138, 139] exposed their graphite surface to energetic carbon clus-

ters. They presented the first results on the relation between cluster (or ion) impact energy and

the induced pit depths.

The group of Palmer was the first to investigate experimentally and theoretically the impact

of energetic metal clusters (in their case silver) into HOPG. Their DFT calculations show in

details the physical process during impact and give information about the deformation of the

graphite substrate [140–142].

A more detailed investigation was made in our group [143–145]. Seminara proposes in

her PhD thesis a universal scaling law which relates the momentum of the impinging particle

and the pit depth. She showed a linear behaviour between the scaled momentum and the depth

for different cluster sizes and cluster materials. Creating artificial defects in HOPG became a

standard method to prepare samples for different applications.

Hövel [146] and Kappes [147] use the technique for nanolithography and increased the

number of defects per surface unit.
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3.1.3 Metal atom and cluster deposition on graphite

Nanopits can be used to control the stability of atoms or molecules deposited on the sur-

face. Hövel and Barke presented a review on morphology and electronic structure of gold

clusters on graphite [148]. They prepared the HOPG surface in order to create artificial pits

and observed the formation of individual gold clusters along the rim of these pits. The key

role of the nanometer sized pits in HOPG is to provide condensation centres which capture

the metal atoms and hence serve as starting locations for subsequent nucleation processes.

Once a critical nucleus has developed, it is favourable for additional atoms to adhere to exist-

ing nanoparticles than to form further nuclei. With increasing Au coverage, the mean cluster

size increases but the quantity of particles remains constant. So created small gold clusters

show a three-dimensional growth with a ratio of diameter to height d/h ≈ 1.4. With increas-

ing gold coverage the cluster size grows, and they observed facets on top of the clusters. The

growth of these larger clusters is basically lateral [149, 150]. Furthermore, they are oriented

in the (111) plane parallel to the (0001) HOPG surface. Without fixation, the clusters do not

show a preferred orientation and diffuse at elevated temperatures on the surface, which will

lead to very large gold particles [151].

Very recently, the group of Beebe prepared bigger nanopits in the range of 100nm. They

deposited different gold and silicon clusters on the surface and reported that the evaporation

and subsequent annealing of various amounts of gold onto these molecule corral templates

result in the formation of metal nanostructures. It was found that by varying the total amount

of metal evaporated, different types of nanostructures (rings, disks and mesas) appear. Suffi-

ciently large gold structures such as mesas (which fill up the pits) are nearly atomically flat

with a (111) surface orientation on the top [152].

Theoretical calculations using density functional theory (DFT) were made by Akola and

Häkkinen [153]. They studied the adsorption energies of gold atoms and small gold clusters

(Au6) on graphite. The calculated adsorption energies for both gold atoms and the gold cluster

Au6 on HOPG (0.3 eV ) are slightly lower than the experimental values found by Anton et. al.

(0.39± 0.04eV ) [154, 155].
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3.1.4 Catalytic reactions on graphite and particle-enhanced etching by

various metals

Catalytic reactions on graphite were investigated for the first time already in the ’60s by

Hennig and Tomita. Hennig [156] deposited colloidal metal particles on single crystals and

studied the oxidation of graphite. He stated that the oxidation only occurs at the metal-carbon

interface. The graphite layers are attacked parallel to the cleavage surfaces and channels are

produced. This was explained by the force maintaining a maximum contact area between the

catalyst and the graphite surface.

Other publications highlight the catalytic role of transition metal particles such as nickel,

platinum or rhodium for the hydrogenation of carbon (CHx) [157, 158]. Various groups in-

vestigated the catalytic properties of nanoparticles deposited on graphite and the channel for-

mation [159–172]. Common to all is that they observed local particle-enhanced etching.

Tomita [173] examined the mechanism at an atomic scale. He found a large number of

straight channels in presence of iron, nickel and cobalt particles. Channels are parallel to

the 〈112̄0〉 and the 〈101̄0〉 direction. Small particles (< 0.5µm) generally produce straight

channels whereas channels from bigger particles bend at specific angles. The etching follows

the crystallographic structure of graphite and the bending is consequently 120◦ and, less fre-

quently, 60◦ [169, 170].

Baker [159] related the channel length to the channel depth. He showed that the propaga-

tion rate is inversely proportional to the channel depth. It is also very interesting to note that

the channel depth is always identical to the step height, i.e. the local catalyst enhances etching

even for multilayer steps [171]. This clearly means that the nanoparticle lies on the bottom

of the pit or the step and no vertical etching across the graphene layers take place. Addition-

ally, Goethel and Yang claimed that the channelling speed is also dependent on the crystal-

lographic orientation. The underlying atomic configuration and the edge structure (zigzag or

armchair) influences the etching speed [162]. The same group investigated the C-NO reac-

tion enhanced by alkali, alkaline earth and transition metal catalysts. All catalysts follow the

established modes of channelling at high temperature (900K) and under gas pressure (1%NO

and 99%He).

The group of Takasu [164] deposited cobalt nanoparticles and observed straight channel
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formation above 900K in a mixture stream of hydrogen and nitrogen gas. The channels are

oriented along specific crystallographic directions.

The research of Rabe et. al. [168] related the cluster size of silver particles on graphite

and the etching speed in ambient environment and at elevated temperatures. According to

their results, the speed of particle channelling through graphite is proportional to the particle

diameter.

A contradiction with most of the presented results has been observed in the publication

of Boxley [174]. He suggests that gold nanoparticles in the same size range as other groups

(diameter of 10nm) are preferably found on top of the steps. This would mean that the

particles cannot be responsible for the local etching of multilayer steps.

Possible explanations for the detailed mechanism of local etching were given recently.

Strongly bound metal atoms (Pt,Ni, Ru) break the carbon-carbon bonds at the interface

with the nanoparticle. Carbon atom transport through the nanoparticle leads finally to the

reaction with the gas. Weakly bound nanoparticles as copper or gold are not able to break

the strong carbon bonds. In contrary to platinum or nickel, the oxygen atoms dissociate on

the nanoparticle and are transferred to the metal-carbon interface, leading to the etching of

graphite [162, 170–172].

3.1.5 Catalytic activity of Aun clusters on graphite (HOPG)

The only indication of a catalytic activity of gold nanoparticles was studied by Watanabe

[165]. He deposited small gold particles (2-3nm) on graphite and annealed the sample to

700K. Gold particles coagulate to form particles with a diameter of 10 to 100nm. During

the coagulation process, etching of the HOPG graphite substrate was observed. On the other

hand, no etching phenomenon was observed for a diamond surface1.

The water-gas shift reaction on HOPG has not been investigated so far. The presented

results of Section 2.2.6 were made on different surfaces (Al2O3, α-Fe2O3 and TiO2) and

are thus not comparable with HOPG surfaces. There are indications that gold exhibits the

1Like HOPG, diamond is also built of carbon atoms but has a different crystallographic structure (sp3).
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same channel etching capacity as other metals. Namely Beebe [175] deposited gold nanos-

tructures on HOPG and showed that oxygen can adsorb molecularly on gold clusters. This is

the first step to a particle enhanced etching. We clearly see a dissociation as it will be shown in

Section 5.6.

3.2 Titanium dioxide (TiO2)

Titanium dioxide is a metal oxide, that is not only widely used in scientific research, but

it is also used in our daily life. A summary of different applications can be found in online

encyclopedias:

TiO2 is the most widely used white pigment because of its brightness and very high re-

fractive index, in which it is surpassed only by a few other materials. Approximately 4 million

tons of pigmentary TiO2 are consumed annually worldwide. When deposited as a thin film,

its refractive index and colour make it an excellent reflective optical coating for dielectric

mirrors and some gemstones. TiO2 is also an effective opacifier in powder form, where it is

employed as a pigment to provide whiteness and opacity to products such as paints, coatings,

plastics, papers, inks, foods, medicines (i.e. pills and tablets) as well as most toothpastes. In

paint, it is often called “the perfect white”, “the whitest white”, or other similar terms. Opacity

is improved by optimal sizing of the titanium dioxide particles.

Titanium dioxide is used to mark the white lines on the tennis courts of The All England

Lawn Tennis and Croquet Club, best known as the venue for the annual grand slam tennis

tournament The Wimbledon Championships.

In cosmetic and skin care products, titanium dioxide is used as a pigment, sunscreen and

a thickener. It is also used as a tattoo pigment and in styptic pencils. Titanium dioxide is

produced in varying particle sizes, oil and water dispersable, and with varying coatings for

the cosmetic industry. This pigment is used extensively in plastics and other applications for

its UV resistant properties where it acts as a UV absorber, efficiently transforming destructive

UV light energy into heat.

Titanium dioxide is found in almost every sunscreen with a physical blocker because

of its high refractive index, its strong UV light absorbing capabilities and its resistance

to discolouration under ultraviolet light. This advantage enhances its stability and ability
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to protect the skin from ultraviolet light. Sunscreens designed for infants or people with

sensitive skin are often based on titanium dioxide and/or zinc oxide, as these mineral UV

blockers are believed to cause less skin irritation than chemical UV absorber ingredients.

The titanium dioxide particles used in sunscreens have to be coated with silica or alumina,

because titanium dioxide creates radicals in the photocatalytic reaction. These radicals are

carcinogenic, and could damage the skin.

Recently, Graetzel received the Millennium Technology Prize (2010) and the Prix Balzan

(2009) for the invention of dye-sensitised solar cells, based on TiO2 nanoparticles [176, 177].

Its hydrophilic properties are used in coatings of front shields in cars. Even though titanium

dioxide is a semiconductor, scanning tunnelling microscopy is widely used because the low

quantity of defects makes the surface sufficiently conducting.

TiO2 is one of the most used metal oxide surfaces in fundamental research, if not the most

common one. The number of scientific publications is countless and there is no decrease in

sight, due to its huge field of applications and the many techniques it is suitable for. A rather

detailed review article on the properties of titanium dioxide has been written by Diebold [178].

Many presented facts have been taken from this review.

3.2.1 Bulk structure: types and mobility of defects

The intrinsic defects of TiO2 are the most interesting in order to understand the properties

of the material. They can be found on the surface as well as in the bulk, where they are created

during annealing cycles at temperatures superior to 850K. Different species of defects can be

found: oxygen vacancies, interstitial titanium atoms, linear defects or even crystallographic

shear planes [179, 180]. The oxygen vacancies influence strongly the electronic properties

(Section 3.2.3) as they are situated in the gap. This gives the crystal a bluish colour with

variable intensity, depending on the defect concentration in the bulk [181]. Therefore they

are named F-centres where F comes from the German word “Farbe” (colour). We notice that

atoms, both titanium and oxygen, can migrate in the bulk and on the surface. They show

different migration behaviours, as it will be discussed in the following:
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Oxygen atoms: An atom neighbouring an oxygen vacancy can migrate onto the free po-

sition. In the following, another neighbour can occupy the new free position and so on. The

movement of oxygen can thus be regarded as a migration of oxygen vacancies [87].

Titanium atoms: In the case of a rutile crystallographic structure (Section 3.2.3) the

interstitial titanium atoms migrate with preference in the [001] crystallographic direction

[182].

Just as it is possible to reduce the crystal, we can also oxidize it in order to regain the

original stoichiometric structure. This happens under oxygen atmosphere at elevated temper-

atures. However, if the concentration of defects is too high, the perturbation in the crystalline

structure is too important and no recovery is possible. Nowadays, it is also widely accepted

that the oxidation process implies the movement of interstitial titanium rather than oxygen

atoms [183, 184]. A detailed description of the different crystallographic structures follows in

Sections 3.2.2 and 3.2.3.

3.2.2 Crystallographic structure

TiO2 crystals can be found in different crystallographic configurations. Figure 3.4 shows

the most abundant structures:

Brookite: this form is of no interest neither for research nor for industrial application. It

consists of a rhombohedra structure.

Cotunnitte: Ti atoms are nine-fold coordinated to oxygen. It is known as one of the hardest

existing oxides [185].

Anatase: Commercial powders are made of anatase TiO2 , having a tetragonal structure,

representing almost 75% of the annual production of TiO2 . It is extremely difficult to obtain

monocrystals of large dimensions and therefore only few studies are dedicated to anatase

TiO2.

Rutile: This is the most stable structure and is easier to produce than anatase. Details of the

rutile structure are presented in the following Section.
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Figure 3.4: Bulk structure of rutile and anatase TiO2 . In both structures, slightly distorted octahedrons
are the basic building units. The bond lengths and angles of the Ti atoms are indicated and the stacking
of the octahedra in both structures is shown on the right side [178].

The chemical, electronic and physical properties of these crystal structures are different.

Anatase for example has a lower activity for oxidation of CO than rutile in presence of gold

nanoparticles [186]. In the following, we always talk about the rutile structure when TiO2 is

mentioned, as this is the surface used in this work.

3.2.3 Rutile TiO2(110)− (1× 1)

In our study we used the rutile (110) surface of TiO2 . This plane cuts the crystal in a

direction where different reconstructions are possible, as a function of annealing temperature

and defect density. We concentrate on two reconstructions with the unit cell (1×1) and (1×2).
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Figure 3.5: Cut through the (110) surface with (1 × 1) reconstruction. One can see on the top view
(left) the oxygen vacancies or F-centres.

The (1 × 1) reconstruction presents alternately rows of oxygen and titanium in the [001]

and the [110] directions. It does not possess modifications or deformations of the interatomic

bonds and is similar to bulk structure. It is used as a model system for investigations on other

surface reconstructions of TiO2 [178]. Atoms with different coordinations can be found on

the surface, as illustrated in Fig. 3.5.

• Ti(6c): Identical coordination as bulk atoms.

• Ti(5c): No connections to the superior plane. The electronic orbital perpendicular to the

surface is of type d.

• O(3c): In-plane atoms with no particular properties.

• O(2c): The rows of superficial oxygen atoms build a kind of bridge between the ti-

tanium rows. Their attachment to the surface is reduced due to the present dangling

bond. That is why they can easily be removed from the surface by annealing, leading

to the formation of oxygen vacancies. The occurrence of vacancies varies between 1%

and 15% depending on the annealing procedure. Their presence (or absence) changes

chemical and physical properties of the surface [178].
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Figure 3.6: STM image of rutile TiO2 (110)-(1 × 1). The orientation of the steps follows the [001]
and the [111] crystallographic direction. Vgap = 1.5V , IT = 400 pA, T = 77K. Image size: 30nm×
30nm.

All atoms lie in the same plane with the exception of the 2-fold coordinated oxygen. The

dimensions of the (1×1) unit cell are a[001] = 2.95
◦
A and a[110] = 6.5

◦
A. The surface contains

terraces of width up to 100nm (see Fig. 3.6). They are separated by steps of 3.2
◦
A, parallel to

the [001], [111] and [111] directions. The size of the terraces depends strongly on the annealing

temperature during surface preparation [187, 188]. It is proportional to T 1/4 for temperatures

over 800K. If the annealing temperature exceeds a certain value, the twofold oxygen atoms

will leave the surface and the reconstruction will be changed.

3.2.4 Rutile TiO2(110)− (1× 2)

After a strong reduction due to a high annealing temperature, the stoichiometric equilib-

rium is disturbed. The resulting reconstruction shows a (1× 2) grid with a dimension of 13
◦
A

in the [110] direction. The oxygen rows appear with a double spacing, as shown in Fig. 3.8(b).

They are called double strands and have the same stoichiometry as the Ti2O3 surface. Their

appearance in the STM is similar to bright stripes, centred on the Ti(5c) atoms and not on the

oxygen atoms of the bond. Different models have been proposed to explain the growth and
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Figure 3.7: Three models to explain the structure of reconstructed surface of TiO2(110) − (1 × 2).
Small white balls: Ti, large black balls: O [194].

the organization of the surface, as shown in Figure 3.7.

a) The missing row model is obtained by removal of one row of bridging oxygen. This model

is inconsistent with more recent STM images and first-principles calculations [189, 190].

b) The added Ti2O3 row model has Ti2O3 stoichiometry. It was suggested by Onishi et. al.

[191, 192].

c) The missing unit (or added-row) model was proposed by Pang et. al. [193].

Recent results have shown that the two models (b) and (c) do not exclude each other. Both

of them are present simultaneously in several studies on the subject. During the reoxidation of

the crystal, the formation of the structure depends mainly on the sample preparation param-

eters and on the actual condition of the crystal [195]. Takakusagi [196] published an article

where he looked at the different models and mentioned the secondary structures he observed

on the reconstructions, i.e. the presence of cross-links between two rows of Ti2O3. The same

phenomenon has been observed in our study during STM imaging at low temperature (see

Fig. 3.8).
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(a) (b)

2 nm

Figure 3.8: (a) Draft of the connection (circle) between the rows of TiO2 [196]. (b) STM image
showing the (1×2) reconstruction and the cross-link (circle). Vgap = 1.25V , IT = 100 pA, T = 83K.
Image size: 8nm× 6nm.

3.2.5 Reconstruction change between (1× 1) and (1× 2)

A strongly reduced sample can be reoxidized as mentioned above. Additionally, the (1×2)

reconstruction is more often present at high vacancy concentration. It is thus possible to vary

the reconstruction in a reversible way. In the following, two important points will be discussed:

the dependence of surface growth on temperature and pressure and the influence of surface

temperature on the presence of different reconstructions.

McCarthy studied the way the surface grows for a slightly reduced sample as a function

of temperature and partial oxygen pressure [197, 198]. He evidenced different regimes (Fig-

ure 3.9). At high temperatures, TiO2 only grows by pushing forward the steps and without

creation of new islands. If the temperature drops below a critical barrier, the gaseous oxygen

combines with interstitial Ti atoms, migrating from the bulk to the surface, which lead to

the formation of new small islands on the terraces. The global reconstruction is alternating

periodically between the (1× 1) and the (1× 2) [179, 199].

3.2.6 Electronic structure and STM contrast

TiO2 can be considered as a semiconductor of type n with a large band gap (3eV ) or

like an oxide with a small band gap [200, 201]. The band structure of both rutile and anatase

TiO2 are shown in Figure 3.10. In its stoichiometric configuration, the occupied states come

principally from the oxygen atoms (2c); the unoccupied states from the titanium atoms (5c).

Once the material is reduced, it contains oxygen vacancies. The two electrons occupying

the 2p orbital have to change into the conductance band, created by the 3d states from Ti.
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Figure 3.9: Growth regimes as a function of temperature and oxygen pressure for a slightly reduced
TiO2 crystal. The approximate boundaries between the different growth processes are shown as solid
lines [197].

According to the applied voltage between sample and atoms at the tip of the STM, it is possible

to map the topography of the different species on the surface, but the measured height does

not correspond to the real topography, as will be described in Section 4.3.4. The principal

electrons contributing to the current are the ones tunnelling from the tip to the unoccupied

states of Ti. They make the Titanium rows appear brighter (or higher) than the oxygen atoms

as the local density of states (LDOS) is much higher. The same effect happens for hydroxyl

(OH) groups and oxygen vacancies. OH groups really protrude from the surface and appear

thus very bright. However, for oxygen vacancy sites, this is not the case (since they lack an

atom): the electronic orbitals from the Ti atoms underneath the vacancy are clearly visible

and make them look like protrusions.

An example is shown in Figure 3.11. The bright spot (dashed circle) represents an OH

group and the oxygen vacancy is marked with a continuous circle. The contrast can be com-

pletely reversed under certain scanning conditions, but this normally does not lead to good

results. However, one has to keep in mind that the tip can as well change its shape by picking

up single atoms from the surface. In conclusion, it is important to remember that the STM

contrast is dominated by electronic effects and does not represent the real topography of the

surface [203, 204].
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(a) Band structures for bulk TiO2 (b) Electronic density of states (DOS)

Figure 3.10: (a) Band structures for bulk TiO2 in the rutile (left panel) and anatase (right panel)
structures. The valence band maximum is taken as the zero of energy. (b) Electronic density of states
(DOS) for bulk TiO2 in the rutile (upper panel) and anatase (lower panel) structures, respectively. The
valence band maximum is taken as the zero of energy [202].

3 nm

Figure 3.11: Illustration of the contrast in STM images for TiO2(110) − (1 × 1) , taken in our labo-
ratory. Red rows represent Ti atoms, black rows O lines. The circle shows an oxygen vacancy. The Ti
atom from the layer below appears as a protrusion, due to the higher local density of states (LDOS).
Dashed circle marks a protruding OH group. Vgap = 1.5V , IT = 100 pA, T = 79K. Image size:
14nm× 10nm.
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3.2.7 Chemical properties and adsorption

One of the biggest studied topic on TiO2 is without any doubt the adsorption properties

of molecules and atoms, their dissociation and reactions to form other products. We concen-

trate on reactions with interest for our research, including O2, CO,CO2 and H2O on rutile

TiO2(110).

Oxygen on TiO2(110)

Titanium is a very reactive element, we could therefore expect oxygen to react with the

reduced surfaces of TiO2 , leading to the appearance of Ti(5c). On a stoichiometric surface,

molecular oxygen does not adsorb, at least not at temperatures higher than 100K. On the other

hand, it adsorbs with a high initial sticking probability to the oxygen vacancy sites [184]. The

model proposed by Hendersson [184] suggests that the molecule benefits of a charge transfer

from the substrate and stays on the surface asO−2 next to a vacancy. Experimental studies have

shown that one of the O atoms fills up the vacancy where the other adsorbs next to it on the

surface [205].

Carbon monoxide on TiO2(110)

Adsorption of CO has been studied for many years, both theoretically [206–208] and

experimentally [209–211]. Yates et. al. made measurements using temperature programmed

desorption spectroscopy (TPD) (see Section 4.2.1) on TiO2 surfaces [209]. They found that

CO adsorbs on oxidized TiO2 at a temperature of 105K on the Ti in-plane lattice sites. On the

other hand, CO completely desorbs from the surface if the temperature exceeds 225K. When

they adsorbed CO on pre-annealed surfaces (up to 900K with the creation of oxygen vacancy

sites), a new high temperature desorption process up to 350K appears which is associated

to the presence of oxygen vacancies. However, CO does not undergo dissociation, thermal

oxidation or isotopic exchange with the lattice oxygen. Furthermore, no production of CO2

was detected. Figure 3.12 shows the TPD spectra and the observed high temperature tail for

the pre-annealed surface.

A theoretical model is proposed to explain the enhanced binding energy of CO in the

vicinity of vacancy sites in which the binding of CO on Ti lattice sites is enhanced through

the interaction of the oxygen moiety of CO with the vacancy site. This model is consistent
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Figure 3.12: TPD spectra for CO desorption on TiO2 (110)− (1× 1). Desorption stops at 170K for
oxidized surfaces but extends to 350K for surfaces which underwent a pre-annealing [209].

with the observation that the CO saturation coverage is not influenced by the production of

vacancy sites. However, the values for the binding energy are higher than the values obtained

experimentally by Yates [209].

Carbon dioxide CO2 on TiO2(110)

This molecule interacts only very weakly with TiO2 [184, 211]. It desorbs at 137K from

the intact surface and at 166K from adsorption sites on defects. Its adsorption can be blocked

by the presence of water.

Water H2O on TiO2(110)

Water is probably the most important adsorbed molecule on TiO2 . Numerous appli-

cations including photocatalysis, gas sensors and solar panels have been industrialized in

aqueous environments. A complete review on water interaction with solid surfaces has been

published by Henderson [212].
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When the surface is exposed to water at low temperature (100K), the desorption peaks are

located at 160K (multilayer) and 275K (monolayer) for the clean surface and around 300K

for slightly defective surfaces. An additional peak can be observed at 500K (explained in the

following paragraph) [213]. In the case of a clean surface, water binds molecularly to Ti4+

sites first (peak at 275K). The next water molecule can bind to bridging oxygen sites and their

desorption is almost identical with the multilayer peak (170K).

In addition to these results, Brinkley et. al. [214] showed another peak at 200K, corre-

sponding to the second water layer. He identified, as already Hugenschmidt, desorption peaks

above 290K as recombination of hydroxyl groups.

On stoichiometric TiO2 without defects, water is almost not present at room temperature,

as described in the publication of Henrich [215]. Defects are needed for water to adsorb on

the surface. Furthermore, experimental and theoretical studies have shown that water not only

adsorbs on TiO2 , but also dissociates [213, 216–221]. The O-O distance on TiO2(110) is

too large to facilitate hydrogen bonds [212]. It was Kurtz and co-workers who, for the first

time, studied the interaction of water with vacancies on TiO2 and observed the dissociation

on oxygen vacancy sites [219].

The first group using TPD for this kind of investigation was Hugenschmidt et. al. They de-

tected a high-temperature state at 500K that was attributed to the recombination of two OH

groups, generated by dissociation of H2O [213]. This result was confirmed by Hendersons

group [222, 223] and additionally they put in evidence the mobility of hydrogen atoms, gen-

erated from dissociation, along the rows of bridging oxygen. These atoms recombine in the

recombinative desorption state at 500K. The fact that vacancies do not oxidize during water

dissociation is a strong sign that the OH molecules are not in an ionic state OH−, but present

as radicals OH•.

There is a contradictory topic concerning the vacancy healing: one part of the researchers

suggests that water dissociation can heal the vacancies and enable desorption ofH2 [214, 216].

Other groups did observe neither healing of vacancies nor hydrogen desorption [213, 224].

Finally, Brooks [225] and Schaub [226] confirmed the water dissociation at vacancy sites

for heating to 290K, inducing creation of bridging OH groups. In their publications, they

show that water also binds to five-folded Ti4+ sites and desorbs during heating to the men-

tioned temperature without dissociation.
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3.2.8 Sample preparation

Several samples have been used during this work, provided by MTI Corporation. They

are all cut out from one big crystal and are thus similar. Once the sample is mounted on

the sample holder, several sputtering-annealing cycles are necessary to prepare the surface.

The sputtering is made with a commercially available ion gun. Argon ions are accelerated

and focussed on the sample in an incident angle of 50◦ with respect to the surface. The ion

energy varies between 800 and 1000eV and the current attains 100nA (for a total surface

of 25mm2). A typical sputtering cycle takes two hours, followed by annealing under UHV

conditions at 920− 950K for one hour. Subsequent STM images are necessary to control the

surface shape and to decide whether or not further sputtering cycles are necessary. Between the

measurements, regular cleaning (sputtering) is needed to prepare the sample for new particle

depositions. These cycles are less intense and take only one hour of sputtering. The following

annealing is made under UHV during 10 minutes at 950K. For Au deposited on TiO2 one

cycle is sufficient for cleaning. However, recent experiments with Pt on TiO2 have shown

that several sputtering cycles are needed to clean the surface completely. These long sputtering

cycles are done during the night (10 hours), followed by annealing and an STM control scan.

With an increasing number of annealing cycles the sample gets darker and darker, indi-

cating that the number of defects increases. The terraces get smaller and the surface recon-

struction changes to the (1 × 2) structure. We can partially inhibit this process by annealing

the sample under oxygen pressure. We therefore anneal the sample at 900K and 10−6mbar

oxygen pressure.

3.3 Yttria-stabilized zirconia Y SZ

3.3.1 Structure and properties of Y SZ

Yttria-stabilized zirconia is a so-called ion conductor. Ion conductivity takes place because

of the presence of imperfections or defects in the lattice. A review on ion and mixed conduct-

ing oxides as catalysts was presented by Gellings and Bouwmeester [227]. Defects are always

present at temperatures above 0K, arising from the Gibbs free energy and by consequence

the disorder in the lattice. Following the reasoning of Gellings, the mole fraction of defects is
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given by

x ∝ e−
∆H

defects
f
RT (3.1)

where ∆Hdefects
f is the formation enthalpy of defects. As these enthalpies are usually very

different for different defects (ions, electrons), there is always one dominant type of defect,

the so-called majority defect. The defect under consideration can be vacant lattice sites, ions

at unoccupied sites (interstitial ions), foreign ions of dopants. In ionic lattices, the electric

neutrality is required. This means that the overall charge has to be compensated by the number

and charge of defects. Thus, charged defects are always present in form of pairs with opposite

charge signs.

The mobility of electronic defects are in general thousand times larger than those of ionic

defects. In order to overcome this difference, a minimal bandgap of 3eV is required for the

substrate [227]. In this case, a purely ionic conducting substrate can be obtained.

OZr

Figure 3.13: Fluorite structure of zirconia oxide ZrO2 [227].

Yttria-stabilized zirconia (Y SZ) is a zirconium oxide based ceramic, with the particu-

lar crystal structure of zirconium oxide, shown in Figure 3.13. The majority of the defects in

pure zirconia (ZrO2) are oxygen vacancies and electrons, both at low concentrations and both

contributing to the conductance. Above 550K, even pure zirconia becomes an ionic conductor
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Figure 3.14: Electron, hole, and ion conductivities in yttria-stabilized zirconia for 10 mole percent
(m/o) yttria-stabilized zirconia YSZ [229].

(O2−-ions), but due to volume changes, pure ZrO2 will pulverize on cooling. It is therefore

stabilized with lower-valent oxides. The addition of lower-valence oxides as Yttria (Y2O3) or

calcium (CaO) stabilizes the cubic structure and increases the number of oxygen vacancies.

The ionic conductance is thus increased and dominates by far the electronic conductance. The

ionic defects induced by the impurities are randomly distributed in the ceramic [228, 229].

Figure 3.14 illustrates the ionic and electron conductivity of YSZ at different temperatures

and oxygen pressure. One sees that ion conductance is several magnitudes higher than con-

ductance by electrons [229].

3.3.2 Catalytic properties of Pt films deposited on Y SZ

Platinum films deposited on Y SZ are frequently used as an efficient catalytic system. It

is used for classical catalysis as well as for electrocatalysis and electrochemical promotion.

Electrocatalysts are a specific form of catalysts that function at electrode surfaces or may be

the electrode surface itself. Electrochemical promotion is a technique where small currents or

potentials are applied to a solid electrolyte, i.e. Pt/Y SZ. The current implies an enhanced
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promotion of ions or electrons through the solid that leads to an increase of the catalytic

activity of the system [230–236].

A thin, homogeneous film of platinum is deposited ex-situ by PVD deposition on

Y SZ [237]. The sample is mounted on a sample holder, equipped with a thermocouple for

temperature control. We are able to heat the sample up to 1000K and maintain the elevated

temperature during the catalytic measurements. The Y SZ sample with platinum coating has

a size of 1cm2. The reported gas quantities are all related to this surface, if not mentioned

differently.

(a) SEM image before (left) and after (right) annealing at 1000K of platinum, deposited on YSZ. Image sizes:
31µm× 21µm.

20 nm

(b) STM image of a Pt film deposited on Y SZ. The film
is percolated and single particles isolated one from each
other. Vgap = 0.5V , IT = 200 pA. Image size: 100nm ×
100nm.

Figure 3.15: Images of platinum deposited on Y SZ. Electron microscopy images with (a) SEM and
(B) STM microscope.
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Similar films have been deposited by Jaccoud. He investigated the morphology of

such films before and after annealing of the sample by means of electron microscopy

SEM [231]. Figure 3.15(a) shows the evolution of the sample. On the left, one sees the

surface after platinum deposition. Platinum is found to form a compact amorphous film

without apparent porosity. On the right, the same sample is shown after annealing at 1000K

for 4 hours. A continuous amorphous platinum network with pores of a few hundred of

nanometers is visible on the Y SZ surface. A more detailed view of the platinum film can be

observed by STM imaging. In Figure 3.15(b) the individual platinum particles are visible.

The platinum film in not homogeneous but constitutes an ensemble of individual particles

that have the same adsorption properties for gas molecules as step edges on a Pt(111) surface.

The catalytic reactions of platinum films on Y SZ are various. Vayenas describes in his

book a wide range of oxidation reactions: ethyleneC2H4,C2H6,C3H6,CH4 andCO. Further,

methanol dehydrogenation, H2S dehydrogenation or NO reduction by C2H4 [238]. One of

the most studied reactions is the oxidation of carbon monoxide. The efficiency of this system

can even be enhanced when a current is applied between the substrate (Y SZ) and the platinum

layer [233].

3.3.3 TDS of O2 and CO adsorbed on Pt/Y SZ

Thermal desorption spectroscopy for adsorbates on Pt/Y SZ films has been used by sev-

eral groups. Especially the group of Vayenas made systematic measurements on these systems

[239, 240]. They deposited oxygen at 673K during various exposure times (1kL−12kL1) and

recorded the desorption spectra, as it is shown in Fig. 3.16(a).

The desorption peak of oxygen is located at T = 718 ± 5K. With increasing oxygen

coverage one observes a small increase in desorption temperature of 10K, corresponding to

an adsorption energy difference of ∆E = 30.5meV (see Redhead-equation 4.11). The authors

explain this shift with a weak overall attractive interaction between chemisorbed atoms.

Results of CO TPD measurements on Pt/Y SZ do not exist in literature. An alternative

system with similar properties is presented in Figure 3.16(b). It shows the TPD spectra of CO

on a platinum surface Pt(111). Even though a platinum surface is not similar to a percolated

1A Langmuir L corresponds to a gas exposure of 1.33 · 10−6mbar during one second.
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Figure 3.16: (a) Oxygen thermal desorption spectra of Pt catalyst after exposure to oxygen partial
pressure. PO2 = 5.3 · 10−6mbar at 673K for various exposure times. Exposures are expressed in kL,
where lkL = 1.3 · 10−3mbar · s [239]. (b) Thermal desorption curve for CO on Pt(111). Adsorption
temperature: 300K [241].

Pt film, the properties are however comparable. Desorption peaks of this system have been

studied by different groups with the same result [241–244]: the desorption peak decreases

with increasing CO coverage. The peak shifts from 440K at low to 410K for high coverage.

There is a high-temperature shoulder, visible in each of the curves. Collins et. al. relate this

shoulder to defect sites (or step edges) on the platinum surface. The shoulder of the desorption

spectrum seems not to shift with various oxygen exposures.
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This Chapter presents the different experimental setups that have been used during this

work. Most of the measurements need very clean conditions. Therefore, we have to work at

very low pressures (p < 10−9mbar). These conditions are called ultra high vacuum (UHV)

conditions. Two different UHV devices are used during this work. They possess equivalent

equipment for the cluster production but differ in the sample analysis devices. We present

the setup of the two chambers (“big chamber” for TiO2 and “small chamber” for the HOPG

measurements) in the following Section (4.1), followed by the presentation of the different

equipment used in either one or both of the UHV chambers.

During this work, we used an experimental setup that has been working for a long time.

Minor modifications have been done on several pieces but one key piece has been designed

especially for catalytic measurements. A highly sensitive detector for reaction products

of catalysis measurements, called sniffer, has been designed and constructed. Different

improvements have been made on a first version in order to enhance the sensitivity. This

setup is explained in detail in Section 4.2.

One of the principle measuring instruments during this work is a scanning tunnelling mi-

croscope (STM). We mention the historical background of the STM in Section 4.3.1, followed

by a theoretical review (4.3.2). The actual device we used is presented in Section 4.3.
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4.1 UHV chamber

4.1.1 UHV chamber for measurements on TiO2

A schematic Figure (4.1) shows the chamber and its three parts: the main chamber (A),

the cluster source (B) and the STM chamber (C). The main chamber consists of the deposition

area, catalysis measurement device, the sputter gun for sample preparation and the sample

storage system. In the cluster source chamber (B), the clusters are produced by a cluster ion

gun and deposited on the prepared sample. The STM (Scanning tunnelling microscope) is

placed in the part (C) of the chamber, that can be separated from the rest of the chamber. The

vacuum is maintained in both parts by means of vacuum valves between them. The separation

is necessary to avoid vibrations caused by turbomolecular pumps. The sample transfer from

one chamber to the other is achieved by a cryogenic manipulator. Its four degrees of freedom

(X, Y, Z and rotation) allow accessing all necessary positions with the sample.

The experimental setup was initially created with the aim to study nanometre-sized par-

ticles deposited on surfaces at variable temperatures. The total range of sample temperature

reaches from 7K to approximately 1100K. Low temperatures are used for STM imaging and

high temperatures for the catalytic measurements and the sample preparation.

Catalysis measurements and STM scans of surfaces at nanoscale request that they remain

clean without any adsorption of gas. Therefore one has, as mentioned above, to work at very

low pressures (p < 10−9mbar), called ultra high vacuum (UHV) conditions. To attain these

conditions, we have a sophisticated pumping system available. 9 turbomolecular pumps are

connected to the parts (A and B) of the chamber. The main chamber and the STM are the

places were the highest vacuum is required, as the sample is prepared and analyzed there.

Two turbopumps are connected in series to the main chamber to decrease the partial hydrogen

pressure and thus the vacuum to a lower level. A cryogenic pump encases the entire main

chamber. A flow of liquid nitrogen in tubes cools a copper cylinder next to the walls of the

chamber to 77K and creates a cold wall where gas molecules stick and remain fixed until the

pump is heated up again. One of the most difficult molecules to pump is hydrogen. Therefor

we use so-called getter pumps. A getter is a coating applied to surfaces within the evacuated

chamber. In the present chamber, we sublimate titanium on a copper cylinder. Titanium
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Figure 4.1: Draft of the experimental setup for TiO2 experiments. Sample preparation, storage as well
as catalytic measurements take place in the main chamber (A). Part (C) contains the STM microscope
and is separable from the rest of the setup. Chamber (B) serves as hosting for the cluster source to
produce the required nanoparticles. The transfer chamber (B’) connects the STM part with the main
chamber.

particles combine with the gas molecules present in the chamber, namely hydrogen, and form

stable compounds. The drawback of these kind of pumps (cryogenic and getter pump) is that

molecules are just temporarily fixed and do not leave the vacuum chamber. Sooner or later,

we have to heat up the walls to liberate the gas molecules and to clean the surfaces.

Four turbomolecular pumps are connected to the cluster source chamber (B). During the

cluster deposition process, the pressure is mainly due to the presence of the ionized gas (a

detailed description will be presented in Section 4.1.3) and we have to decrease this pressure

step by step towards the main chamber.
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The STM chamber (C) does not possess mechanical pumps as their vibrations are too

important and would add too much noise to the STM signal. An ionic pump assures the

vacuum when the chamber is decoupled. Ion pumps ionize gases and employ a strong

electrical potential to accelerate the created ions into a solid electrode. They are then trapped

in a strong magnetic field.

A detailed description of the different parts of the UHV chamber (surface preparation

device, sample and STM tip storage, manipulator, tip manipulation device and Faraday cup,

including the development of a new UHV STM microscope) are presented in the PhD thesis

of Raphaël Vallotton [90].

4.1.2 UHV chamber for HOPG sample preparation

The chamber for HOPG sample preparation is less complex than the chamber presented

above. It only consists of two parts: one chamber for the CORDIS ion source (Section 4.1.3),

the second for the deposition. Two turbomolecular pumps maintain the vacuum but no cryo-

genic or ionic pumps are connected to the chamber. The vacuum in the deposition chamber

reaches 1 · 10−8mbar.

4.1.3 CORDIS cluster source

Theory of sputtering

Physical sputtering is driven by momentum exchange between a high energetic ion and

the atoms in the material, due to collisions [245]. The impinging charged ions start collision

cascades (see the sketch concerning sputtering in Figure 2.2). When the cascade reaches the

surface, the energy of cascading atoms can exceed the surface binding energy and atoms are

ejected. The ratio between impinging ions and the number of ejected surface atoms is called

sputtering yield. It depends on the ion incident angle, the energy of the ion, the masses of ion

and surface atoms and the surface binding energy. To get the highest possible sputtering yield,

we use rare gas ions with heavy atomic masses (Kr or Xe). Their energy is typically chosen

between 20 and 30keV . Figure 4.2 shows the sputtering yield for Xe ions on gold. For an

energy of 20keV , we find a yield of approximately 25gold atoms
ion [246].
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Figure 4.2: Sputtering yield of gold versus Xe+ projectile energy [246]. Values from different exper-
imental and theoretical studies.

Device in use

Clusters are produced using a Cold Reflex Discharge Ion Source (CORDIS) [247]. An

ion plasma of rare gas, in the present case Xe or Kr, is created by emitting electrons from a

hot filament. Ions are extracted, focussed through electrostatic lenses and accelerated onto a

metallic target. The cluster source is equipped with a rotatable target holder where six different

targets can be fixed. The high potential of 20kV for the acceleration of the ions implies that

the cooling system of the ion gun must be isolated, i.e. that deionised water has to be used

in order to avoid electrical breakthroughs. A special water circuit is installed to ensure the

cooling.

The primary ion current has a magnitude of 10mA. Ion impacts create collision cascades

and hence provoke the extraction of particles from the target. Different kinds of particles are

ejected: single atoms, neutral as well as charged clusters.

Note that the choice of the applied potential is crucial for the efficiency of the sputtering

process. At too low energies, only few surface atoms are ejected and the yield is very low.

On the other hand at high energies, the collision cascade takes place in the bulk and too far
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from the surface. In that case, internal collisions dominate the process and there is only a low

ejection rate of particles. The energy range for maximum sputtering yield has been simulated

by Samela et. al. [248] and is situated between 20 and 100keV .

4.1.4 Quadrupole and mass selection

After the ion impact on the metal target, atoms and nanoparticles are ejected and spread in

a wide angle. Only a fraction of the particles move in the direction of the sample. A positive

potential is applied to the target to define the extraction energy of the particle on the one

hand and to create repulsion between positively charged clusters and the target on the other.

It thus privileges the positively charged clusters to leave the target. Electrostatic lenses guide

and focus the clusters into a Bessel Box (see Fig. 4.3). It works as an energy and charge

filter. The axis of the Bessel Box is aligned with the cluster beam, but a central electrode

prevents neutral clusters to pass the filter. Lateral electrodes create an electric field in order

to guide the positively charged clusters around the central electrode and to guided them into

the quadrupole. The quadrupole figures itself as cluster guide but also as the mass selection
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device. Four circular rods (Figure 4.4) are placed parallel to the axis of the cluster beam and

opposed potentials are applied to the rods. Inverting the potentials periodically with radio

frequency between the rods gives oscillating potentials:

U (t) = U0 + V cos (ωt) (4.1)

where the voltages U0, V and the frequency ω are predefined parameters. They are ad-

justed so that the clusters with the required ratio r = m
q

of mass over charge stay on a stable

trajectory. Clusters with a different ratio leave the quadrupole and collide with the chamber

wall. The potential V basically defines the authorized mass and U
V

is responsible for the mass

resolution m
∆m

[249].

4.1.5 Cluster current measurement devices

The cluster current is measured with a Faraday cup. A Faraday cup is a metal plate, grid or

cup designed to catch the charged particles escaping from the quadrupole. The created current
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can be measured and used to determine the quantity of particles in the cluster beam [250].

Two different setups have been used in the different vacuum chambers. In the big chamber,

the Faraday cup measures the total cluster current with an insulated metal plate. The device

is moved into the cluster beam to adjust the power of beam before the deposition on the

sample. During deposition no current measurement is possible. In the small chamber, the

cluster current is measured even during deposition. At the exit of the quadrupole, a metallic

grid with a well known transmission coefficient (60%) is placed in the cluster beam. It allows

to control in situ the cluster current and to adjust the power of the source.

4.1.6 Sample and tip storage

The UHV chamber is in possession of storage devices for tips and samples. The sample

storage system is similar to a drawer, where the samples are parked and remain under UHV

conditions. It has a capacity of three samples and the exchange of samples is rapid. STM tips

are stored simply on a magnet fixed on a linear feedthrough. As it will be shown in Section

4.3, the tip holder is made of iron and is thus magnetic.

4.2 Gas measurement systems - Development of a new snif-

fer setup

4.2.1 Theoretical aspects of thermal desorption spectroscopy (TDS)

Different methods exist for studying the adsorption energy on molecules on surfaces.

Temperature-programmed desorption techniques are important methods to determine the

kinetic or thermodynamic parameters of a desorption process, also known under the term

thermal desorption spectroscopy (TDS). Besides the determination of the adsorption energy,

these methods contribute also to the identification of different adsorption sites for a molecule

on the surface.

From a theoretical point of view, the desorption rate is expressed as

r(t) = −dθ
dt

= knθ
n (4.2)
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where kn is in an Arrhenius-type form: kn = νn exp− E
RT

. n is the order of the reaction,

θ the surface coverage, ν the activation frequency and E the activation energy of desorption.

This relation is known as the Polanyi-Wigner equation. In the case where the surface coverage

is high enough for an interaction between the particles, the desorption parameters depend on

the surface coverage, i.e. E = E(θ) and ν = ν(θ).

In a first approximation the reaction order depends on the surface coverage. If the layer

desorbs in the same configuration as it was adsorbed, the reaction rate is of order one. If

a recombination precedes the desorption, i.e. it needs two parts to form a compound that

desorbs, the reaction rate is two.

Several methods have been proposed in the last decades in order to obtain information of

the adsorbed molecules out of the desorption spectra. De Jong published an article where he

applied all methods to a simulated spectrum [251]. They can be classified in two principal

categories:

Complete methods: based on the Polanyi-Wigner equation and without any additional hy-

potheses. Their analysis require a huge number of desorption spectra but they allow to deter-

mine all parameters. These methods have the disadvantage to be long both in acquisition time

and data treatment. Examples are published by King and others [252, 253].

Simplified methods: these methods are faster than the complete analysis and need only

one single desorption spectrum. The necessary information are desorption peak temperature,

the full width at half maximum (FWHM) and the peak shape. Nevertheless it is sometimes

necessary to make some hypotheses. Among the methods are the one of Redhead [254],

Chan-Aris-Weinberg [255, 256] or Konvalinka and Scholten [257].

In the following, two methods are presented: the complete analysis of King and the Red-

head method. The second one has been used during this work.

Complete method (after King)

This is certainly the method requiring the most time to acquire data. The large number

of desorption spectra makes it possible to identify activation energies, the pre-factors ν and
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Figure 4.5: Principles of the method after King [252].

the desorption order. However, as the pre-factor as well as the desorption energy depend on

the surface coverage, they have to be determined separately. The method will be explained

with the support of Figure 4.5. (a) represents several desorption spectra for different surface

coverages θ0. At high temperatures, the curves drop due to complete desorption. Plot (b)

represents the integral
(
−

T∫
∞
fθ (T ∗) dT ∗

)
of the surfaces of (a). They represent the surface

coverage as a function of temperature. The dotted line represents 15% of effective surface

coverage. With decreasing coverage this temperature drops, too. Finally, (c) shows the slope

of the curve at θ = 0.15. If the curve is drawn on a logarithmic scale, we find:

ln(r) = ln(−dθ
dt

) = ln(νnθ
n)− E

R
· 1

T
(4.3)

The desorption energy corresponds now directly to the slope of the right side. The pre-

factors and the order of reaction can be determined with the offset, i.e.

ln(νnθ
n) = n ln θ′ + ln ν(θ′) (4.4)
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If the surface coverage is low (< 0.1ML) the first term is negligible and the pre-factor ν

is found.

Redhead method

This method, presented by Redhead [254] is based on the Polanyi-Wigner equation and

includes several hypotheses:

• The energy E and pre-factor ν do not depend on the surface coverage.

• The reaction is of first order, i.e.

r(t) = −dθ
dt

= ν1θexp(−
E

RT
) (4.5)

• The variation of temperature is linear
(
β = dT

dt
= const.

)
The analysis is based on the temperature measurement of the desorption peak. The deriva-

tive of the desorption rate with respect to the temperature is thus zero. By replacing T with

T0 + βt, we get:

dr

dt
= −d

2θ

dt2
= 0 (4.6)

ν1
dθ

dt
exp(− E

βRt
) +

ν1θE

βRt2
exp(− E

βRt
) = 0 (4.7)

We use Equation 4.2 and a change of variables (t = Tmax

β
) to bring the equation into the

following form:

Eβ

RT 2
max

= ν1exp(−
E

RTmax
) (4.8)

or

E

RTmax
=

(
ν1Tmax
β

)
exp(− E

RTmax
) (4.9)

Finally the expression for desorption energy can be written as:
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E

RTmax
= ln

(
ν1Tmax
β

)
− ln

(
E

RTmax

)
(4.10)

This equation does not give an analytical solution. One has to deduce an approximate

value for the desorption energy out of the spectra and introduce it into Equation 4.10. The

value E
RTmax

is itself inserted into the equation until the difference gets marginal. Four to six

iterations are typically necessary.

For simplification, Redhead made the hypothesis ν1 = 1013s−1 and got the new equation:

E

RTmax
= ln(

ν1Tmax
β

)− 3.64 (4.11)

This approximation leads to an uncertainty of 1.5% on E
RT

for values of ν
β

between 108

and 1013K−1. Thus, the analysis of a single desorption spectrum gives a first estimate of the

adsorption energy of a gas on a surface. Figure 4.6 represents different desorption energy

traces as a function of maximal desorption temperature for different values of β.
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Figure 4.6: Activation energy for a desorption process as a function of maximum temperature. The
lines represent different heating rates. Hypothesis: ν = 1013s−1 [254].
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4.2.2 Development of a highly sensitive detector for reaction products

During this work, a new home-built device enabling dynamic reactivity studies on

surfaces with very small amounts of catalytically active material has been developed. We

call this device in the following “sniffer”. Besides standard measurements like TDS, the

sniffer allows to expose the sample to gas pulses of well defined pressure and duration and

to measure at the same time the reaction products from the sample, and this as function of

sample temperature.

Rotatable Ball

Gas lines

Sample

Aperture for 
electron injection

QMS

To differential 
pumping

Cone

Isolator

Shell

Co
lle

ct
or

Ionizer

Figure 4.7: Schematic view of the sniffer.

The main idea in the design of the home-built sniffer (Fig. 4.7) is the possibility of creating

an almost independent differentially pumped volume, which allows the use of rather high gas

pressures. The gases desorbing from the sample get trapped in this volume labeled collector

in Fig. 4.7 and are continuously analyzed by means of an integrated quadrupole mass spec-
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trometer (QMS) shown in purple. In order to integrate the commercial QMS in the sniffer the

ionization cage of the open ion source has been substituted by a stainless steel cylindrical tube.

This tube is labeled ionizer and shown in red. It represents the main volume of the collector.

A hot yttrium filament (not shown in the Figure) is positioned outside the ionizer tube and

near to an aperture in the tube. It produces electrons that are accelerated through the aperture

into the ionizer by a potential of 100V . The aperture also serves to pump the collector. The

electrons ionize the gas, and a system of electrostatic lenses guides the ions through a small

hole into the quadrupole, where the mass analysis is performed. Placing the filament outside

the ionizer reduces the catalytic background signal produced by reactions taking place on the

hot filament. The sniffer parts described above are enclosed in a stainless steel shell (yellow in

Fig. 4.7) differentially pumped by a turbomolecular pump. The base pressure in the differential

pumping line of the sniffer is below 2 · 10−9mbar.

The injection of well defined amounts of gases in the collector is controlled by two UHV

compatible electromagnetic pulsed valves, positioned outside of the UHV chamber. The cone

in dark grey contains a portion of the collector volume. It also allows the gas lines to converge

with a Λ shape to the principal axis of the collector. The gas tightness and electrical insulation

between the cone and the ionizer is guaranteed by a Teflon ring, named isolator.

The selectivity with which one captures the reactants and the dosed gases coming off from

the sample crucially depends on the vacuum separation of the collector from the preparation

chamber. It also depends on the distance between the sample and the sniffer end. The paral-

lelism of the sniffer entrance and the sample surface has been insured by a stainless steel ball

mounted at the end of the collector, where it can freely rotate. The ball has a central bore of

3mm. The ball apex facing the sample has a planar part perpendicular to the bore which can

be oriented parallel to the sample surface by gently touching it. Thus, the sampled surface

area is defined by this aperture, we examine a total area of 7.1mm2. Afterwards, the sam-

ple is retracted until the electrical contact between ball and sample is ruptured. The smallest

distances obtainable this way are given by the mechanical stability of the long manipulator

arm perpendicular to its axis. We achieve 0.1mm, reducing the gas exchange between prepa-

ration chamber and collector by a factor of at least 70 with respect to the configuration with

the sample far from the sniffer. The reduced gas conductance between sniffer and preparation

chamber together with the differential pumping of the sniffer allow to keep a static pressure
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Figure 4.8: Experimental values for the temporal evolution of reactants (CO and O2) and product
(CO2) coming off a Pt/T iO2(110) surface held at 480K. t = 0 corresponds to the opening of the
pulsed valves, the driving electrical pulse length has been 10ms. The functions for a numerical fit of
CO, O2 and CO2 peaks are indicated.

difference of three orders of magnitude between the preparation chamber and the sniffer col-

lector while dosing gases. In addition, it enables higher exposing gas pressures compared to a

more open solution.

The theoretical time constant of the collector when the entrance of the sniffer is firmly

connected to the sample surface, can be estimated by considering the ratio τ = V
S

between the

volume V of the collector and the gas pumping speed S through both the aperture for electron

injection and the hole for ion injection into the quadrupole can be estimated to 10ms. In order

to estimate the real temporal behavior of the sniffer we consider the catalytic oxidation of CO

on Pt nanoparticles on TiO2 [258] pre-covered with oxygen. As can be seen in Fig. 4.8, the

time constants of the reactants are comparatively long and mainly given by the conductance of

the gas lines from the pulsed valves to the sample. The onset times are 130ms for both gases,

while the full width at half maximum is 550ms for CO and 450ms for O2. The temporal

decay after the maximum can be fitted for CO and O2 by a single exponential each, yielding

the time constants τCO = 550ms and τO2 = 380ms. The time constant of the reaction product

(CO2) is markedly shorter. The tail can be fitted with a double exponential yielding τCO2,1 =

80ms for the main component (amplitude 1.55 · 10−9A) and τCO2,2 = 620ms for the smaller

component (amplitude 5.5 · 10−10A). Subtracting the acquisition time of the spectrometer of
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65ms, we find that the main component of CO2 has a time constant of 15ms very close to

the theoretical estimate. The fact that the time constant of this reaction comes close to the

theoretical limit of the time resolution of our instrument can be explained by the main CO2

component, corresponding to the reaction product created instantly into the collector as soon

as the first CO molecules arrive at the surface. The second part is caused by the continued

flux of reactants even after the valves have been closed due to the finite conductance of the

gas supply and due to the finite pump speed.

Since the two electromagnetic valves can be controlled independently, the sniffer allows

to perform catalytic reaction measurements in different ways. For instance, it is possible to

study:

• The evolution of the reaction products as a function of the partial pressure of two dosed

reactants and the sample temperature.

• The reaction between two reactants by keeping a constant pressure of one reactant (high

frequency of gas pulses) and pulsing the other with a chosen (much smaller) frequency.

• The reaction dynamics by pulsing both reactants with a delay to each other (see results

in Chapter 6).

The sniffer permits also to carry out TDS measurements by dosing gases onto the sample at

low temperatures and measuring the initial species as function of increasing temperature. TDS

performed with this new design shows two main advantages with respect to TDS measured

with standard QMS-based instruments. First, the gases desorbing from the sample stagnate

in the collector due to the small pump rate, and therefore the partial pressure in the collector

increases to values easily detectable by the QMS, even for very small fluxes of molecules

desorbing from the sample (our noise level corresponds to roughly 2 · 10−10 molecules
cm2·s ). Second,

since the gases are dosed only locally on the sample, the pollution of the preparation chamber

by these gases is negligible, and thus the measured TDS spectra are almost completely free of

parasite peaks of gases desorbing, e.g., from the sample holder or the filament during heating.

For a quantitative analysis of the data measured by the sniffer in terms of number of gas

molecules coming off the sample per unit time and surface, two calibrations have been per-

formed. (i) We determined the relation between the partial pressure in the sniffer and the
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measured ion current, which is used to calculate the amount of the dosed gas. (ii) We estab-

lished the relation between the flux of molecules entering in the sniffer and the measured ion

current, which is used for a quantitative analysis of the gas desorbing from the sample.

For calibration (i) no sample was positioned in front of the sniffer, the differential pumping

of the sniffer was closed by a valve, and argon was introduced in the preparation chamber, and

its partial pressure was increased step by step. This way the sniffer was only pumped via the

preparation chamber and thus the argon pressure in the sniffer was the same as the one in

the preparation chamber which has continuously been monitored by a gauge. The ion current

corresponding to each argon pressure step was then measured. For calibration (ii) the sniffer

was in the usual measurements configuration, i.e. it was differentially pumped and the sample

was positioned in front of it, so that gas exchange between the sniffer and the preparation

chamber was minimized.

4.3 Scanning tunnelling microscope (STM)

Scanning tunnelling microscopes are widely used nowadays in research as well as in in-

dustry. They give access to the morphological analysis of surfaces such as roughness or re-

constructions and three-dimensional representations of prepared surfaces. Moreover, more de-

tailed information are available such as the handling of single atoms [48] or electronic states

and their confinement on specially prepared surfaces [259].

4.3.1 History

The principle of the tunnel effect is based on the quantum mechanical theory presented in

the ’20s by Schrödinger, Heisenberg, Bohr and de Broglie [260]. Their theory predicts that

electrons can pass from one medium to another through the vacuum with a certain probabil-

ity, depending amongst others on the distance between the medias. The theoretical prediction

has been experimentally observed for the first time by Young et. al. in 1971 [261]. The real

breakthrough was made by Binnig and Rohrer in 1981 at the IBM research centre in Rüsch-

likon, Switzerland. They realized the first STM images at atomic resolution [262–264]. They

showed the famous silicon surface Si(111) with its (7× 7) surface reconstruction, see Figure

4.9 [265, 266]. For their design of the scanning tunnelling microscope and thus the experi-



4.3. SCANNING TUNNELLING MICROSCOPE (STM) 83

Figure 4.9: The STM image of the 7 × 7 reconstruction of Si(111) was one of the first images with
atomic resolution [266].

mental confirmation of the theoretical predictions they obtained the Nobel Prize in 1986.

The experimental techniques have been strongly improved in the last 20 years and reach

nowadays resolution of 0.1
◦
A for lateral dimensions and 0.01

◦
A perpendicular to the surface.

4.3.2 Theory and principle

For a better understanding of the principle of a tunnelling microscope, we look at the

quantum mechanical approach: electrons do not possess a defined position but a probability

distribution for their positions. This probability is non-zero out of the solid but decreases

exponentially with the distance. For distances of some nanometres between two materials

the electron can therefore pass through the gap from one to the other by creating opposite

tunnelling currents which are in equilibrium. An illustration is shown in Fig. 4.13. If a bias is

applied between the tip and the sample we break the equilibrium and let the electrons pass

with preference from the tip to the sample or the other way around, following the potential.

For a determination of the current, we need to know the electronic structure of the tip and

the sample and the extension of the wave functions. Some simplifications have been made by

Bardeen in 1961 [267]. He studied the tunnelling effect for metal-vacuum-metal junctions and

introduced a disturbance factor to the electron hamiltonian of the tip and the surface. In other

words, he neglected the electronic interaction between tip and surface which is a reasonable

approximation for the weak superposition of electronic orbitals and the low potential differ-

ence for tip and surface. The tunnelling current can be expressed as a function of the tip wave

function (ψµ) and of the surface (ψυ):
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Figure 4.10: Tip geometry according to Tersoff and Hamann

I (V ) =
2πe

~
∑
µ,υ

f (Eµ) (1− f (Eν + eV )) |Mµυ|2δ (Eµ − Eυ) (4.12)

We build the sum over all nondisturbed states ψµ and ψυ. The eigenvaluesEµ andEυ of tip

and surface respectively are relative to the Fermi levels. By using the Fermi-Dirac distribution

f we make sure that the transition happens between an occupied state f (Eµ) and an unoccu-

pied one 1−f (Eυ + eV ). The tunnelling process is an elastic phenomenon, the energy has to

be conserved, therefore we introduce the Delta-Function δ (Eµ − Eυ). The transition matrix

between the occupied states of the tip and the empty states of the surface or vice versa can be

expressed, with respect to a characteristic surface S0 which is defined as the concerned area

between tip and surface:

Mµυ =
~2

2me

∫
S0

(
ψ∗µ∇ψυ − ψυ∇ψ∗µ

)
dS (4.13)

The presented approximation considers electrodes (tip and surface) with an undefined

shape. We can improve the model, using the approach of Tersoff and Hamann [268, 269] who

suggested a spherical shape of the tip with a small radius (see Figure 4.10). The current from

equation (4.12) can thus be expressed:

I (V, x, y, z) ∝ e
−2z

√
2me(Φ− eV

2 )
~2

eV∫
0

ρsample (E, x, y) ρtip (E − eV ) dE (4.14)

where x, y are the lateral positions of the tip regarding the sample, ρsample and ρtip the

local density of states (LDOS) of tip and sample respectively and Φ the mean work function



4.3. SCANNING TUNNELLING MICROSCOPE (STM) 85

V

z

Ie-kz

90% of the 
current

tip

sample

99%

Figure 4.11: Due to the exponential decay of the current with the distance z, most of the current passes
through the nearest atom(s). Values for typical tunnelling conditions: (It = 0.1−1nA, Vgap = 1−2V ).

of tip and sample. Looking at Equation 4.14, one sees immediately that the current depends

exponentially on the distance z between tip and surface. We can say that the majority of the

current passes through the nearest atom of the tip and only minor contributions are due to

further atoms. A schematic sketch representing the current distribution is shown in Figure

4.11.

The high resolution at sub-atomic scale cannot be explained by the simple model of

Bardeen. In fact, there is a non-negligible interaction between the tip and the surface that

has to be taken into account. It would exceed the scope of this thesis to go into details of these

models, the reader is therefore referred to publications of Sacks and Noguera [270–272] and

Chen et. al. [273, 274].

4.3.3 Working modes

A STM microscope is measuring the current between tip and surface as a function of the

distance z. There are three different proceedings:

The constant height mode can be applied on very smooth surfaces. The vertical tip posi-

tion is fixed and the resulting current measured. If the surface is too rough, there is a certain

risk that the tip will crash into the sample. This will not only damage the tip, but also change

the local morphology of the surface. Irreversible damage is the result.

Constant current mode avoids that risk of touching the surface. During the scan, the

current is continuously controlled and the vertical position of the tip adjusted. (Section 4.3.4).
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Figure 4.12: Basic principles of a scanning tunnelling microscope. A current IT is established between
the tip and the sample. An electronic device measures the current during the scan and sends a feedback
signal to the z-piezo for height adjustment. The displacement in x, y, z is stored and displayed on a
screen, as shown on the right side [144].

The third mode is called Scanning Tunnelling Spectroscopy (STS). By changing the

potential between tip and sample the electronic structure of the surface is scanned as the

current depends on the local density of states (LDOS). In this mode, the tip is placed on

the required position of the surface and a potential ramp applied. The information of the

variation of the current as a function of the potential dIT
dV

gives information about the LDOS

of the sample under the tip. Each material and even each different atom has a specific “digital

fingerprint” and it is possible to identify the exact configuration of the surface [275].

4.3.4 Image acquisition in the constant current mode

Figure 4.12 shows schematically the setup of an STM microscope. The tip approaches the

surface from the top. Three piezoelectronic 1 motors move the tip vertically (Z) for approach

1Piezoelectric materials are mostly ceramics which have the property that, under an application of a potential
to the ceramic, they extend or contract. The power of such devices are extremely high and the precision of
movement is in the order of pm.
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and distance regulation and horizontally (X,Y) for the surface scanning. The electronic system

measures the actual current between tip and sample IT and adjusts it to the reference current

I0 by varying the distance Z. The movement of the piezos are stored and displayed as a plot

Z (X, Y ). The displayed topography of the surface is not only the image of the real surface,

but also influenced by the electronic structure (LDOS) of the sample underneath the tip.

Image interpretation

The potential between tip and surface can be applied with different polarities, a represen-

tation is shown in Figure 4.13. The density of states decreases towards the Fermi energy level

and the probability of transmission, called T (E), increases. The electron tunnelling from the

tip to the surface or vice versa originates principally from the area next to the Fermi edge.

Note that generally the LDOS of the tip ρtip is considered as constant.

• Vsample < Vtip : the electron current flows from the sample to the tip. Considering the as-

sumption made above that the LDOS of the tip is constant, the current is faintly sensitive

to the applied potential.

• Vsample > Vtip : the electrons pass from the Fermi level of the tip to the unoccupied states

of the sample. By varying the potential, we can study the different unoccupied states of

the sample. This method is sensitive to chemical elements on the surface.

Surface convolution

The tip of the STM is the core piece of the microscope. Its quality will broadly influence

the quality of the image, the easiness of handling and the time spent to acquire an image.

As it has been shown in Figure 4.10, most of the current passes through the nearest atoms

of the tip. It is experimentally impossible to build a tip with a single atom at the end. In

most of the cases, several atoms have the same or a similar distance to the sample. Therefore,

they contribute equally to the current conduction. If we pass through a pit, as shown in the

example in Figure 4.14, it seems to be smaller than in reality. The rim of the graphite surface,

in reality vertical (the sketch shows a rim that is not vertical but very steep), has tendency to

be less abrupt, as it is shown under “displayed surface profile”. We can observe an additional

problem: the designed tip in the drawing shows two points, a so-called double-tip. When the
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Figure 4.13: Contribution of the tunnelling current as a function of polarity and amplitude of bias
voltage. The current IT depends on the local density of states (LDOS) between the Fermi energy EF
of the tip and the sample (EF + eV ). The transition probability T (E) is more important for high
energetic electrons.
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Figure 4.14: Effect of the tip size leading to surface convolution. Dotted lines indicate the recorded tip
position, grey lines the point where the current passes from the tip to the sample. The profiles below
show the effect for a pit (left) and a cluster protrusion (right). One sees that the pit profile shows an
intermediate step at the left-handed slope as the current passes at different tip positions. The recorded
pit size appears smaller than the real one. The contrary is valid for protrusions. They appear bigger
than in reality. In addition, but not related to the double-tip, passing from a graphite substrate to a gold
cluster, the work function changes and the distance between tip and surface is different for the same
imposed current. Clusters thus appear higher (or lower) than in reality.
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right tip already passes in the pit, the left one is closest to the sample and the current will pass

through this one (grey band).

The effect when passing over a particle of different material (i.e. gold) is shown on the

right side. This effect is not related to the double-tip. The distance between tip and graphite is

not the same as between tip and gold, as the work function of gold is smaller than the one of

graphite. To maintain the same current, the tip has to retract more than only the topographical

height. The displayed height hence overestimates the particle size. The effect of the tip is

important for small structures but loses influence for bigger ones.

4.3.5 Setup of the device in use

The STM device in use has been constructed in our group [80, 90]. The aim for the

construction was to build a microscope able to work at variable temperatures (4K − 300K)

and compatible with UHV conditions. During this thesis, improvements on the sensitivity as

well as the reduction of vibrational noise have been achieved.

In Figure 4.1 we show an overview of the UHV chamber and Figure 4.15 gives a closer

overview of the STM device. Part (a) of Fig. 4.15 shows a technical drawing and (b) a picture

of the real device. The whole STM block is coated with gold in order to inhibit gas adsorption

on the surfaces. The STM in the part (C) of the chamber (Fig. 4.1) is connected to a two-level

cryostat. The external one consists of a cylinder in the upper part of the device and two hollow

rods. Its function is to act as a thermal screen and to cool down the inner cryostat in a first step

to 77K. It is connected to the inner cryostat which is filled with liquid helium at 4K.

The STM block is, during measurement, suspended on the roof of the chamber by three

long springs. They are fixed on three vertical bars on the STM block. The purpose is to reduce

the thermal contact with the hot walls and to avoid vibrations and mechanical noise. For the

same reason the whole table on which the STM is positioned can be lifted up by four pneu-

matic feet. To maintain the cooling during measurement, some very thin gold wires (100µm

of diameter) connect the STM block to the cryostat. They are visible in Fig. 4.15 (b) between

the Eddy current dampers1.

1An eddy current damping uses electromagnetic induction, in the present setup caused by magnets, which
creates resistance, and in turn stops the movements of the STM block.
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Figure 4.15: (a) partial cut through the STM block. (b) photography of the system outside of the
vacuum chamber (c) detailed view of the sample-holder and the piezo stack for displacement.
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A
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Figure 4.16: Setup of the STM head. (A) sample holder with the sample looking downward. (B) stator
piece. (C) ceramic bars with piezos packed together for z coarse approach. (D) movable prism of
sapphire containing the central piezoelectric motor for the scan (x-y) and the height adjustment (z)
during scan. The tip is placed on top of the prism.

On top of the sample (Fig. 4.15(a)) a mechanical system clamps the sample holder to

the drawer. A piston on the bottom of the device lifts the clamp up. In this position, sample

transfer into the main chamber and sample displacement inside the STM is possible. As the

STM tip scans only a certain area of the sample in the order of micrometers, the whole sample

holder including the drawer has to be moved by means of piezoelectric motors for bigger

displacements (Fig. 4.15(c)).

Eddy current dampers are placed around the STM block. These strong magnets attenuate

vibrations of the STM block without mechanical contact. The only mechanical contact be-

tween the STM and the exterior are electrical Teflon coated metal wires for power supply of

the STM and current measurement and the springs where the whole STM is suspended.

Figure 4.16 presents the core piece of the STM. The sample (A) is placed on the top of the

STM block, looking downwards. The tip is fixed on a movable prism made out of sapphire
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(D). In its interior, we find a piezoelectric actuator for the movement in Z-direction and the

scan in X-Y-directions (description below). This prism is fixed in the middle of three ceramic

bars (C). On the interior surface, there are two stacks of piezoelectric motors, shown in pink.

They are responsible for the coarse approach of the tip. These bars are inserted into the stator

piece (B) and are fixed.

When placing a sample in the STM, we have to make sure that the tip will not touch the

sample. However, the retraction of some millimetres cannot be done by the simple retraction

of a piezo. The piezo-stacks on (C) have the property that they execute a shear movement

when a potential is applied (see Figure 4.17(a)). As the single movement of one shear-piezo

is not sufficient, we put for each actuator three piezos one on top of each other. They extend

simultaneously and amplify the movement. When the central prism (D) has to be retracted or

approached, the actuators perform a so-called stick and slip movement. The potential applied

has saw teeth-like shape. The slow increase of the potential makes the piezos bend and moves

the prism upwards. The very fast drop of the tension makes that the surfaces of the piezo-

actuators (covered with a smooth sapphire plate) slip back and the prism remains at its current

position. The same process is repeated for many cycles. An electronic control system analyzes

the distance between the tip and the surface after each third stick-slip movement. In this way,

a well controlled approach to the surface is possible without taking the risk of a crash.

After the coarse approach another piezoelectric device will regulate the tip-surface dis-

tance. It is located inside the prism (part D in Fig. 4.16): a hollow piezo tube is separated into

different parts, shown in Fig. 4.17(b). The upper part is responsible for the movement in the

Z-direction. It adjusts the position of the tip according to the topography of the surface by ex-

pansion in the direction of the tube axis. The lower part is divided into four symmetric parts.

The same potential with opposite polarity is applied to opposite electrodes. We thus have an

elongation on one and a retraction on the other side, resulting in a bent tube. The combination

and variation of the two potentials (X and Y-direction) results in the scan of the surface.

4.3.6 Tip preparation

The tip is basically a metallic wire (W or PtIr). There exist various well defined tech-

niques for preparing suitable STM tips, described for example in the master thesis of Lucier

[277].
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Figure 4.17: (a) Shear effect of piezo. When a voltage is applied between the electrodes (green) the
material shears vertically [276]. (b) Setup of the central piezo. The Z-electrode is in the upper part,
responsible for the distance maintenance between tip and sample. On the lower part, the piezo is divided
into four parts, responsible for the lateral scan by bending.
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Figure 4.18: Setup of the tip preparation device. The tungsten wire is fixed in the tip holder, made out
of soft iron. A metal ring surrounds the wire, therein a NaOH film creates a membrane. The ring as
well as the tip is connected to a power. The circulating current etches the filament at the meniscus of
the film. When the wire gets too thin, it breaks under its own weight and the tip falls down.

The principle of tip preparation is an electrochemical etching process. The basic idea is to

dip a small tungsten wire (we used exclusively tungsten for tip preparation) with a diameter of

0.25mm into an electrolyte solution. A DC potential is applied between the tip and a counter

electrode and the electrons thus attack the wire, due to the presence of the basic solution [278]:

cathode: 6H2O + 6e− → 3H2(g) + 6OH−

anode:W (s) + 8OH− → WO2−
4 + 4H2O + 6e−

W (s) + 2OH− + 2H2O → WO2−
4 + 3H2(g) (4.15)
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Figure 4.19: Schematic view of the vacuum furnace. The sample is inserted into the system through
a load-lock chamber. A manipulator connects the load-lock chamber and the furnace. Temperature
as well as gas pressure in the furnace can be controlled precisely. A pumping system maintains the
vacuum at a pressure of 1 · 10−5mbar.

Figure 4.18 shows the setup of the tip preparation. The tungsten wire is surrounded by

a silver ring. The solution forms a film, limited by the silver ring. Due to surface tension, it

ascends around the wire and forms a meniscus. The etching sharpens the tip and at a certain

moment the proper weight of the tip holder becomes too heavy and the tip falls on a soft pillow

made of shaving foam. The big advantage of this system is that at the moment when the tip

falls down the current vanishes and the etchings stops.

4.4 Vacuum furnace

A vacuum furnace is used to prepare the HOPG samples (see Section 5.1). The main parts

are shown in Figure 4.19. A load-lock chamber gives access to the manipulator where the

sample is deposited. The manipulator moves the sample back- and forward from the load-

lock chamber into the furnace. At a pressure of 10−5mbar, the sample is introduced into the

pre-heated furnace. The temperature can be set by the operator and an internal regulation

maintains the chosen value. A gas line is connected to the vacuum chamber in the furnace.

During the heating process, the turbomolecular pump is disconnected and the actual pressure

monitored by standard pressure gauges.



4.5. GOLD DEPOSITION CHAMBER 95

Crucible

Heating plate

Sample

Quartz
microbalance

Gold

valve

to pump

Shutter

Figure 4.20: Device for physical vapour deposition PVD. A crucible, filled with the material to be
evaporated (gold) is heated resistively. A shutter prevents the sample of uncontrolled deposition. The
vaporized gold quantity is measured in situ with a quartz microbalance.

4.5 Gold deposition chamber

4.5.1 Physical vapour deposition (PVD)

The term physical vapour deposition (PVD) includes different vacuum-based coating pro-

cesses and thin-film technologies. It was used for the first time by Michael Faraday in 1838 but

appeared in 1966 for the first time in literature. The required material is deposited directly by

condensation on the support, in contrast to the CVD (chemical vapour deposition) processes

where a chemical reaction leads to the surface coating. The following points characterise the

process:

1. Vaporization of the material.

2. Transport of the vaporized particles to the substrate.

3. Vapour condensation on the substrate and layer formation.

Different variants of PVD are known: by laser bombardment, deflected ion impact or by re-

sistive heating the target is vaporized. All these methods have in common that the vaporized
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Figure 4.21: Cross section through the chemical reactor [279].

material is present in a solid form. The ejected atoms move through the chamber either by

electric fields or by a simple ballistic process. In order to avoid particle loss due to collisions,

one has to work at vacuum conditions. Typical working pressures are in the range of 10−6 to

0.1mbar. The gold particles move in straight trajectories from their origin towards the sample.

For a target heated by resistance, the spatial abundance of ejected particles follows a cos2 θ

distribution, where θ is the angle of the trajectory with respect to the surface.

4.5.2 Device in use

Gold atoms are deposited on the HOPG samples in a separate vacuum chamber (Fig. 4.20).

The gold target is placed in a crucible on the bottom of the chamber. Electrical connectors

ensure the resistive heating of the crucible and the vaporization of gold atoms. The sample

is placed on a sample holder in the upper part of the chamber. At the same level and in a

symmetric position with the sample, a quartz microbalance measures in situ the evaporated

gold quantity by analyzing the frequency change of a quartz crystal resonator (in
◦
A
s

). The

resonance is disturbed by the addition of evaporated material on the surface of the acoustic

resonator. A shutter is placed in front of the sample that is mounted on a heating plate. During

deposition, the sample temperature is kept constant and carefully monitored with a connected

thermocouple, the shutter is opened and the quartz microbalance set to zero. The pressure

during deposition is of the order of 10−5mbar.
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4.6 Chemical reactor for catalysis

A chemical reactor as shown in Fig. 4.21 has been used for the catalytic measurements on

HOPG. The sample is fixed in a container, called chemical reactor. The reactor is introduced

in a high vacuum chamber with a pressure of 10−7mbar. The walls on the back and the front

side of the reactor present holes through which a free gas exchange is possible and which helps

to increase the pumping speed. Gas lines are laterally connected to bring the reactants (gases)

onto the surface. A central hole (top) gives access to the mass spectrometer for residual gas

analysis (RGA). The temperature control is assured by a thermocouple mounted on the sample

(not shown). A heating plate, in tight contact with the sample, supplies the necessary power

for heating. The detailed setup of the reactor has been published by our coworkers [279].



98 CHAPTER 4. EXPERIMENTAL SETUP



Chapter 5

Results: Gold on HOPG

Contents
5.1 Sample preparation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.1.1 Pit quantity optimization . . . . . . . . . . . . . . . . . . . . . . . 103

5.1.2 Gold atom deposition . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.2 Electrochemical stability of gold clusters . . . . . . . . . . . . . . . . . 105

5.3 Corral formation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109

5.3.1 Cluster size of corral particles . . . . . . . . . . . . . . . . . . . . 111

5.4 Thermal evolution of gold nanoparticles . . . . . . . . . . . . . . . . . . 115

5.4.1 Cluster location on the surface . . . . . . . . . . . . . . . . . . . . 116

5.4.2 Particle size distribution . . . . . . . . . . . . . . . . . . . . . . . 117

5.5 Channel etching . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

5.5.1 Etching process . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

5.5.2 Correlation between channel length and depth . . . . . . . . . . . . 120

5.5.3 Channel orientation . . . . . . . . . . . . . . . . . . . . . . . . . . 122

5.6 Catalysis of gold nanoparticles on HOPG . . . . . . . . . . . . . . . . . 122

5.7 Conclusion: Gold on HOPG . . . . . . . . . . . . . . . . . . . . . . . . 126

This Chapter is dedicated to results of gold particles deposited on pre-structured HOPG

surfaces. The purpose of this investigation was to study catalytic activity of gold clusters.

Therefore, we have to stabilize them on the graphite surface. In the first Section (5.1) we give

information about the sample preparation that precedes the gold deposition. In the follow-
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ing, (Section 5.2), electrochemical measurements have been performed to see under which

conditions the clusters remain stable on the surface.

For increasing surface coverage of gold, the cluster auto-organize themselves on the sur-

face and form uniformly sized corrals along the rim of the pits. We show these results in

Section 5.3. These corrals have been studied for their thermal evolution and stability in Sec-

tion 5.4. When the sample are annealed at temperatures above 700K, gold clusters start to

show particle-enhanced local etching of graphite that leads to the formation of channels in the

HOPG layers (5.5). Finally, a detailed analysis of the desorbing products during annealing in

an oxygen atmosphere has shown that gold particles dissociate oxygen molecules already at

low temperatures (5.6).
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5.1 Sample preparation

Grade-1, highly oriented pyrolytic graphite (HOPG) was purchased from SPI suppliesr.

They exhibit great crystalline perfection (0.4◦± 0.1◦). The crystal is cleaned before each new

sample preparation with an adhesive tape resulting in atomically clean terraces containing

typically 1%−3% step edges. The samples are immediately transferred into the UHV chamber

for surface preparation.

500 nm

Figure 5.1: SEM image of HOPG after Au deposition by magnetron sputtering at room temperature
in high vacuum conditions (p=10−4Pa) followed by a subsequent heat treatment at 700K. Acc.V=
10 kV , Magn: 2 · 104. Image size: 2µm× 2µm.

Nanoparticles on clean HOPG surfaces are not stable. As it is shown in Fig. 5.1 most of

the particles nucleate at step edges that provide the strongest nucleation sites. This picture

has been taken by SEM (scanning electron microscopy). Gold clusters have been deposited

by magnetron sputtering at room temperature in high vacuum conditions. Sputtered clusters

create themselves defects, but clusters pinned to these self-produced defects on terraces are

less stable than clusters at step edges. Subsequent heating of the sample under vacuum to

700K confirms this statement: clusters are exclusively found on step edges, as shown in Figure

5.1.

The presence of unstable clusters is not useful for the intended measurements. The pur-

pose is to find a system where gold particles are stabilized even at elevated temperatures. As
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5 nm

(a)

50 nm

(b)

Figure 5.2: STM images of two different magnifications ofAu5 clusters implanted in HOPG. Incident
kinetic energy: Ekin = 3keV ; impact density: 1000 µm−2. STM measurements performed at room
temperature in air, Vgap = 0.5V , IT = 0.5nA. Image size in a: 20nm× 20nm, b: 120nm× 120nm.

discussed in Section 3.1.3, nanopits in the HOPG surface show such stabilizing properties.

The samples are exposed to a high energetic cluster beam from a cluster source, identical

with the device described in Section 4.1.3. The clusters are mass-selected and deposited on

the surface with a well-defined energy. Au+
5 have been implanted at 3kV under high vacuum

conditions at room temperature. The choice of the cluster size is a compromise between clus-

ter flux (small particles) on one side and the creation of deeper defects (larger particles) on the

other. The impacts on the surface are visible in Figure 5.2 even without etching. This STM im-

ages show the surface directly after cluster bombardment. Cluster-induced defects are visible

as hillocks (Fig. 5.2(a)) which are randomly distributed over the whole surface (Fig. 5.2(b)).

These hillocks have been observed for the first time by Yan and co-workers [280] and were

reproduced by many groups. Furthermore, Palmer et. al. measured the size of hillocks after

silver cluster implantation and found values of 0.03 − 0.04nm in height and 0.2 − 0.3nm in

diameter [281]. Protrusions of similar size are also observed for other ion impacts on graphite

[282, 283]. Each of these surface defects present a starting point for graphite etching process,

described in detail in Section 3.1. According to the work of Seminara [143, 144], the depth of

such defects is principally defined by two parameters: the cluster size and the impact energy.

As it will be shown below, the depths are well defined.

The etching stage is performed in a vacuum furnace (p < 1 · 10−4mbar) at 950 K (see
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Figure 5.3: (a) STM image of pits after etching, Vgap = 0.5V , IT = 0.5nA. Image size: 500nm ×
500nm. (b) Histogram presenting the pit depth for Au+

5 clusters at impact energy of 3kV . Mean pit
depth is 2.84ML.

Section 4.4). During etching, the temperature varies by ± 20K. Typical etching durations are

of the order of 10 minutes at an oxygen pressure of 80 ±3mbar. Once the sample attained

room temperature, it is examined by scanning tunneling microscopy (STM) in air to control

the quantity and the size of the pits. Figure 5.3(a) shows an example of the etch pits (estimated

pit diameter between 10 to 50nm) and Fig. 5.3(b) the depth distribution which yields a mean

value of 2.84 monolayers (ML).

5.1.1 Pit quantity optimization

It is of great importance to optimize the surface, i.e. to produce as many nanopits as

possible for a given pit size. The more pits are present on the surface, the larger the number

of particles for statistics and the stronger the signal for catalytic measurements. But since the

nanoparticles are located on the rim of the pits, one should avoid a big overlap between the

pits. The larger the total perimeter, the larger the number of gold nanoparticles we can create

on the surface.

A numerical model has been developed to simulate the total rim length. The starting point

is a clean HOPG surface. Defects with a predefined diameter are created one by one at random

positions. After each defect creation, the total rim perimeter is calculated and plotted as a
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Figure 5.4: Simulation of the total pit perimeter vs. impact number and pit dimensions. A maximum
of 120 µm

µm2 has been found for pit diameters of 10nm. Experimental values (grey highlight) for pit
diameters of approx. 15nm fit perfectly with the simulation.

function of the number of defects (see Fig. 5.4). At the beginning (low quantity of pits), the

increase of the total perimeter is linear, since there is no overlap between the pits. Little by

little, the surface is filled up with pits and this makes it difficult for new defects to contribute

to the increase of the total perimeter. At a certain point, additional defects do not contribute

anymore to the total length and finally have the opposite effect: the total perimeter decreases.

The number of primary impacts has been chosen to optimize the total pit rim length which

itself depends on the mean diameter. Different pit diameters have been simulated and are re-

ported in Fig. 5.4 for diameters between 10 and 40nm. Smaller pits have not been simulated as

their experimental production is very difficult. One sees that with increasing diameter, the total

available perimeter length decreases. The comparison of the simulation results with the exper-

imental values shows a good match: the total perimeter (simulation) for pits of 10 to 20nm is

situated between 64 and 125 µm
µm2 as shown in Fig. 5.4 whereas the experimental values mea-

sured on different samples vary between 63 and 104 µm
µm2 for the mentioned pit diameters (grey

zone). The number of impacts (experimental values) per unit surface are contained between

3500 and 11000 impacts per µm2. The reproducibility of precise pit diameters is not evident

as it varies with the etching temperature, oxygen pressure and exposure time. Slight changes

can have strong effects.
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5.1.2 Gold atom deposition

Gold is deposited on the nanostructured surface by physical vapour deposition (PVD). The

samples are heated to 673K under vacuum at a pressure of 5 ·10−6mbar. A molybdenum cru-

cible with pure gold (99.9%) is resistively heated and gold atoms and clusters are evaporated

onto the HOPG sample. The thermal energy of the gold atoms ensures soft landing conditions

without any defect creation on the HOPG surface. Elevated temperatures of the sample during

the deposition process enhance the mobility of gold on the graphite surface. Gold particles

move in random walk motion on the surface and nucleate at strong binding sites. These sites

are present at step edges and at the rim of the pits. Terraces do not contain carbon atoms with

free sp2 binding sites, and thus gold atoms cannot be fixed on terraces. Deposition at room

temperatures does not supply sufficient energy to the gold particles to enhance their mobility.

In this case, particles remain at the deposited position. The total amount of gold is monitored

with a quartz-crystal microbalance. After deposition, the sample is cooled down in a nitrogen

atmosphere. The Figure 5.10(a) shows an STM image of a graphite sample after gold depo-

sition. One can see gold particles all over the step edges and the rim of the pits. The mean

height of the particles is h = 1.8± 0.2nm and their density is δ = 3800µm−2.

5.2 Electrochemical stability of gold clusters

The stability of gold nanoparticles has been analyzed by cyclic voltammetry (CV). To

perform such measurements, we use an electrochemical cell, described in the thesis of Limat

[68]. A potential is applied between the sample and a counter electrode that varies with

time. The established current between the two electrodes is measured. The measurement

cycle is entirely controlled by an electronic device, so-called potentiostat. Supplied software

analyzes the data and converts it directly into a voltammogram. A typical measurement

contains a series of ten to several hundred potential cycles. We therefore call the method

cyclic voltammetry (CV).

We compare samples with gold deposited on a clean and unstructured surface to samples

with nanopits, as described above. The group of Comninellis [284] has already studied the

stability of gold on boron-doped diamond. They revealed that the gold nanoparticles are not
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Figure 5.5: Evolution of cyclic voltammograms of (a) sputter-deposited gold on a non-structured
HOPG substrate and (b) gold deposited by PVD on a nanostructured HOPG surface as a function of
the number of cycles. Cyclic voltammetry in 0.5M H2SO4 at T = 300K. Scan rate of S = 100mVs ,
potential limits: 0.6− 1.4V .

stable and are washed away during the potential cycles. The same method is used in this study.

Gold particles are evaporated on HOPG samples with the process mentioned in the previ-

ous Section. Clean HOPG and pre-structured samples are used as cluster support. The sample

undergoes a heat treatment at 673K under vacuum (10−5 to 10−6mbar) subsequent to sputter

deposition at room temperature. The evolution of cylic voltammograms is shown in Fig. 5.5.

We plot the applied potential V versus the current density j. The current density has been

normalized by the active surface covered by the gold particles. Figure 5.5(a) presents the evo-

lution for gold nanoparticles on a non-structured graphite sample. The reduction peak of gold

oxide decreases with each cycle and reaches a final loss 91% after 500 cycles. The loss can be

explained by the sintering of the particles and thus a reduction of the active surface area. We

observed a decreased density and the aggregation of gold on the surface. This shows clearly

that gold deposited on non-structured HOPG cannot be considered as stable during the po-

tential cycling. The same cycles of voltammetry have been made on pre-structured graphite

(Fig. 5.5(b)). No significant loss in the current density can be observed after 500 cycles, gold

nanoparticles are well fixed and remain in the pits during many voltammetry cycles.

The properties of stable deposits depend on several parameters; two of them have been

studied in this work : (i) the amount of deposited gold and (ii) the dispersion of such a cata-

lyst. For these investigations, a standard procedure has been applied taking the third voltam-
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Figure 5.6: Cyclic voltammograms as a function of gold loading on a structured HOPG surface. (1)
3 · 1014, (2) 5.9 · 1014, (3) 1.2 · 1015, (4) 1.8 · 1015 and (5) 3 · 1015 atoms

cm−2 . Cyclic voltammetry in
0.5M H2SO4 at T = 300K; scan rate S = 100mVs ; potential limits : 0.05− 1.8V .

metric scan in order to ensure electrochemical steady-state conditions. Gold nanoparticles of

different metal loading have been studied and the voltammograms are shown in Fig. 5.6. The

peak current response j increases with metal loading, while the peak potential of gold ox-

ide reduction is rather stable at Ered = 1.08V , with the exception of gold loadings below

1015 atoms
cm2 . The slight negative shift in reduction peak potential noticed at such low loadings

is probably related to the instability discussed above. On the other hand, increasing the load

leads only to an increase of the particle size but not to that of the particle density which is

evidenced by looking at the dispersion (Ns/Nd) as a function of metal loading, shown in

Fig. 5.7. Ns denotes the number of gold atoms on the surface of the nanoparticles accessible

to the electrolyte, was calculated from the voltammetric charge of the reduction peak of gold

oxide and Nd the total number of deposited atoms. This fraction (Ns/Nd) decreases as the

particle size increases. According to the fraction Ns/Nd, it can be suggested that during the

gold deposition process, an arriving atom links preferentially to an existing nucleus within a

nanopit than to create a new nucleus. In fact, the deposition of gold by evaporation on the

tailored surface takes place via formation and growth of separate three-dimensional islands

and not via completion of successive monolayer.

The computed fitting line in Figure 5.7 follows the theoretical surface to volume ratio
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Ns/Nd; for small clusters we can approximate the shape of the cluster with a sphere. The size

of each atom can be approximated with the Wigner–Seitz radius rs, where rs is simply the

radius for a sphere whose volume is equal to the volume of one atom in the solid. Considering

a cluster with N atoms the total volume of the cluster is given by

V =
4

3
πR3 ' 4

3
πr3

sN. (5.1)

We use the approximation that the surface contribution of each atom is πr2
s (for R � rs)

and thus find a total number of surface atoms of

nsurface ' 4

(
R

rs

)2

' 4N2/3. (5.2)

The surface to volume ratio Fsurface is then:

Fsurface =
ns
N
' 4N−

1
3 . (5.3)

The indicated fitting curve with the exponential −1
3

approximates the data point in a very

precise way. Furthermore, using this relation, we can estimate the size of the gold nanoparti-

cles for the corresponding surface to volume ratio. The number of atoms per cluster N can be

expressed, using Equation 5.1:

N−
1
3 =

rs
R

(5.4)

and thus:

F = 4 ·N−1/3 = 4
rs
R
⇔ R =

4rs
F

(5.5)

The highest surface to volume ratio in Figure 5.7 of F = 0.55 gives a cluster radius,

assuming the Wigner-Seitz radius of gold rs = 0.159nm of R = 1.15nm. The particle radius

for the lowest ratio of F = 0.15 is thenR = 4.23nm. As it will be shown below, this estimated

cluster size matches very well with the measured cluster dimensions (see Section 5.3.1). This

method is a very interesting way to analyze the cluster size on surfaces without using STM

microscopy. We have shown that the estimation of the cluster size by means of the dispersion

curve is in very good agreement with the measured cluster values mentioned below.
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Figure 5.7: Dispersion (Ns/Nd) of Au nanoclusters on structured HOPG substrates as a function of
the deposited amount (Nd). The density of surface gold atoms (Ns) was calculated from the voltam-
metric charge of the reduction peak of gold oxide.

5.3 Corral formation

Gold deposited on nanostructured graphite has been found to nucleate in form of small

nanoparticles at the step edges and at the rim of pits [148, 149, 152]. Existing studies focus on

monolayer high step edges or rims by etched natural defects [152], low coverage of multilayer

deep pits [148, 149] and large cluster with completely saturated small pits with gold [149].

In this study, the number of particles, their size and shape has been investigated in detail.

The height is systematically measured from the lower step (or rim) to the highest point of the

particle, see Fig. 5.8.

At low gold loadings, the particles do not fill up the complete available rim space but form

individual clusters independent from each other. Their preferred position situates in the corner

of the pits where the interaction between graphite and gold cluster is the strongest. Figure 5.9

shows an STM image with a very small gold load (1.4 · 1014 atoms
cm2 ). No continuous decoration

of the steps with gold particles can be found, in contrast to Fig. 5.10(a), where the gold load

is 5 · 1014 atoms
cm2 . The particles on this picture show closed beads with identical dimensions.

Even in the case of completely filled pits, differences between corner clusters and particles

connected to straight steps can be found. This result is in agreement with studies from Hövel

on monolayer deep pits [149].
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Figure 5.8: Schematic cross-section through a gold cluster. The measured height is indicated.

50 nm

Figure 5.9: STM image after deposition of a small gold quantity. The clusters are located on the rim
with preference in the corners but do not form continuous corrals. Vgap = 0.7V , IT = 50 pA. Image
size: 250nm× 250nm.
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Figure 5.10: a: STM image of gold deposited on structured HOPG. Vgap = 1.4V , IT = 100 pA.
Image size: 500nm × 500nm. Inset shows a single pit decorated with gold nanoparticles. In the line
profile (b) the edge particles are higher than particles at straight rims.

5.3.1 Cluster size of corral particles

A profile along the pit rim shows the topography of these particles. Clusters sitting in

the corners are significantly higher than clusters on straight steps. The higher interacting

forces in these positions promote gold accumulation and thus bigger clusters. The detailed

view of Fig. 5.10(a) and the corresponding line profile show that corner particles are brighter,

which represents a larger apparent height. The hexagonal structure of small pits can also be

observed on the picture. The etching of small pits goes along crystallographic directions of

graphite, as it is discussed in Section 3.1.2. For larger pits, this hexagonal structure vanishes.

The particle size in these pits is uniform, as shown in Figure 5.11.
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20 nm

Figure 5.11: Three-dimensional representation of gold clusters on big pits. The cluster size is uniform
as the pit do not show hexagonal structures. Vgap = 1.4V , IT = 100 pA. Image size: 130nm×130nm.

The measured cluster diameter is of very low reliability because of the surface-tip

convolution. The measured dimensions of gold clusters are close to the detection limits and as

many different tips have been used and the shape of the tip changed sometimes several times

during one image scan, the convolution can hardly be evaluated. Hövel and Barke presented

in their study data that propose a diameter to height ratio of 1.4 in a truncated sphere model

[148]. This value has been used in this work whenever a cluster diameter is mentioned.

Starting from small particles for deposition of low gold quantities, the cluster size in-

creases with increasing gold quantity (see Fig. 5.13). There is a linear increase in cluster

height. For the smallest gold load (1.4 · 1014 atoms
cm2 ), a mean height of h = 1.93 ± 0.3nm was

measured, averaged over 60 particles. At the highest measured gold loads of 2.6 ·1015 atoms
cm2 , the

statistics of three different samples show a mean height of 3.98±0.79nm to 4.35±0.62nm, av-

eraged over more than 200 particles for each sample. Assuming the mentioned ratio of 1.4, we

can estimate the total number of atoms per cluster. The volume V goes with V (h) ≈ 1.15h3,

which gives for the actual deposited quantities clusters with 490 to 5600 atoms per cluster.

The height of clusters has been measured, as it was mentioned before, from the bottom of the

pit (or step) to the top of the particle.

A very interesting fact has been found when the height of particles on pits with different
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depth were compared: independent of the pit depth, the clusters always present the same

height. The plot in Fig. 5.12 shows the cluster height distribution for different pit depths. The

mean height of gold clusters is situated between 1.72 and 1.81nm (Notice that the gold load

on the sample was very low (5 · 1014 atoms
cm2 ), which explains the low mean cluster height). This

result is surprising, since we would expect the increased number of dangling bonds on the rim

of the pits to have an influence on the particle morphology.
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Figure 5.12: Cluster height for different pit depths. The size distribution remains constant with in-
creasing pit depth. The measurement was taken on a sample with very low gold loading (5 · 1014 atoms

cm2 ).

We presented in Section 3.1.3 the results of Hövel and Barke [148]: the total number of

gold particles on samples with different gold loadings remains essentially constant, even if pits

are large enough to allow formation of additional clusters at their edges. In fact, it is difficult

to compare the results of different samples, as the quantity and size of pits vary sometimes

quite strongly. In order to compare them, the criterion has been chosen to be the number of

clusters per unit rim length (i.e. per micrometer of rim length). Based on several STM images

for each calibration, we measured the total rim length and counted the number of clusters on
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Figure 5.13: Particle height vs. deposited gold quantity. The cluster size is linearly proportional to the
gold quantity.

the pits per image. The division of rim length by cluster number gave a number indicating

how many clusters are situated on one micrometer of rim length.

Figure 5.14 shows the particle number per µm versus deposited gold quantity. The

number of particles remains approximately constant for all studied gold quantities. When

gold is evaporated on HOPG at elevated temperature (673K), atoms individually occupy all

available dangling bonds. Additional atoms prefer to attach to existing nanoparticles than

to create additional nucleation sites. Clusters thus grow uniformly in size. At very big gold

loads, the clusters change shape from circular to slightly elliptic (see Fig. 5.10(a)). However,

their growth is laterally limited by the presence of neighbouring clusters. The particles

increase toward the centre of the pits. We did not observe merging of particles, as it has been

observed by Beebe [152]. We suppose that the deposited gold loads were not sufficiently high

to observe this behaviour.

An open question is whether the clusters on a rim touch each other or if there is some

open space between. Measurements have been performed on two samples with different gold

loadings (1 · 1015 and 2.6 · 1015 atoms
cm2 ). Clusters on the sample with lower gold loading are

separated by 8.8nm for an estimated cluster diameter of d = 4.4nm. The second sample show
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Figure 5.14: Gold quantity deposited on HOPG vs. the number of particles on 1 micrometer of rim.
The constant value of approx. 100 particles per unit length indicates that the gold quantity is not the
primary limiting factor for the particle number.

a distance of 10.6nm for particles with 6.1nm of diameter 1. This means that, even though

the STM image shows a closed chain of cluster, the particles are clearly separated each from

the other. This is an important fact that has to be considered when the catalytic activity of

gold clusters will be discussed. While the STM shows touching nanoparticles because of tip

convolution effects, this problem is avoided in electron microscope images where the distance

is well visualized.

5.4 Thermal evolution of gold nanoparticles

The thermal evolution of gold clusters stabilized in nanopits has been studied for sev-

eral annealing temperatures. The sample has been introduced into a furnace at atmospheric

pressure and was heated during 15 minutes. Heating cycles enhance the mobility of gold and

in consequence decrease the number of particles with increasing temperature. Bear in mind

however that particles have been created at 673K. From this point of view, we do not ex-

pect thermal activated morphology change up to this temperature. However the exposure to

environmental gases, especially oxygen might result in a morphology change.

1The diameter is estimated with the ratio d
h ≈ 1.4 from the measured cluster height [148].



116 CHAPTER 5. RESULTS: GOLD ON HOPG

5.4.1 Cluster location on the surface

100 nm 100 nm
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Figure 5.15: Evolution of gold particles on structured HOPG surface. The deposited gold quantity is
5 ·1014 atoms

cm2 . At 300K (a) particles occupy the rim of pits, steps, as well as point defects on terraces. At
higher temperatures particles on point defects vanish (b) and local, particle-enhanced etching occurs
(starting at 700K on (c)). Vgap = 0.7V , IT = 50 pA. Image size: 500nm× 500nm.

Figure 5.15 illustrates the evolution of gold clusters for different annealing temperatures.

At 300K, clusters are located on steps, pit rims and also on point defects on terraces. Local

defects in the HOPG structure can offer nucleation sites for migrating gold particles to anchor

them to the surface. No underlying defect is visible in the STM image. The annealed sample

at 600K does not show clusters on point defects. Apparently, the supplied energy has been

sufficient to enable the mobility of such particles. They migrate on the terraces until they

join particles on rim or steps. Particles on the rim did not move neither agglomerate with
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each other. This behaviour changes for annealing at higher temperatures (700K). Clusters

still stay on rim sites, but a catalytically driven process starts which etches channels into the

graphite surface (see Section 5.5). The image for annealing at 750K has been taken on the

same sample as the ones before but at the edge of the prepared surface. Therefore the pit

density is strongly reduced. The movement of the gold particles can still be observed. The

catalytic channel formation continues and an agglomeration of particles can be detected. The

density of clusters on the rim decreases, compared to the image at lower annealing temperature

(see also discussion in the next Section 5.4.2).

5.4.2 Particle size distribution
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Figure 5.16: Histogram of cluster height for different annealing temperatures. Deposited gold quan-
tity: 2.6 · 1015 atoms

cm2 . The corresponding data in Fig. 5.17 are the black squares (�).
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The heights of particles have been measured for different annealing temperatures and are

plotted in Fig. 5.17. The mean value between room temperature and 700K varies between

4.35nm and 4.76nm. Regarding the standard deviation of σ = 0.65 (Statistics are made over

more than 100 particles for each temperature), the height can be considered as constant. This

is not surprising as the gold has been evaporated on the HOPG sample at 673K. Above 700K,

a slight increase in cluster height can be observed, even if the change is in between the error

estimation. This would suggest that there is no morphology change due to reactions until this

temperature. Figure 5.16 illustrates the histograms of the cluster height. The size distribution

remains almost unchanged until 700K, which confirms the statement that clusters do not

agglomerate. At 750K, the distribution is significantly narrower and shifted towards bigger

clusters sizes. It can be interpreted as a diffusion of small particles and a growth of clusters

to a particular size where they are most stable. Heating to even higher temperatures (800K)

leads to the evaporation of the particles from the surface.
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Figure 5.17: Mean particle height vs. annealing temperature. Measurement have been done on two
different samples (• and �).

Similar to the analysis in Fig. 5.14, the number of particles per rim length has been studied

after annealing. A visual guideline was presented in Fig. 5.15 and a quantitative analysis is

given in Fig. 5.18. Until a temperature of 600K, the particle number remains constant. Parti-

cles on the rim stay immobile. This is consistent with the stable cluster size for the mentioned

annealing temperatures. Above 600K the density of particles on the rim decreases. As the
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Figure 5.18: Particle number on the rim vs. annealing temperature. Data of two different samples
(•,�) with similar initial gold loading (2.6 · 1015 atoms

cm2 ).

mean height does not increase significantly, the cluster probably changes slightly its shape

(ratio of diameter to height). This suggestion cannot be proven in detail by lack of additional

measurements. The drop of cluster density above 700K is again consistent with the cluster

morphology in Figs. 5.16 and 5.17.

5.5 Channel etching

5.5.1 Etching process

HOPG is inert to oxygen etching up to a temperature of 920K, as discussed in Section

3.1.2. However, the presence of gold clusters enables the catalytic etching of dangling bonds

at lower temperatures. The graphite crystal is attacked whenever a gold particle is present.

As mentioned in the preceding Section and illustrated in Fig. 5.19, the annealing at high

temperatures leads to a decrease in the particle number and reveals again the preferred position

of gold nanoparticles in the corners of the pits. The catalytic oxidation by gold nanoparticles

has been discussed in Section 3.1.4 according to the study of Severin et. al. [168]. The model

shown in Fig. 5.20 (c) and (d) suggests the following process: oxygen molecules (blue spheres)

chemisorb and dissociate on the Au catalysts and diffuse to the interface between gold and
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50 nm

Figure 5.19: STM image of gold nanoparticles on structured HOPG after annealing at 700K. Gold
particles enhance catalytic etching of graphite and thus create channels in the graphene sheets. Vgap =
0.7V , IT = 50 pA. Image size: 170nm× 170nm.

graphite. At the interface between the gold particle and the graphite surface, oxygen atoms

break the strong intralayer-bonds of graphite. The free carbon atom combines with an oxygen

atom to form CO or CO2. Once the gaseous complex has been formed, it leaves the surface.

The desorption temperatures of CO and CO2 from Au clusters will be discussed further

below. During etching, the whole gold particles move ahead and always stay in contact with

the graphite edge. Figure 5.20 (a) shows the gold particles after deposition, (b) during the

catalytic etching. Step by step a channel grows in length but neither in width nor in depth.

Furthermore, the contact area of the gold particle with the dangling bonds of graphite defines

the width and the depth of the channel. The larger the particles, the larger the surface in contact

with the graphite edge and thus the wider the channel. This correlation is shown in Fig. 5.21,

the dashed line indicates a linear fit. The slope of 1 indicates the direct dependence of the

channel width on particle size. As the channel etching is obviously related to the presence of

gold particles, the particle cannot be bigger than the channel it formed.

5.5.2 Correlation between channel length and depth

A further correlation between the depth and length of channels can be observed, see Fig.

5.22. The deeper the channels the shorter they are. The number of carbon atoms to etch away
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(a) (b)

(c) (d)

Figure 5.20: Model of gold nanoparticles on structured graphite. a) Nanoparticles decorate the hexag-
onal pits. b) During the etching process, clusters first assemble with preference in the corners and
create lateral channels. c) Details of the etching process: (1) Oxygen molecules (blue) adsorb on the
gold cluster (yellow) and dissociate (2). They migrate to the cluster-carbon interface (3), break the
carbon bonds (grey) and recombine to form either CO or CO2.
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Figure 5.21: Diagram showing the particle diameter versus channel width. A linear fit with a slope of
1 is drawn to show the direct dependence of particle size and channel width.
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Figure 5.22: Channel length versus depth. The deeper the channels the slower they grow in length.
Note that the opposite in not necessarily true; a shallow channel can also be short.

increases with each additional graphite layer. As the oxygen supply is constant for all channels

and limited by the adsorption rate on the particle, deep channels inevitably grow slower than

shallow ones. No correlation can be found between the remaining combinations of channel

width, depth, length and particle size.

5.5.3 Channel orientation

Channels always start at the particle position and thus mostly in the corner of pits. They

grow straight in one of the three crystallographic directions, as shown in Fig. 5.23. Their di-

rection is parallel to the crystallographic orientation of graphite. The fitted curve shows peaks

at orientations of −0.4◦, 60.7◦ and 112.6◦. The rather broad distribution is due to measure-

ment errors as the orientation of very short channels is difficult to determine with precision.

During the etching process, channels usually bend at well defined angles of 120◦, as shown in

the inset in Fig. 5.23 and in Figure 5.19. Nevertheless, bending at 60◦ is also possible but less

frequent, in agreement with the results in literature [169, 170, 173].

5.6 Catalysis of gold nanoparticles on HOPG

Catalysis measurements are performed on similar samples to the one presented in Fig.

5.10(a). In the chemical reactor (described in Section 4.6) the sample is exposed to a constant

oxygen pressure. In the present experiment, isotopic labelled oxygen 18O2 is used. It is useful
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Figure 5.23: Histogram of the channel orientation created by gold-particle enhanced etching. The
main peaks are at −0.4◦, 60.7◦ and 112.6◦ with respect to a pre-defined zero-direction. The red curve
is a three-peak Gaussian fit with the maximum values indicated above. The inset shows a schematic
view of the graphite etching process and the channel orientation. Bending mostly occurs at angles of
120◦.

to distinguish between different products of the catalytic reaction:

12C + 1/2
16O2 → 12C16O

12C + 1/2
18O2 → 12C18O

12C + 16O2 → 12C16O2 (5.6)

12C + 1/2
16O2 + 1/2

18O2 → 12C16O18O

12C + 18O2 → 12C18O2

The different products mentioned above are recorded in a mass spectrometer while the

sample is heated with a constant temperature ramp of 2K
s

. Figure 5.24 represents the resulting

partial gas pressures as a function of temperature. The linear decrease of oxygen during

the measurements is related to the decreasing pressure in the gas line. At 670K, the CO2

production starts. The signals of C16O2 as well as isotopic labelled C16O18O and C18O2

increase strongly. We see simultaneously a bend of 18O2 (circle) which is related to the

combustion of oxygen. These results show that oxygen is adsorbed on gold clusters and
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combine with carbon atoms. We observe a dissociation of oxygen and an increase of isotopic

labelled carbon monoxide. Normal C16O does not show a similar behaviour and decreases

with temperature.

Reaction Steps Reaction Numbering

H2
16O (g) + ∗ � H2

16O∗ 1
18O2 (g) + 2∗ � 218O∗ 2

H2
16O∗ + ∗ � 16OH∗ +H∗ 3

218O∗ + ∗ � 18O∗ + 18O∗ 4
16OH∗ + ∗ � 16O∗ +H∗ 5

H∗ +H∗ � H2 (g) + 2 ∗ 6
18O∗ +H∗ � 18OH∗ + ∗ 7
16O∗ +H∗ � 16OH∗ + ∗ 8

18O∗ + C (s) � C18O∗ 9
16O∗ + C (s) � C16O∗ 10

H∗ + 18OH∗ � H2
18O∗ + ∗ 11

H∗ + 16OH∗ � H2
16O∗ + ∗ 12

C18O∗ + 18O∗ � C18O∗2 + ∗ 13
C18O∗ + 16O∗ � C18O16O∗ + ∗ 14
C16O∗ + 18O∗ � C18O16O∗ + ∗ 15
C16O∗ + 16O∗ � C16O∗2 + ∗ 16

H2O
∗ � H2O (g) + * 17

CO∗2 � CO2 (g) + * 18
CO∗ � CO (g) + * 19

Table 5.1: Reaction steps for the water-gas shift reaction. The number of possible reactions increases
due to the supply of isotopically labelled oxygen and CO (compare with Table 2.2).

In order to collect more detailed results, we record mass spectra at different temperatures,

ranging from 473K to 823K. The peaks of interest are integrated and plotted in Fig. 5.25.

Part (a) shows the signals of H , CO and CO2. Above 673K, the isotopically different peaks

of CO2 and CO increase. Both production (CO and CO2) are in agreement with the catalytic

etching of graphite, described in the preceding Section 5.5.

Gold particles on HOPG do not only enhance the graphite etching but do also enhance

catalytic reactions such as the water-gas shift reaction (Section 2.2.6). As we have to take into

account isotopic labelled oxygen, the variety of reactions is broad. Table 5.1 summarizes all

possible reactions. Water, present as residual gas in the vacuum chamber, adsorbs on the gold
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Figure 5.25: Integrated signals from the mass spectra recorded at different temperatures. An increase
of all CO and CO2 isotopes can be observed in (a) for temperatures above 700K. The hydrogen
increase (signal multiplied by 10) is related to the water-gas shift reaction and thus the formation of
isotopically labelled water H2

18O (also multiplied by 10) in (b).
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particles on HOPG, dissociates and forms different isotopically labelled complexes with oxy-

gen atoms. Figure 5.25 (b) shows the signal of normal and isotopically labelled water. Normal

water H2
16O decreases with increasing temperature. The total loss is of 19%. On the other

hand, isotopically labelled water H2
18O increases simultaneously by a factor of two. Hydro-

gen as a byproduct of the water-gas shift reaction increases by 90% with temperature (Figure

5.25 (a)). The increase of this signal confirms the strong catalytic power of gold particles. We

can conclude that gold particles on HOPG exhibit similar catalytic properties as gold on metal

oxide surfaces [117, 118].

5.7 Conclusion: Gold on HOPG

The stability of gold clusters on structured HOPG surfaces has been investigated, using

different experimental methods. The preparation consists in three consecutive steps. In the

first step, gold clusters (Au+
5 ) are implanted into the graphite surface in order to create defects

of specific depth. In the second step the defects are etched to a mean pit diameter, varying

between 10 and 50nm. Subsequent gold evaporation by PVD under vacuum at elevated tem-

peratures (673K) leads to the formation of gold beads along the rim of the pits.

The Au clusters confined in the pits show to be very stable against electrochemical pro-

cesses, in contrast to gold clusters deposited on clean HOPG. Continuous potential cycling,

under usual electroanalytical conditions does not alter the gold morphology. We clearly show

that the HOPG surface can be nanostructured to stabilize Au clusters, which means that these

particles are applicable for electroanalysis studies which are underway. Furthermore, we were

able to estimate the mean cluster size by means of the dispersion curve, i.e. the number of sur-

face to volume atoms in the cluster. This way of size estimation is interesting, because there

is no need to use electron microscopy techniques.

Furthermore we have investigated the morphology of Au clusters grown in these multi-

layer deep HOPG nanopits. The actual cluster size after deposition is comprised between 4

and 6nm. At intermediate coverage these clusters arrange to form beads with a constant den-

sity and a very narrow size distribution. The spacing between these beads varies between 3.9

and 5.6nm depending on the gold load. The height is essentially independent on the pit depth

i.e. the number of fixing dangling bonds. The Au clusters are stable against thermal annealing



5.7. CONCLUSION: GOLD ON HOPG 127

under ambient conditions up to 700K and do not alter significantly their mean size with in-

creasing annealing temperature. The size distribution sharpens at higher temperatures (750K)

indicating a particular stability for a given size.

Gold clusters in this specific size range are catalytically active. Their presence on the

rims enables the catalytical etching of carbon atoms and leads to formation of channels in

the graphene layers. The channels grow in the directions of the crystallographic orientation

of HOPG and their width depends of the cluster size. Not only do gold clusters enhance the

etching of graphite, they are able to dissociate water, known as the water-gas shift reaction.

This is the first time that the catalytic etching of graphite has been related to the chemical

reaction products. Comparable measurements have been performed for other catalytic active

metals such as nickel [170, 171] or platinum [162] but not for gold.
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Platinum films deposited on Y SZ is a well known system for catalytic reactions, as men-

tioned before in Section 3.3.2. We use the same system to investigate the oxidation of carbon

monoxide as one of the numerous reactions that take place on this surface. It has been studied

by different groups [231, 232, 234–236, 285] and the characterizations of the reaction are well

known.

Our motivation to do measurements on Pt/Y SZ was to study the performance of the gas

analysis system. The old setup has been used for the catalysis measurements onAu/T iO2 (see

Section 7.5.1), but the obtained results were somehow doubtful and the decision was taken to

test the performance of the sniffer with a well known system. Hence, platinum on Y SZ was

predestinated to be studied.

Section 6.1 shows thermal desorption spectra (TDS) ofO2 andCO adsorbed on Pt/Y SZ.

Heterogeneous catalysis, i.e. the catalytic CO oxidation, has also been studied and the results

are presented in Section 6.2. The results obtained with the old sniffer setup confirmed the

results of Pt/Y SZ in literature. However, the performance, especially the sensitivity for gas

129
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detection was not satisfying and we took the decision to completely modify the sniffer system.

It was almost at the end of this thesis that the new sniffer setup was operational. We com-

pare the results of the two sniffer systems in Section 6.3. The same system (catalytic CO oxi-

dation on Pt/Y SZ) is investigated. In addition to the improvement of the gas analysis system

we also modified the sample holder in order to get a more precise temperature measurement

of the sample. Thus, the reader has to be aware that the temperatures for measurements with

the new system can differ from the ones measured with the old one.
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6.1 TDS of O2 and CO adsorption on Pt/Y SZ

Measurement procedure: The sample preparation has been described in Section 3.3.2.

Thermal desorption measurements on Pt/Y SZ samples have been performed in order to

reproduce the results of Vayenas and Craig, presented in Figure 3.16. The sample is cleaned

from residual gas particles on the surface by annealing at 825K for 5 minutes. Isotopically

labelled carbon monoxide 13CO is supplied to the sample during the cooling of the sample

(600K − 120K) at a pressure of 1 · 10−6mbar during 20 minutes, corresponding to 0.9kL.

The sample temperature is kept at 120K until the pressure in the chamber reaches a value

low enough for precise measurement (p < 1 · 10−9mbar). The temperature is increased with

a constant rate of 0.2K
s

and O2, CO and CO2 signals are recorded in the QMS. The same

procedure is applied for oxygen adsorption (exposure to 18O2 from 600K to 120K during 30

minutes at p = 1 · 10−6mbar corresponding to 1.4kL).
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Figure 6.1: TDS spectra for 13CO (a) and 18O2 (b) respectively after dosing of 1kL at T = 600K −
120K during the cooling of the sample. Heating rate during TDS measurements: 0.2Ks . The big feature
visible in both spectra at low temperature T < 200K corresponds to desorption from the manipulator
and is of no physical relevance for the experiment. The desorption peak of 13CO (a) is located at 535K,
the peak of oxygen 18O2 (b) at 705K.

CO2 is produced at high temperatures when both gases, oxygen and carbon monoxide, are

present on the surface (see Section 6.2). In the present experiment, no traces of CO2 are ob-

served in the spectrum for both oxygen and carbon monoxide exposures. This is the expected

result, as we only adsorb one of the two necessary species on the surface. Furthermore we do

not detect signals for the relative missing gas (13CO for 18O2 measurements and vice versa).
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Figure 6.1(a) shows the TDS spectra of adsorbed 13CO on Pt/Y SZ. Two mass spec-

trometers record the desorption evolution in the Sniffer (see Fig. 4.7) and in the vacuum

chamber next to the manipulator. The spectrum in the chamber serves as reference spectrum

in order to identify the background signal and is not shown here. The low temperature peak

at T = 160K corresponds to the desorption of carbon monoxide from the manipulator made

out of molybdenum and other cold surfaces. Note that the background signal recorded in the

chamber for this peak is a factor of two higher than the signal in the sniffer. This is a strong

indication that this peak has its origins in cold surfaces present in the chamber. At T = 535K,

we observe a peak that does not appear in the background spectrum. It can be associated

with the desorption temperature of 13CO on Pt/Y SZ. The origin of this peak in Fig. 6.1(a)

can clearly be identified. It has the same origin as the CO desorption from steps on Pt(111)

[244] and Pt/T iO2 [286]. This result confirms that a structured Pt surface presents stronger

binding properties for CO than clean (unstructured) single-crystal surfaces (i.e. terraces on

Pt(111)).

The desorption peak of oxygen (Fig. 6.1(b)) corresponds to the reported values in literature

[239, 240]. We observe a peak at 705± 15K. This value is in good agreement with Vayenas’

measurements.

6.2 Catalysis measurements on Pt/Y SZ

We studied the catalytic oxidation of carbon monoxide on a platinum coated Y SZ surface.

Different experimental procedures have been used and the results are presented in this Section.

Oxygen 16O2 is introduced into the chamber with a local pressure of 1 · 10−7mbar. The

sample is slowly heated with a typical heating rate of 1K
s

starting at T = 200K. During the

heating process, 13CO is pulsed onto the sample and the different products are recorded with

the mass spectrometer. Of special interest is the signal of 13C16O2, displayed in Figure 6.2.

The catalytic reaction follows a Langmuir-Hinshelwood mechanism, explained in Section

2.2.2. Oxygen as well as CO has to adsorb on the surface to enable the catalytic process.

Furthermore, oxygen dissociates after adsorption on the surface. Below 350K, no CO2 signal

and thus no catalysis can be detected. This is due to the CO saturation of the Pt surface
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Figure 6.2: Intensity of CO2 production as a function of temperature. A constant pressure of 16O2 is
introduced into the chamber during heating of the sample (1Ks ). 13CO is pulsed on the surface with a
frequency of 0.2Hz during the heating process.

at low temperatures. Therefore no adsorption and dissociation of O2 can take place. This

phenomenon is known as CO poisoning of the catalyst [287, 288]. Above 400K, the catalytic

reaction starts. When the surface reaches a temperature at which CO starts to desorb, the

empty sites can be occupied by oxygen molecules. The catalytic process is now possible and

with increasing temperature, more and more CO desorbs from the surface. The maximum

in CO2 production is reached at 520K, the same temperature as the peak of CO desorption

on Figure 6.1(a). For each arriving pulse, there is a maximum number of sites available;

hence the highest conversion rate to CO2 . Above 520K, the catalysis decreases rapidly.

The CO molecules do not adsorb any more on the surface because the temperature is too high.

The same behaviour can be observed in another experiment, shown in Fig. 6.3. 13CO and
18O2 gas is simultaneously pulsed onto the surface with identical intensities during annealing.

The oxygen pulses are not displayed on the plot as they do not show any interesting features.

The black curve shows the CO pulses as a function of temperature, the red curve the CO2

signal. Below 400K the surface is completely covered withCOmolecules (CO poisoning). At

temperatures close to the CO desorption temperature, the lifetime of adsorbed CO molecules

on the surface becomes comparable to the time delay between pulses. The increase of the

background signal of CO between 400K and 620K is due to the desorption of CO from the
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Figure 6.3: Signal intensities ofCO andCO2 as a function of temperature. 18O2 and 13CO are pulsed
simultaneously onto the sample with a frequency of 0.2Hz during the heating phase (1Ks ). The 18O2

pulses do not show any special feature and are thus not presented on the graph.

surface. This desorption temperature matches the TDS spectrum, shown in Figure 6.1(a).

The production of CO2 starts at 500K. The desorption of CO makes it possible for O2

molecules to adsorb and dissociate. The peak maximum of CO2 production is reached at

600K. Above this temperature, only dissociated oxygen remains adsorbed on the surface and

therefore the CO2 production decreases. CO cannot adsorb any more and the reaction stops.

The presented results show that we are able to see the dynamics of the catalytic CO oxidation

on Pt/Y SZ.

6.3 Heterogeneous catalysis on Pt/Y SZ

The insets in Fig. 6.4 show the CO2 (13C16O18O blue) signal obtained on Pt/Y SZ when

isotopic 13CO (red) and 18O2 (black) reactants are pulsed alternatingly with a delay of 5 sec-

onds between the pulses. With the heating rate of 0.1K
s

one period of dose pulsed corresponds

to a temperature increase of 1K. The CO2 signal, synchronized with the CO and O2 pulses,

has been integrated at each peak. Fig. 6.4 shows the CO2 production as a function of temper-

ature. Both curves have been smoothed in order to compensate the aliasing effect due to the

limited QMS time resolution. Two temperature regimes of CO2 production are seen in Fig.
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Figure 6.4: CO2 production vs. temperature. Each dot corresponds to the integration over a pulse. The
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6.4. Between 400 and 500K, the CO2 production is mainly synchronized with the O2 pulses,

while above 500K, the CO2 production is mainly synchronized with the CO pulses.

At temperatures below 500K, we observe the same behaviour as it has been mentioned

above (Section 6.2): the adsorbed CO poisons the surface and oxygen cannot adsorb and

dissociate. Thus, the low temperature regime is characterized by a CO rich surface. Above

500K the CO2 production synchronized with the CO pulses takes over. This shows that the

surface becomes oxygen rich and from 560K on, where the maximum CO2 production is

observed only dissociated oxygen remains adsorbed on the surface, and therefore the CO2

production is synchronized with the CO pulses.
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6.4 Performance tests with the new sniffer system

In order to compare the sensitivity of the two sniffer systems, the conversion ratio CO2

CO
has

been calculated. The measurements obtained with the new sniffer setup are shown in Figure

6.5. Note that the displayed temperatures do not match with the preceding results and the

interpretation of the results. Here, we only focus on the peak intensities, shown in the insets

of Figures 6.4 and 6.5.
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Figure 6.5: CO2 production versus temperature on Pt/Y SZ. The heating rate is 0.1Ks . As shown in
the insets around two different temperatures, isotopic 13CO (green) and 18O2 (blue) gases have been
pulses alternatively, with a delay of 5 seconds in-between, and CO2 (13C16O18O, orange) has been
measured. The CO2 production, integrals of the CO2 peaks, is reported versus temperature in pink if
the CO2 peaks are synchronized with O2 pulses and in red if the CO2 peaks are synchronized with
CO pulses.

The measured ion currents for the CO2 peaks (red colours in Figure 6.5) reach 10−7A,

corresponding to 5% of the intensity for the CO and O2 pulses. Measurements with the old

sniffer system gave a conversion ratio of 3% for a maximum intensity of≈ 10−11A (see insets

in Figure 6.4). The two ratios of 5% and 3% respectively are comparable, the big difference

and thus the improvement of the system is based on the measured current intensity. This means

that much smaller gas quantities can be detected and that the sensitivity is strongly enhanced.
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6.5 Conclusion: Platinum on Y SZ

The mean purpose of the measurements presented in this Chapter was to obtain infor-

mation about the sensitivity of the two sniffer systems. This goal has been achieved and the

results obtained with the new setup are very promising. We have shown that the sensitivity of

the system has been enhanced by several magnitudes and that we are thus able to detect much

lower gas quantities [286].

In addition to the performance confirmation of the sniffer, the presented results are co-

herent with the literature and show even interesting new properties of Pt/Y SZ, such as the

desorption spectrum of CO or the catalysis measurement where the produced CO2 peak can

clearly be attributed either to oxygen or the CO pulses. These promising results will be con-

tinued, especially the influence of a potential applied to the platinum particles and the increase

in catalytic activity [289, 290].
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In this Chapter, we present the results obtained for gold clusters deposited on TiO2 . The

experimental methods are mentioned in Section 7.1. Different surface reconstructions have

been investigated and the results are presented individually. Section 7.2 shows the thermal

stability, cluster size evolution and the migration of clusters to steps for the TiO2(110)−(1×2)
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surface, Section 7.3 the results on the TiO2(110) − (1 × 1) reconstruction. These results are

compared in Section 7.4. In the last part (7.5) of this Chapter the catalytic activity of Au

clusters on TiO2 is presented.
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7.1 Experimental methods

The experiments are conducted in an ultrahigh vacuum chamber, described in Section 4.1.

The TiO2 single crystals are cleaned by sputtering cycles, followed by annealing at 1000K

and 950K for the TiO2(110) − (1 × 2) and TiO2(110) − (1 × 1) surface reconstruction

respectively. The surface quality is systematically checked by means of STM measurements

to make sure that the desired surface reconstruction has been obtained.

The cluster source, based on sputtering of the metal target, has been described in Section

4.1.3. The ionized gold particles from the target are accelerated towards the surface by an

electrostatic potential difference between target and TiO2 sample. This potential defines the

deposition energy of the cluster (Edep = 7.1 eV
atom ). The deposited gold quantity is measured

periodically by replacing the sample with a Faraday cup, taking into account the beam profile

for the determination of the current. Typical cluster fluxes are of the order of 0.06ML
h

where

one monolayer (ML) is defined as the packing density of a Au(111) plane, corresponding to

1.39 · 1015 atoms
cm2 . The quantity of deposited gold varies between 0.005 and 0.04ML, depending

on the sample. During deposition, the sample is kept at room temperature. The residual gas

during the deposition process consists mainly of the ionized rare gas (Xe) and hydrogen (H2).

After each cluster deposition process and between the annealing cycles, the sample is

transferred into the STM vacuum chamber to perform in situ measurements of the surface

morphology. In the STM image, the gold particles can clearly be identified as protrusions (see

Figure 7.1). The apparent height, diameter and anchoring position (substrate step or terrace)

for eachAu particle are determined by an automated and thoroughly tested analysis procedure

using the image recognition procedure of the used STM image analysis softwares (SPIP from

Image Metrology and the open-source program WSxM [291]). Almost no gold particles are

smaller than 1
◦
A in height which indicates that we have only few cluster fragmentation.

Hence, only particles with an apparent height of more than 1
◦
A above the surface terrace

are considered for the statistics. By doing so, we avoid counting also surface defects such as

oxygen vacancy sites (they appear as well as protrusions) but do not miss any gold particles

in the statistics.
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7.2 Thermal stability of size-selected Au+
n clusters on

TiO2(110)− (1× 2)

STM observation of the clean surface, shown in Fig. 7.1(a) displays a typical (1 × 2)

surface reconstruction of a TiO2(110) single crystal. As described in Section 3.2.3, the (1×2)

reconstruction appears in STM as series of bright stripes. We can also see on all four images

in Fig. 7.1 that the crystal is strongly reduced and shows a large number of oxygen vacancy

sites.

(a)       (b)

(c)       (d)

10nm 10nm

10nm2nm

Figure 7.1: STM images of (a) a clean TiO2(110) − (1 × 2) surface. (b) The same surface after
deposition at 300K of 0.03ML Au+

7 at Ed = 7.1 eV
atom . Image size: 70nm × 70nm. (c) Detail of

(b) showing both surface reconstruction and Au+
7 clusters. (d) Same surface after annealing at 600K.

Vgap = 1.2V , IT = 150 pA. T = 300K

Au+
n clusters are deposited on a well-prepared and clean surface (Fig. 7.1a) at the men-

tioned energy. Two cluster sizes (n = 5 and n = 7) have been measured. For each cluster

size an annealing cycle is followed by STM measurements. This procedure is repeated for

different annealing temperatures between 300K and 800K. The results obtained for the two

cluster sizes are similar and we concentrate for the first part of results on Au+
7 clusters. Quan-
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titative differences will be discussed afterwards. The STM image in Fig. 7.1(b) shows that the

distribution of the clusters on the surface is homogeneous and that gold clusters did not mi-

grate to steps. The coverage observed by STM is in very good agreement with the calculated

deposition quantity. We obtained a cluster density of 0.025 clusters
nm2 , a value which corresponds

precisely to the density of clusters deposited from the gas phase, which indicates that the

clusters preserve their size during and after deposition i.e. the mean number n of atoms per

deposited clusters is not altered. This is an important result because it shows that there is no or

only very little fragmentation of the clusters during impact and sintering can be neglected at

room temperature. We mentioned in Section 2.1.5 the instability of clusters on vacancy-poor

surfaces. Hence we can expect that the presence of such vacancies serves as pinning sites for

clusters. The density of oxygen vacancies on the TiO2(110) − (1 × 2) surface is very high.

Figure 7.1(c) is a detailed view of Fig. 7.1(b) and one can suppose that the clusters are in

contact with these vacancies.
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(1× 2) surface covered with 0.03ML of Au+

5 (left) and Au+
7 (right) clusters. The sample is annealed

at the indicated temperature and cooled down to room temperature for STM measurements.
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One should keep in mind that, in scanning tunnelling microscopy, height and diameter are

influenced by electronic and tip effects, as discussed in Section 4.3.4. We therefore corrected

all STM images for surface convolution. The convolution of the tip has been estimated by

the difference of the measured cluster diameter and the theoretical value by Gilb et. al. [7].

For Au+
5 , the measured diameter is of 1.89nm, the theoretical value 0.86nm that gives a

convolution of 1.03nm. This value has been subtracted from all measurements for Au+
5 . The

convolution for Au+
7 is 1.51nm, estimated in a similar way. As different STM tips has been

used for Au+
5 and Au+

7 , the convolution shows different values.

7.2.1 Cluster size evolution

The first point to discuss is the height evolution of the clusters. The results in the literature

have been presented in Section 2.1.5. The distribution of apparent height and cluster diameter

for Au+
5 and Au+

7 deposition at 300K is shown in Fig. 7.2(a), (e), (i) and (m). We estimate a

mean value for the apparent height of 0.28nm and 0.3nm for Au+
5 and Au+

7 clusters respec-

tively.
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Figure 7.3: Apparent heights (a) and apparent diameters (b) of Au clusters as a function of annealing
temperature for both Au+

5 (•) and Au+
7 (◦) deposition.

The stability of the clusters can be probed by increasing the surface temperature. STM

investigations have been conducted for different annealing temperatures up to 800K. From
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5 (•) and Au+
7 (◦) deposition.

Fig. 7.1(d) it becomes evident that the average size of the clusters increases upon annealing.

This is quantitatively represented in Fig. 7.2(b-o). Between 300K and 500K growth starts

to be three-dimensional and the planar clusters are no longer observed for annealing above

500K. In addition, the width of the height distribution becomes slightly larger. We identify

the growth with the described Volmer-Weber type growth (see Section 2.1.3). The evolution

of the average height and diameter of the clusters for both Au+
5 and Au+

7 as a function of an-

nealing temperature is summarized in Fig. 7.3. We observe a linear increase in height for both

deposited cluster sizes Au+
5 and Au+

7 . The startings points at 0.3nm and 0.28nm respectively

are in good agreement with the results in the literature, mentioned before. At temperatures

of 500K to 600K the mean height is around 2ML and the cluster hence grows in three di-

mensions. Finally, at very high annealing temperatures (800K), we observe cluster heights of

3 to 4ML. We conclude that both Au clusters have a similar behaviour, characterized by a

monotonous tendency to grow three-dimensionally. By lack of measurements, no results of

Au+
7 annealed at 800K are shown.

The evolution of the cluster diameter is illustrated in Fig. 7.3(b). Again, both samples show

similar, monotonous, evolution. The particle shape on each of the sample follows the relation

given by Mitchell and co-workers [81]. Particle height (h) and diameter (d) are effectively

related by the expression h(d) = α(d − d0) with α = 0.65 and d0 = 0.91nm. Theoretical

values are α = 0.48 and d0 = 1.67nm.

To further elucidate the growth process of the clusters during annealing, we plot the mean
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number of atoms per cluster< s > as a function of annealing temperature. The result is shown

in Fig. 7.4. The mean size exhibits an exponential evolution for both Au+
5 and Au+

7 deposi-

tion. This is characteristic for Ostwald ripening (Section 2.1.2). The prediction for Ostwald

ripening, namely the narrow size distribution (see histograms in Figure 7.2), is coherent with

our measurements. The full width at half maximum (FWHM) has been computed for both

cluster sizes, based on the histograms in Fig. 7.2. The FWHM at different annealing temper-

atures remains constant for both cluster sizes (≈ 1nm). This indicates a simultaneous growth

of particles and supports the assumption of Ostwald ripening.
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Figure 7.5: Three successive STM images of the same surface area of Au+
7 /T iO2(110) − (2 × 1)

deposited at T = 300K. The cluster on the upper left corner disappeared during imaging between
Fig.(a) and (b), and the one on the lower right corner between (b) and (c) respectively. Fig. (d) and (e)
show line profiles as labelled. Vgap = 1.25V , IT = 150 pA, T = 300K. Image sizes: 20nm× 20nm.

7.2.2 Step migration and cluster removal

Information on the stability of the clusters can be extracted from their tendency to migrate

to steps. The fraction Pstep of particles at step edges versus the total number of particles

is in the range of 20% for both cluster sizes. This value depends on the step density of the

substrate. More important, no significant evolution of this fraction as a function of annealing
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temperature can be noticed. Single atoms quit the gold particles and migrate individually

on the surface until they find a new particle to adhere. The big concentration of surface

defects on the TiO2(110) − (1 × 2) reconstructed surface could be an explication; they

increase on one side the binding energy between cluster and surface and on the other side,

they significantly increase the surface rugosity. As the mean free path of atoms is strongly

reduced, weaker bound particles on terraces still move but are fixed on surface defects before

they reach a step. This is an explanation for the constant step fraction on one and the sharp

size distribution at high temperatures on the other side for both Au+
5 and Au+

7 clusters.

A closer look at the pinning mechanism is possible by performing local tests with the

STM tip on a single cluster. This method consists in performing STM images of the clusters at

different tunnelling currents and determining the condition in which a cluster can be removed

by the tip. Fig. 7.5 shows three successive STM images of a TiO2(110) − (1 × 2) surface

after a deposition of Au+
7 at 300K. The bias voltage and tunnelling current are respectively

U = 1.25V and IT = 150pA. The two clusters located in the top left and bottom right corner

disappeared during imaging between Fig. 7.5(a) and 7.5(b), and between Fig. 7.5(b) and 7.5(c)

respectively. Fig. 7.5(d) and (e) show the different line profiles indicated on each figure by a

grey line. Under these tunnelling conditions, white dots on the TiO2 lines can be identified

as oxygen vacancies or more probably oxygen vacancies filled with OH groups [79, 292]

due to a residual gas pressure (P ∼= 10−10mbar) not low enough to prevent water adsorption

and subsequent dissociation. Looking at the cluster site, neither specific traces of the removed

cluster nor irregularities of the surface underneath can be detected. Note that oxygen vacancies

or OH groups appear everywhere on the surface and are not related to cluster presence. The

absence of surface defects under the removed cluster suggests that this cluster was rather

stabilized by its size. This model is coherent with our observation that only particles that are

not stabilized on surface defects can be removed with the STM tip whereas clusters stabilized

on defects with a similar size do not react to the tip.
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7.3 Thermal stability of size-selected Au+
7 clusters on

TiO2(110)− (1× 1)

7.3.1 General remarks

Gold clusters are deposited on a TiO2(110)− (1×1) surface reconstruction. STM control

scans are made before deposition and after each annealing cycle. These control images are

also used for cluster statistics of height, diameter, abundance and surface positioning. Three

samples are prepared and analyzed with the same deposition parameters as the gold clusters on

TiO2(110)− (1× 2) (7.1 eV
atom , deposition temperature T = 300K, 3%ML surface coverage).

The results of all three samples are comparable and show the same growth mechanism.

On one of our samples, catalysis measurements are performed between each annealing cy-

cle. Isotopically labelled carbon monoxide 13CO and oxygen 18O2 are pulsed on the surface at

temperatures below the annealing temperature. Gas pressures do not exceed p < 5·10−5mbar.

However, the evolution of this sample is identical to the UHV annealed samples without

catalysis measurements and no influence of the gas to the cluster growth can be detected.

Goodman et. al. have shown that for exposure to high gas pressures in the order of

p = 0.1mbar, the cluster growth is influenced [293]. They observed much bigger clusters

at elevated pressures than for annealing in UHV. Our results are not surprising when we take

into account the big difference in gas pressure between Goodman and the present study. Hence

we use these measurements also for the statistics of the cluster size evolution for different an-

nealing temperatures. All statistics refer to this specific sample, if not mentioned differently.

The drawback of the catalysis measurements between the annealing cycles is that gas adsorbs

on the surface at intermediate temperatures. We observe, for annealing temperatures between

500K and 815K, a gas layer that partially masks the surface. It is therefore difficult to make

conclusions about, e.g. the fraction of clusters on the surface steps. This point is mentioned in

the following discussion whenever it has to be taken into account.

STM images have been corrected for surface convolution in the same way as in the preced-

ing Section. A surface-tip convolution of d = 0.64nm was determined and subtracted from

the experimentally measured values.
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Figure 7.6: STM image of TiO2(110)−(1×1) , covered by 3%ML ofAu+
7 . (a) Image after deposition

at 300K. (b) After annealing of the sample at 945K. Vgap = 1.25V , IT = 100 pA, T = 300K. Image
sizes: 100nm× 100nm.

7.3.2 Cluster size

Figure 7.6 shows STM images of the TiO2(110) − (1 × 1) surface after annealing at

different temperatures. Fig. 7.6(a) is a survey of the surface after deposition at 300K. The

clusters are distributed homogeneously on the surface and are similar in size. The density of

deposited clusters is estimated to be 3%ML, whereas the analysis of STM data resulted in

2.52%ML. The agreement between estimation and measurement is fair and comparable with

the value obtained for the TiO2(110) − (1 × 2) reconstruction1. It indicates that, as in the

results on TiO2(110)− (1× 2) before, no or only very little fragmentation occurs. Fig. 7.6(b)

is taken after annealing at 945K. One can observe the reduced number of clusters and their

increase in size.

The mean height of the clusters at deposition temperature is h = 0.41nm. The obtained

value has to be regarded in the context (i.e. compared to higher temperatures. The strong

tip-gold cluster interaction influences the apparent height). Figure 7.7 shows the evolution

of apparent cluster height (a) and diameter (b) as a function of annealing temperature. The

cluster height varies only slightly up to a temperature of 700K. In the same range, the cluster

1One has to take into account that the measurement of deposition current is not in situ but only punctual
during the deposition process. Fluctuation in cluster current (up to 20%) can thus not be taken into account and
creates an uncertainty.
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Figure 7.7: Mean particle height (a) and diameters (b) of Au+
7 clusters as a function of annealing

temperature.

diameter increases linearly. So, the cluster grows principally in two dimensions. A dramatic

change in the growth mechanism occurs above 720K. Where the cluster grew in the plane

before, it now also increases its height. An obvious change from 2-d to 3-d growth can be

observed. The lateral size of the clusters does not present a change in behaviour and increases

linearly until 975K, the highest annealing temperature. This behaviour was detected for sev-

eral samples. The change in cluster growth between a 2-d and a 3-d growth mechanism occurs

between 600K and 700K where the cluster reach a critical size. The computation of atoms

per cluster, presented in Fig. 7.10, indicates that the cluster size is between 20 and 30 atoms

per cluster. The cluster configuration is apparently such that it is preferable for the cluster to

stack additional layers on top of the ground layer in order to minimize its total energy.

Looking at the relation between cluster height and diameter, we calculate a linear fit for

the particles height vs. diameter (in [nm]). The obtained equation

h(d) = 0.48 (d− 0.172) (7.1)

is coherent with the Mitchell relation that says: h(d) = 0.48 (d− d0) with d0 = 1.67nm

[81]. We find a similar slope for the relation which confirms the growth mechanism (Volmer-

Weber) presented in Section 2.1.3. The difference in the offset is caused by the tip convolution
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and the influence of the substrate to the measured height. Different corrections have been

made in this study compared to Mitchells study [81]. The clusters in the present study follow

a Volmer-Weber growth mechanism where clusters grow individually in three dimensions.

7.3.3 Cluster location

As shown in the previous Figure 7.6(a) and mentioned in the text, the cluster distribution

on the surface at low temperature is almost homogeneous. However, Figure 7.6(b) does not

show the same distribution. A huge quantity of particles is located on step edges. The evolution

of clusters pinning on step edges with increasing annealing temperature is represented in

Figure 7.8. The initial percentage of clusters on steps is at 40%. This value is slightly higher

than the value obtained by Convers [80], but one has to take into account the surface step

density. The studied sample presents many steps, the measured step length is of the order

of 200µm
µm2 . The sample of Convers contained only half the step length per unit surface (100µm

µm2 ).

This difference is also present in the step fraction of gold clusters. Convers counted 20%, the

present sample has, as mentioned, 40% of gold clusters on step edges. Similar step fractions

have been found on different samples and for different annealing temperatures. At 650K, the

ratio increases to 55%. This value has to be interpreted with care. As we explained before, the

sample is at this temperature covered with adsorbed gas and the steps are not clearly visible.

However, the increase of the cluster proportion on steps at 900K to more than 90% cannot be

caused by the poor image quality. Gas molecules did already desorb from the surface at these

temperatures and the surface is clean again.

The surface changes the reconstruction when it is annealed at very high temperatures

(above 950K). Already below this temperature, parts of the surface change their structure.

The formation of Ti2O3 bands on terraces can be observed. This structural change, dis-

played in Fig. 7.9, could have an influence to cluster mobility. We guess that the formation of

TiO2(110) − (1 × 2) structures pins the clusters to newly created steps where they stay at-

tached. Convers did not anneal his sample to such high temperatures and thus did not observe

an increase in clusters connected to steps.
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sent different samples. Uncertainty is in the range of 4%.

10 nm

Figure 7.9: STM image of a TiO2(110) − (1 × 1) surface shows the appearance of (1 × 2) sur-
face reconstruction after annealing at 850K. The bright stripes are Ti2O3 bands which initiate
the TiO2(110) − (1 × 2) reconstruction. Vgap = 1.5V , IT = 100 pA, T = 82K. Image size:
60nm× 60nm.
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Figure 7.10: Mean size <s> (number of atoms per cluster) plotted as a function of annealing temper-
ature for deposition of Au+

7 clusters. Clusters do not increase in size until a temperature of 400K. A
linear fit for the cluster growth above 400K is shown by the dashed line.

7.3.4 Growth mechanism - Ostwald ripening

The characteristic behaviour for Ostwald ripening are observed for gold clusters on

TiO2(110) − (1 × 1) surface reconstructions. The mean particle number per cluster versus

the annealing temperature is displayed in Fig. 7.10. The plot is similar to the one for gold on

TiO2(110)− (1×2) . Until an annealing temperature of 400K, the clusters do not increase in

size. Above this temperature, the typical growth mechanism for Ostwald ripening, character-

ized by the exponential increase of the number of atoms per cluster as a function of annealing

temperature is clearly visible.

One notices that the migration of the clusters to the steps at elevated temperatures does

not influence the behaviour of the cluster growth. In a first step, simultaneously to single atom

diffusion, small and weakly attached clusters migrate as a whole on the surface and attach to

a step site where they find much stronger bonds. Subsequently, the normal Ostwald diffusion

process, where single atoms quit the clusters and migrate on the surface, takes place. Only

few clusters remain on the terraces at very high temperatures. These clusters are bound to the

appearing Ti2O3 islands, where interstitial Ti atoms migrate to the surface and create these

islands. They present strong binding sites for gold clusters, as do the steps.
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7.4 Comparison of Gold deposited on TiO2(110) − (1 × 1)

and TiO2(110)− (1× 2)

7.4.1 Size evolution

We have shown the evolution of Au+
n clusters on two different surface reconstructions of

TiO2 for different annealing temperatures in the preceding Sections. The deposited quantity

of Au+
5 and Au+

7 clusters respectively has been identical. The estimated and experimentally

measured deposition quantities are in excellent agreement for both surfaces. There is only

very little fragmentation of clusters during the impact process and a narrow size distribution

is observed for both samples. Cluster growth follows the Ostwald ripening mechanism for

both surfaces. This has also been observed in previous studies by Convers et. al. [80]. The

cluster growth seems thus to be independent of surface reconstruction.

The mean particle diameter for both (1 × 1) and (1 × 2) surface reconstructions show

similar evolution. The graphics from Fig. 7.3 and 7.7 are summarized in Fig. 7.11.
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Figure 7.11: Summary of Figures 7.3 and 7.7. The cluster evolution on both surface reconstructions is
similar.

Due to the lack of experimental values at very high temperature for the TiO2(110)−(1×2)

sample, no bending in the cluster height evolution is visible for this sample. However, we ob-
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Figure 7.12: Mean size <s> plotted as a function of annealing temperature for TiO2(110) − (1 × 1)
and TiO2(110)− (1× 2) surface reconstruction.

serve the mentioned behaviour on the TiO2(110) − (1 × 1) between 600K and 750K. The

growth mode changes from 2-d to 3-d structures, supported by theoretical predictions that

small gold clusters as Au+
7 lie flat on the surface of TiO2 . We infer that the influence of

the substrate leads to an initial planar growth until a cluster size of approximately 20 atoms

(see the compilation in Fig. 7.12). Above this size, the energetic configuration is no more

favourable for planar structures and clusters grow according to a Volmer-Weber growth pro-

cess in three dimensions. We conclude that the surface reconstruction does not play a crucial

role for the evolution of the cluster size and their internal structure as a function of different

annealing temperatures.

7.4.2 Cluster migration

An obvious difference has been detected for the step migration of the clusters at high

temperatures. After deposition at room temperature, the samples show a big difference in the

number of steps, the (1× 2) reconstruction has a total step length of 5µm
µm2 , whereas the (1× 1)
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reconstruction has four times more steps
(

20µm
µm2

)
. Consequently, the fraction of clusters on

steps is also different: 20% of clusters stay on steps on one and 40% on the other surface

reconstruction. This explains the different starting points for the step fraction evolution.

During annealing, the two surfaces do not behave in a similar way: on the (1× 2) surface,

almost no step fraction increase can be observed. Clusters agglomerate randomly without

preference to attach to steps. The poor migration to steps for the TiO2(110) − (1 × 2) sur-

face is due to the presence of many local defects such as oxygen vacancy sites or protruding

OH-groups. They present the necessary anchor points for clusters on terraces. As the anchor-

ing is strong enough to avoid migration, the ratio of step-anchored clusters remain constant

for annealing up to 800K.

On the other hand, TiO2(110)−(1×1) favours strongly the agglomeration on steps, 9 out

of 10 clusters are attached to steps for annealing temperatures above 900K. This migration

is due to the limited terrace size on the one hand and to the surface reconstruction change

(Ti2O3 islands) at high temperatures on the other. The small amount of surface defects (oxy-

gen vacancies) for low annealing temperatures on the (1×1) surface enhances the mobility of

clusters. Annealing at elevated temperatures leads to a partial surface reconstruction change

(Ti2O3 islands, as presented in Fig. 7.9). These islands act as local anchor points situated on

terraces and bind the clusters strongly.

7.4.3 Cluster manipulation

Cluster manipulation has been investigated on the TiO2(110)− (1× 2) surface. We have

been able to remove clusters at tunnelling currents in the range of 0.2nA. Compared to the

TiO2(110) − (1 × 1) surface, where the minimum tunnelling current necessary to remove

a cluster is of the order of 10nA [80], the observed current is very low. This is an apparent

contradiction with the above mentioned properties. Clusters are apparently stronger bound on

TiO2(110)− (1× 2) where they do not move to steps, but can be manipulated easier.

7.5 Catalysis measurements of Au clusters on TiO2

Catalytic measurements are performed on the TiO2(110)− (1× 1) sample. On the clean

surface, 3%ML of Au+
7 clusters are deposited at room temperature with an impact energy of
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7.1 eV
atom . An STM control scan is necessary to control the morphology before each catalysis

measurement. The sample is transferred into the sniffer gas analysis system where catalysis

measurements are performed.

Isotopically labelled gases: during all catalysis measurements, isotopically labelled gases

are used, unless otherwise noted. They can be distinguished from ordinary gases in the vac-

uum chamber by their different atomic masses. Equation 7.2 shows the different possible

combinations between CO and O2. The number (superscript) indicates the respective atomic

masses.

12C16O + 1/2
16O2 → 12C16O2

13C16O + 1/2
16O2 → 13C16O2

12C16O + 1/2
18O2 → 12C16O18O (7.2)

13C16O + 1/2
18O2 → 13C16O18O

Measurement procedure: during catalysis measurements the sample is kept at room tem-

perature. A constant oxygen pressure is supplied, in the present case non-isotopic oxygen

(16O2). 13C16O gas is continuously pulsed onto the surface and the gas signals of the above

mentioned products are recorded. The oxygen pressure is stepwise increased until a pressure

of 5 · 10−6mbar. After a catalysis cycle, the gases pulses are stopped and the sample is an-

nealed. The annealing temperature for each cycle is increased from 100K up to a maximum

temperature of 900K.

7.5.1 Catalytic activity of gold nanoparticles on TiO2(110)− (1× 1)

Figure 7.13 presents the catalytic activity for different annealing temperatures (400K in

(a) and 720K in (b)). One can see the oxygen pressure increases by steps (green curve) as a

function of time. Blue peaks represent the carbon monoxide gas pulses (note that the even-

odd difference in signal is an electronic problem of the valve power supply). The red signal

is the production of 13C16O2. An increase in carbon dioxide for very high oxygen pressures

is observed in (a), but this signal is related to the increase in background pressure in the
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Figure 7.13: Catalytic activity of Au+
7 on TiO2(110) − (1 × 1) , annealed at different temperatures.

The chamber is exposed to a constant oxygen gas flow (green) and gas pulses ofCO (blue) are supplied
to the sample. (a) Annealing at 400K. No catalytic activity can be observed. (b) Annealing at 720K.
The response of the CO2 signal (red) is in phase with the CO gas pulses (see inset below).

chamber. No significant synchronized signal can be detected. In Figure 7.13(b), we observe a

different behaviour. At a certain oxygen pressure (2 · 10−7mbar) the signal of CO2 increases

simultaneously with the CO pulses. CO2 pulses do not increase with the oxygen pressure but

are limited by the supplied CO pressure. The maximal conversion from CO to CO2 is 10%.

The maximal conversion factor of CO combustion is measured at different oxygen pres-

sures (Fig. 7.14). The results show that annealing at 400K as well as 500K does not show

any catalytic activity, i.e. the conversion rate remains below 0.5%. After annealing at 720K,

the conversion curve increases at an oxygen pressure threshold of 2 · 10−7mbar and reaches a

maximum above 5 · 10−7mbar, a clear sign that the conversion is limited by the supplied CO

gas pressure.
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Figure 7.15: Activity of gold nanoparticles on TiO2(110) − (1 × 1) as a function of particle size.
The obtained results are compared with data of Valden et. al. [24]. Their maximal activity is situated
at particle with a diameter of 3.5nm, compared to 2nm in diameter for the present measurements.
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The change in catalytic activity is related to the size of gold particles on TiO2(110)− (1×

1). As shown before, the clusters change shape between 600K and 750K where their growth

becomes three-dimensional. The measured sample exhibits a maximal catalytic activity for

particles with a diameter slightly inferior to 2nm. This result is coherent with the morpho-

logic measurements presented in Section 7.3.2. The present results are compared to the values

obtained by Valden and Goodman [24, 122], displayed in Figure 7.15. There is a difference of

1nm in diameter of gold particles showing a maximal activity in CO combustion. It was not

possible to identify whether the measurements of Valden have been corrected for tip-induced

convolution, which would explain this particle size difference.

Towards confirmation of catalytic activity of gold nanoparticles Encouraged by these

results new samples have been prepared in the same way in order to confirm the catalysis

obtained before. Several attempts have been made to reproduce the results. Prepared in the

same way and exposed to the same gas quantities, all these samples have shown a similar

behaviour, namely no CO conversion. Many tests and checks have been performed in order to

find the origin of the absence of catalytic activity, but the reason has not yet been identified.
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Conclusion

This thesis consists of different studies on morphology, stability and reactivity of metal

clusters deposited on surfaces. In addition to experimental results, important improvements

on the experimental setup have been achieved: the existing UHV scanning tunnelling

microscope has been modified in order to enhance the sensitivity and to reduce the vibration

noise. A new setup for the gas analysis system (sniffer) has been developed in our group and

integrated in the UHV system equipped with a STM microscope and a mass-selected cluster

source. This unique combination enables the study of correlation between morphology,

mobility and catalytic reactivity.

Three different systems have been investigated, all with the goal to show catalytic activity

of metal clusters. Pt/Y SZ is a well known catalytic active system. TDS studies have been

performed with CO and O2 adsorbed on Y SZ. A total amount of 0.9kL has been deposited

at low temperature (120K). With a rate of 0.2K
s

the sample is heated and the desorbing gas

measured. Oxygen desorbs at a temperature of T = 705K, according to the values given in lit-

erature. The desorption temperature of CO has been found to be centred on 535K. Compared

with the desorption of CO on a Pt(111) surface, the observed peak can be identified with the

high-temperature shoulder on Pt/Y SZ which corresponds to adsorption of CO on surface

steps. Heterogeneous catalysis measurements confirmed the observed values: by pulsing oxy-

gen and CO alternatively to the surface while heating, CO2 is produced above a temperature

of 400K. The new design using pulsed molecular beams give insight into the kinetics of the

system. CO poisoning inhibits the reaction at lower temperature but with the desorption of
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CO, binding sites are now available of incoming O2 molecules which dissociate on the gold

particles. At higher temperatures, all CO molecules are desorbed and only molecular oxygen

remains on the surface, hence pulses are now synchronized with CO pulses.

These measurements served, beside the confirmation of desorption temperatures, for

tests and calibration of a new sniffer setup. The sensitivity of the device is, compared to

the predecessor, several magnitudes higher. The main improvement has been achieved by

tightening the aperture between sample and the collector volume.

Gold particles Au+
5 and Au+

7 have been deposited on a TiO2 surfaces with different sur-

face reconstructions (TiO2(110) − (1 × 1) and TiO2(110) − (1 × 2) ). Several sputtering

cycles and subsequent STM imaging to control the surface reconstruction preceded the clus-

ter deposition at low energy (Edep = 7.1 eV
atom ) and room temperature. Morphologic studies by

STM analysis have shown that the clusters did not fragment after deposition. Their evolution

with temperature shows a behaviour following the Ostwald ripening mechanism. Cluster sizes

are identical on both surface reconstructions and the transition from 2-d to 3-d structures has

been observed around 700K. A difference is found for clusters connected to surface steps: a

majority of gold particles on TiO2(110) − (1 × 1) migrate to steps for annealing at elevated

temperatures. Clusters on TiO2(110) − (1 × 2) surfaces do not show the same behaviour:

the presence of many surface defects such as oxygen vacancies anchors the particles to their

position and only single atoms or very small molecules migrate on the surface.

Catalysis measurements have been performed for Au+
7 clusters on TiO2(110) − (1 × 1)

surface. For a given temperature (700K), the sample is exposed to a constant oxygen pressure

and periodical CO gas pulses. When the oxygen pressure exceed a threshold level, the CO2

signal shows peaks synchronized with the CO pulses. The synchronized production indicates

that a catalytic conversion of CO takes place on Au/T iO2. These measurements have not

been confirmed so far.

Interesting results have been found for the last and most applied of the three systems: gold

particles deposited on pre-structured HOPG. Clean HOPG samples have been prepared by

sputtering in order to produce pits with a well-defined depth and diameter. The number of pits

has been calculated to maximize the total rim length of the sample. When gold is deposited
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on such HOPG surfaces (by PVD deposition at 673K), they organize themselves and form

nanoparticles along the steps and rims of pits. Electrochemical analysis has been performed

to investigate the stability of such gold clusters on structured HOPG surfaces. Cyclic voltam-

metry (CV) measurements have shown that gold particles remain stable during many potential

cycles, in contrast to gold particles deposited on non-structured HOPG. The dispersion curve,

i.e. the number of surface to bulk atoms gives an interesting alternative way to determine the

mean cluster size without referring to microscope techniques.

For very small, hexagonal pits, a size dependence can be found for different attach points.

Clusters in the edges of the pits are significantly higher than gold particles on straight rims,

indicating that the binding forces in edges are stronger, which leads to larger particles. On

very large, circular pits (diameter of 50nm), all gold particles show the same apparent height

and form very regular beads of gold clusters. The cluster size depends on the deposited gold

quantity but the number of particles per rim unit length remains constant. For the highest

gold loadings of 2.6 · 1015 atoms
cm2 , the mean particle height is between 3.98 ± 0.79nm and

4.35± 0.62nm for different samples. Gold particles attach to dangling bonds on the graphene

layers and additional atoms adhere to existing particles. Even for high gold depositions, the

particle density is such that they are well separated. The cluster diameter can be estimated,

assuming a truncated sphere model, by the ratio of d
h
≈ 1.4. A very interesting fact has been

found when clusters in pits with different depths have been investigated. Independent of the

pit depth, clusters always exhibit the same total height. Hence, the cluster height does not

depend on the number of dangling bonds on which it attach but only on the total height of the

particle.

Heating under atmospheric pressure of the sample does not lead to agglomeration of

particles but to catalytic etching of graphene multilayer due to the presence of gold nanopar-

ticles. Oxygen atoms from the gas phase adsorb on the gold nanoparticles and dissociate.

They migrate to the cluster-graphite interface and combine with carbon atoms. This leads to

formation of CO and CO2 which itself desorbs and departs into the gas phase. This catalytic

etching of graphite leads to a channel formation. Channels grow in the crystallographic

directions of HOPG parallel to the surface but do not dig holes in the graphite. The channel

depth is identical to the pit depth, the bottom of the clusters is thus at the same level as the

bottom of the pits. This fact confirms the suggestion that gold nanoparticles grow from the
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bottom of the pits. In addition to the catalytic etching, we showed the hydrogen dissociation

on gold clusters and the formation of isotopically labelled water. At temperatures above 700K

we detect an increase of CO and CO2 gas pressures in addition to the water desorption. This

is the first time that catalytic etching of HOPG (STM images) and chemical analysis of the

products has been combined. Additionally, the catalytic power of gold has been demonstrated,

a very promising result for further investigations.

Perspectives: the new sniffer system revealed high sensitivity for the gas analysis and can be

definitely implemented and used for further measurements. Recently, we started to investigate

platinum nanoparticles deposited on TiO2 . These small Pt clusters show a high catalytic

activity for the CO oxidation and are promising candidates for interesting results. As we

have mentioned in the text, the gold catalysis measurements on TiO2 need confirmation. It is

suggested to resume this work with the new sniffer setup in order to obtain an experimental

proof.

Investigations on gold clusters deposited on pre-structured HOPG have to be continued.

One can imagine studying the behaviour of clusters in very deep pits. What happens when

the cluster does not exceed the rim? Is it possible to etch tunnels in the graphite? How do

other materials behave, such as palladium, rhodium or platinum? Are there even potential

applications? It would be interesting to have answers to such questions.
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