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ABSTRACT 

Metal clusters are small groups of bound metal atoms which can have distinctly different 

electronic and catalytic properties, unique from those of a bulk sample of the same metal. 

The main motivation for research on clusters is their potential for use in catalysis and 

photocatalysis. The physical and chemical properties of metal clusters are dependent on 

size, as well as the cluster-substrate interaction. It is difficult to predict the properties of a 

cluster/substrate pair if studies have not been performed on that specific combination. 

Fundamental measurements into cluster properties have previously been performed on a 

range of cluster/substrate combinations, where Au clusters and TiO2(110) surfaces have 

received a large focus. However, there are many important cluster and substrate materials 

which have not had their surface properties measured, which is vital for the informed design 

of efficient catalytic materials. 

The original contribution to knowledge in this field is through the novel experimental 

measurements and analysis of the surface properties and electronic properties of 3-atom 

Ru3 clusters supported on radio frequency (RF)-sputter deposited titania substrates (RF-

TiO2). Ru3 was chosen due to its potential catalytic and photocatalytic applications. RF-TiO2 

is a cost-effective alternative to the commonly used TiO2(110) substrate and was chosen 

due to its ease of production and applicability to industrial applications. The aims were to 

determine details about the cluster-surface interaction and temperature stability of the 

clusters, in addition to measuring their electronic density of states (DOS). Additional cluster 

and substrate systems were analysed for comparison to Ru3/RF-TiO2. This study provides 

a strong basis for future work on the catalysis of RF-TiO2-supported Ru3. 

Ru3 clusters were deposited onto RF-TiO2 and analysed using temperature programmed 

desorption (TPD) to probe Ru-CO binding sites, and X-ray photoelectron spectroscopy 

(XPS) was used to provide chemical information. Differences in cluster-support interactions 

were compared for bare Ru3 deposited using an ultra-high vacuum (UHV) cluster source 

(CS), and the chemical vapor deposition (CVD) of ligated Ru3(CO)12 clusters. For CS-

deposited Ru3, heating to 800 K caused partial oxidation of clusters on both non-sputtered 

and sputter-treated RF-TiO2. Furthermore, on sputter-treated RF-TiO2 all Ru-CO binding 

sites on the clusters were blocked immediately after deposition for CS-deposited Ru3, but 

for CVD-deposited Ru3(CO)12 the clusters were protected by their ligands and the Ru-CO 

binding sites were only blocked once the sample had been heated to 723 K. The mechanism 

for complete blocking of Ru-CO binding sites on sputtered RF-TiO2 could not be directly 
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determined from this first study. 

To further probe the Ru3/RF-TiO2 system, additional temperature-dependent (TD) 

measurements were performed to analyse the effects of heat treatment. Samples were 

analysed with TD-XPS, angle-resolved (AR) XPS, and low energy ion scattering 

spectroscopy (LEIS). Ru3 was deposited onto RF-TiO2 using 3 methods: solution 

submersion of Ru3(CO)12, CVD-deposition of Ru3(CO)12, and CS-deposition of bare Ru3. 

TD-XPS showed that after heat treatment the Ru 3d BE was very similar between the 

methods suggesting the cluster oxidation state was the same. TD-LEIS showed the 

encapsulation of CVD Ru3(CO)12 on sputter-treated RF-TiO2 by a titania overlayer after heat 

treatment. The average overlayer thickness was calculated to be 0.35 nm ± 0.08 nm, which 

is thin enough that there is the potential for catalytic or photocatalytic reactions to occur. The 

encapsulation of the clusters help explain the mechanism behind the complete blocking of 

Ru-CO sites, suggesting CO is sterically hindered from accessing Ru by the overlayer. 

The electronic DOS for Ru3 on sputter-treated RF-TiO2 was measured using ultraviolet 

photoelectron spectroscopy (UPS) and metastable impact electron spectroscopy (MIES). 

Bare Pt3 clusters were CS-deposited for the purpose of comparison to a different cluster of 

the same size. Measurements both Ru3 and Pt3 were after sample heat treatment. UPS 

measures the top several layers while MIES has perfect surface sensitivity and measures 

only the top atomic layer. The electronic DOS of Ru3 was very similar for Ru3 deposited 

using solution submersion and CVD of Ru3(CO)12. UPS suggests that RF-TiO2-supported 

Ru3 clusters have metallic characteristics and Pt3 clusters have non-metallic characteristics. 

MIES suggests that the encapsulating layer above Ru3 clusters is composed of reduced 

titania with a bonding structure such as Ru-Ti-O, while Pt3 was not encapsulated. The 

mechanism for the encapsulation of Ru3, but not Pt3, is possibly an energetic benefit for Ru3 

encapsulation in terms of the minimisation of surface energy. 

As an extension of previous studies, the effects of changing the supported Run cluster size 

by a single atom was studied by depositing size-selected Ru4 clusters onto sputter-treated 

RF-TiO2 and comparing results to previous experiments. Clusters were CVD-deposited with 

H4Ru4(CO)12 and analysed using TD-XPS, TPD, and UPS. Based on TD-XPS, H4Ru4(CO)12 

begins to lose ligands at a slightly lower temperature than Ru3(CO)12, most likely related to 

the loss of H bridging ligands at low temperatures. Other results were very similar between 

the clusters. CO-TPD showed that after heat-treatment all Ru-CO binding sites were 

blocked, caused by encapsulation of the clusters. UPS provided evidence that the 
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encapsulated Ru4 clusters have metallic properties, and the valence DOS was similar for 

both Ru3 and Ru4. This suggests that the resultant properties of CVD-deposited Ru4 after 

heat treatment are very similar to Ru3, and that both clusters have the same potential 

catalytic and photocatalytic benefits when supported on RF-TiO2. 
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Chapter 1 Introduction 

1.1 Thesis Chapter Details 

Chapter 1 introduces the field of surface science as well as the thesis aims and scope. 

Chapter 2 is a literature review which gives broad context and outlook on previous research 

in the field of metal clusters. Chapter 3 details the instrumentation, methodologies, and data 

analysis procedures used throughout the experimental work. Chapter 4 to Chapter 7 are the 

results-based chapters, which present the main content and experimental results of the 

thesis. Chapter 8 summarises the conclusions, and details future research pathways which 

have opened as a result of these studies. Chapter 9 is the reference section, where the 

references for all thesis chapters are collated into one global list. Chapter 10 contains the 

Appendices, which are referred to in the main text when they are relevant. 

1.2 Surface Science 

Surface science is an area of study which focuses on the very top atomic layer of material 

surfaces, as well as the interfaces between multiple surfaces. This often overlaps with the 

field of nanotechnology, which is the study of materials at the nanoscale, typically in the 

range of 1 - 100 nm [1]. Surface interfaces are important in many physical processes such 

as catalysis and photocatalysis, and a common goal of surface science is the accurate 

measurement of the properties of these surfaces, whilst minimising or removing any 

unwanted effects from atoms below the surface layer. The surface properties may include 

physical, chemical, electronic, and catalytic properties. Many surface science 

measurements are performed under ultra-high vacuum (UHV). This serves the dual purpose 

of allowing many UHV-based surface analysis techniques to operate, as well as allowing 

experiments to be performed on surfaces free from atmospheric contaminants which can 

affect surface measurements. 

To perform the measurements presented in this thesis UHV systems were used. These 

feature vacuum chambers with surface analysis and sample mounting instrumentation 

attached. Measurements were typically performed at base pressures of ~1 x 10-10 mbar 

(note that atmospheric pressure is ~1 x 103 mbar). Due to the delicate nature of the 

instrumentation, UHV systems often needed to be repaired during the PhD project when 

certain parts were damaged or worn out. The instruments were also modified to suit specific 

experiments as the equipment needed was not readily available for purchase. Thus, a large 

aspect of this PhD endeavour which may not be visible in the content of the main results 



2 

chapters was the time spent modifying the instrumentation and ensuring it ran smoothly, 

producing consistent, high quality results. Throughout this project, the thesis author repaired 

and performed maintenance on a range of UHV instrumentation, and also designed new 

UHV components to achieve the desired results. This “hands-on” approached allowed for a 

deeper appreciation and understanding of the analysis techniques which were used. Further 

information is given in Appendix A, including descriptions of the instrument maintenance 

and modifications which were performed. 

1.3 Aims and Scope 

The research performed in this thesis is part of a larger project spanning several 

collaborating universities, which focusses on small metal clusters supported by 

semiconducting and insulating materials. Metal clusters are small groups of bound metal 

atoms, which will be introduced further in Chapter 2. The main application for metal clusters 

is catalysis and photocatalysis. However, rather than examining catalysis, the research 

performed in this thesis focuses on the fundamental properties of metal clusters, including 

temperature stability, physical properties, and electronic properties. A solid understanding 

of these properties is vital for the design of efficient, cluster-based catalytic materials. The 

main focus is 3-atom ruthenium clusters (Ru3) supported on RF-sputter deposited titania 

(RF-TiO2), but other types of clusters and surfaces are also studied. All results chapters 

feature the use of RF-TiO2 as a substrate and aim to determine the effects of the substrate 

on supported clusters.  

The individual focus of each results chapter will be described briefly herein. Chapter 4 

focusses on the temperature stability and availability of Ru-CO binding sites on Ru3 clusters. 

Chapter 5 expands on these studies, focusing on the effects of heat treatment on Ru3 

clusters by using a range of complimentary surface analysis techniques. Chapter 6 focusses 

on surface-sensitive measurements of the electronic density of states of supported Ru3 and 

Pt3 clusters. Finally, Chapter 7 looks at the effects of a small change in cluster size on the 

resultant properties of supported Run clusters, by depositing Ru4 clusters and comparing the 

results to the Ru3 measurements. 
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Chapter 2 Literature Review 

This chapter is a reformatted and edited version of a manuscript for a review article 

published in a peer-reviewed journal. See the Contextual Statement section for details on 

the contribution of the co-author to the published version of the manuscript. 

Reference for the published version: 

L. Howard‐Fabretto & G. G. Andersson, Metal Clusters on Semiconductor Surfaces and 

Application in Catalysis with a Focus on Au and Ru, Advanced Materials, 32 (2019) 

1904122. 

2.1 Abstract 

Metal clusters typically consist of 2 to a few hundred atoms and have unique properties that 

change with the type and number of atoms that form the cluster. Metal clusters can be 

generated with a precise number of atoms, and therefore have specific size, shape, and 

electronic structures. When metal clusters are deposited onto a substrate, their shape and 

electronic structure depends on the interaction with the substrate surface and thus depends 

on the properties of both the clusters and those of the substrate. Deposited metal clusters 

typically have discrete electron energy levels which differ from the electron energy levels in 

the constituting individual atoms, isolated clusters, and the respective bulk material. This 

review covers the properties of clusters, the methods to generate metal clusters, the 

methods to deposit clusters onto substrate surfaces, the application of clusters in catalysis 

and photocatalysis, and the methods for characterisation of cluster-modified surfaces. 
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2.2 Introduction 

Metal clusters (also called nanoclusters) are an area of rapidly growing interest [2-11]. These 

clusters contain a group of metal atoms with the number of atoms ranging from 2 to typically 

a few hundred. The properties of clusters are different to those of an individual metal atom 

or their bulk material counterparts [11]. Clusters are smaller than metal nanoparticles and 

extend down into sub-nanometre sizes. Scientific interest is motivated by their unique 

electronic and catalytic properties and their resulting technological potential [12]. While bulk 

metals feature electron energy band structures, clusters typically feature discrete electron 

energies like that of molecules [13]. As the size of clusters begin to increase past 

approximately 300 atoms, they lose their cluster-like properties and start to become more 

metallic entering then into the nano-particulate size regime [11, 14-18]. 

In order to be used for applications such as catalysis, clusters are typically deposited onto 

a supporting surface, also called a support or substrate. Clusters can be deposited either as 

ligand-stabilised coordination complexes (also called ligand-protected clusters), or 

alternatively by physical gas-phase aggregation deposition using a cluster source (CS) [19]. 

Recent research on surface-supported metal clusters has focussed on aspects such as their 

morphology, size, cluster-substrate interaction, catalytic and photocatalytic properties, and 

electronic structure, with a goal to unravel how these different aspects affect one another 

[20-39].  

Research on metal clusters is currently mostly fundamental in nature. The size-selected 

clusters produced in a laboratory can be treated as model catalysts for real catalytic 

systems, where the specific structure and properties of the particles can be very closely 

controlled to probe the relationship of these properties to catalytic ability [40]. This is a 

natural extension of a trend in real-world catalysts, where catalytic particles have been 

moving towards smaller and smaller sizes such as particles in the sub-nano cluster regime 

as well as the single atom catalyst limit where all the active catalyst exists in the topmost 

layer [40-42]. This stems from the fact that catalytic activity strongly depends on accessible 

surface area (SA). Real systems may have less controlled cluster sizes and structures than 

an experimental system, and even single atom catalyst systems may feature a range of 

small cluster sizes due to agglomeration, especially with particle coverages which are dense 

enough to be used [40, 42]. Research on small, size-selected clusters is therefore a key part 

in simplifying and understanding the mechanisms of catalysis which are occurring in 

practical single atom and sub-nanometre metal catalyst systems. 
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The research field of supported metal clusters is too large to be reviewed in a single work, 

and as such this review focuses mainly on Au and Ru clusters as exemplars, while touching 

briefly on other cluster types. This is because Au clusters are among the most well-studied, 

while Ru clusters are given special attention because they the main focus of the 

experimental work in this thesis. 

This introduction in section 2.2 will further describe the real-world uses and applications of 

metal clusters, and the concept of electronic density of states (DOS) will be explained as 

this is important for understanding the electronic properties of clusters. Section 2.3 

discusses how the cluster composition effects their properties. Section 2.4 discusses how 

clusters are deposited onto supporting surfaces, focussing on two key methods using ligand-

stabilised clusters and a gas-phase aggregation CS. Section 2.5 focuses on how the 

supporting surface interacts with and effects the clusters. Section 2.6 discusses the catalytic 

and photocatalytic applications of clusters. Section 2.7 discusses the characterisation of 

clusters focussing on a range of spectroscopy and microscopy techniques including those 

used in this thesis. Finally, section 2.8 provides a conclusion to the review and offers an 

outlook on what the future of cluster research will focus on.  

2.2.1 Uses and Applications 

A key potential use of clusters is in the catalysts and/or photocatalysis of chemical reactions. 

Large scale industrial processes often rely on metal and metal oxide particle catalysts, and 

clusters form an extension of this class of heterogeneous catalysts with abilities often 

surpassing their bulk metal counterpart. As an example, surface-supported Ru cluster 

catalysts are among the most active catalysts for the hydrogenation of CO and CO2, 

reactions featured in a variety of industry-relevant reactions including Fischer-Tropsch 

synthesis, ammonia feed purification, and methanation of coal-derived gases [43-55]. 

Photocatalytic substrates can be modified through the addition of metal clusters as 

cocatalysts to improve their photocatalytic abilities [4, 10]. The catalytic and photocatalytic 

abilities of a cluster are highly dependent on its size [22, 33, 35, 56], electronic structure 

[57], and fluxionality (i.e. the inherent changing of morphology on the surface during a 

chemical reaction) [58]. The concept of fluxionality is described in section 2.3. 

2.2.2 Electronic Density of States and Solid Band Structures 

Because the electronic properties of clusters vary greatly from that of bulk metals and 

because they are important for technical applications, measurements to probe these 

properties including the electronic DOS are of great importance. The electronic DOS of a 
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material is the number of states available to be occupied by an electron per energy interval, 

as a function of energy. By multiplying the DOS by the probability of those states being 

occupied, e.g. from the Fermi-Dirac distribution, the number of occupied electronic energy 

states is determined. This can be demonstrated by Equation 2-1[59]:  

 n𝑒𝑒(E). dE = P𝑒𝑒(E) ∗ ρ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒(E). dE 2-1 

Where ne(E) is the number of occupied electronic energy states, Pe(E) is the probability of 

those states being occupied, ρenergy(E) is the electronic DOS, and dE is the energy interval. 

In a single crystal the DOS depends also on the momentum vector (or k-vector). However, 

due to their small size – especially for sizes considered here, i.e. less than a few hundred 

atoms per cluster – clusters show little periodicity and the DOS dependence on the k-vector 

does not play a role. Another reason is that small clusters easily change between their 

various configurations due to their high fluxionality [13]. When the DOS is measured using 

a technique such as ultraviolet photoelectron spectroscopy (UPS) or metastable impact 

electron spectroscopy (MIES), it is the occupied DOS (ne(E)) which is measured. Previous 

research has used UPS to study the electronic structure of size-selected, supported clusters 

and compared this to theoretical calculations of the DOS [57, 60]. MIES only collects data 

from the very top layer of a sample, and has been used to measure the DOS of supported 

clusters such as Au9 [5] and Au13 [3]. Further information on UPS and MIES measurements 

of DOS is given in section 2.7.1. 

Individual atoms and small molecules feature discrete electron energy levels, however in a 

bulk solid sample the energy levels become closely spaced and can be approximated as 

continuous rather than as discrete levels. These form energy bands of occupiable states; in 

a conductor such as a bulk metal, the lower energy valence band and higher energy 

conduction band overlap one another, which is responsible for the ease of electron flow in 

conductors. Metal clusters typically feature discrete electron energy levels similar to 

molecules rather than energy bands which would be expected of a bulk counterpart [13]. 

For semiconductors there is a band gap between the valence and conduction bands. The 

Fermi level, defined as the highest energy which can be occupied by an electron in a metal 

at 0 K, resides between these two bands. This means that for semiconductors there is 

usually a low occupied DOS at energies close to the Fermi level, while conductors have a 

higher occupied DOS in that region. In a UPS measurement, this manifests as the DOS 

signal reducing to zero for semiconductors at the conduction band edge (energies below the 

Fermi level), while a conductor will reduce to zero at the Fermi level [61].  
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2.3 Composition and Properties 

There are many different physical properties which contribute to the electronic and catalytic 

properties of a cluster, such as size, morphology (shape), and fluxionality. These properties 

also depend on the elemental composition of the cluster. A small change in the number of 

atoms forming the cluster can produce a drastic change in physical properties, particularly 

the electronic structure, and thus can strongly influence the catalytic efficiency. Most cluster 

research focuses on mono-metallic clusters, however bimetallic clusters can also be 

produced which will have their own unique electronic and catalytic properties. A common 

example is those including both Ru and Au [62]. This review and thesis focuses strongly on 

mono-metallic clusters; however, several examples of research on bimetallic clusters are 

also given. The supporting surface for a cluster also effects its properties, which is discussed 

in detail in section 2.5. 

Once the size of clusters reaches the range of hundreds of atoms, they begin to lose their 

cluster-like properties and turn into metallic nanoparticles with more bulk metal-like 

properties [11, 14-18]. For TiO2(110)-supported Au clusters it has been shown that a metal-

to-nonmetal transition occurs once the cluster size is decreased below approximately 300 

atoms, where the clusters start to feature a gap between occupied and unoccupied energy 

levels [17]. This also coincided with the onset of their catalytic activity for CO oxidation [17]. 

A similar result has been shown for TiO2(110)-supported Pd clusters, where a metal-to-

nonmetal transition occurred in a window between 215 and 385 atoms per cluster [18]. As 

an example of the strong effect cluster size can have on the material properties, Sanchez et 

al. [56] tested the ability of MgO-supported Aun clusters with 1 ≤ n ≤ 20 to catalyse the 

oxidation of CO. It was found that at temperatures < 250 K, Au8 catalysed the reaction 

effectively, however clusters with 7 or less atoms ceased to be catalytically active for the 

reaction at all. 

Fluxionality is an inherent flexibility of clusters on a substrate, where small supported 

clusters can have multiple isomers [13]. These isometric structures have similar energies as 

well as low metal-metal coordination, and the supported clusters can thus transition between 

isomers with a relatively low transition energy [63]. As cluster size increases, the level of 

fluxionality typically decreases; larger nanoparticles have a crystalline structure, whilst 

smaller clusters can readily change shape on a supporting surface [63-65]. At room 

temperature changes in conformation can occur for small clusters of only a few atoms. This 

has been demonstrated when Qahtani et al. [66] measured three unique atomic 

configurations of ligand-stabilised Au9 chemically deposited onto TiO2 nanosheets using 
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high-angle annular dark-field scanning transmission electron microscope (HAADF-STEM). 

These images are shown in Figure 2-1. One structure was 3D and was attributed to clusters 

which were still ligand-stabilised, while the other two were unique de-ligated pseudo-2D 

structures demonstrating the fluxionality of the cluster [66]. Larger clusters can exhibit 

fluxionality with a larger input of energy; this has been shown experimentally for Au38, where 

several structural changes were observed upon repeated measurements of the same cluster 

also using HAADF-STEM. This was attributed to thermal fluctuations and/or the input of 

thermal energy from the electrons used in the imaging technique [63]. The potential role of 

fluxionality in catalysis is discussed in section 2.6. 

 

Figure 2-1: High resolution HAADF-STEM images of [Au9(PPh3)8](NO3)3 on TiO2 
nanosheets. The scale bar is 0.5nm. Image (a) displays a 3D-like form that is changed 
into pseudo-2D forms in images (b) and (c). Images I, III, and IV are density functional 
theory models for three matching isomers of Au9 [66]. Reprinted with permission of 
the Journal of Chemical Physics [66].  
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For experiments on supported clusters a common goal is to produce disperse, bare metal 

clusters of a single size only on the substrate which maintain size-selected properties. There 

are however difficulties associated with this; sintering and agglomeration is a common issue 

which needs to be considered. Agglomeration is the process of smaller clusters coalescing 

to form larger agglomerates which can change the properties of the clusters or obscure 

results from an experiment involving size-specific clusters. Agglomeration can occur through 

Smoluchowski and Ostwald ripening [67]. The first mechanism occurs through migration of 

clusters over the surface and their collision. The latter mechanism occurs when single atoms 

diffuse from one cluster to the other [67]. The formation of larger particles through 

coalescence is driven by the gain in Gibbs free energy [68]. Campbell et al. [69, 70] have 

demonstrated that as nanoparticles decrease in size their chemical potential increases, 

which results in sintering occurring more readily. There are several types of measurements 

which can probe clusters to determine whether agglomeration has occurred, including the 

microscopy techniques scanning tunnelling microscopy (STM) [71] and atomic force 

microscopy (AFM) [72], as well as observing shifts in core electron binding energies with X-

ray photoelectron spectroscopy (XPS) for certain types of clusters [5, 73]. However, the 

abilities of each of these techniques to measure agglomeration will depend on the particular 

cluster size. These techniques and their use for probing clusters are discussed in section 

2.7. 

2.4 Deposition Methods 

There are two commonly utilised approaches for preparing size-selected, surface-supported 

clusters. These are 1) depositing chemically synthesised, ligand-stabilised clusters, and 2) 

depositing gas-phase aggregated bare clusters. Each of these approaches features multiple 

distinct methods to perform a cluster deposition which will be discussed. Very few studies 

have directly compared the cluster properties of identically sized clusters resulting from 

different deposition methods [74]. 

2.4.1 Ligand-Stabilised Clusters 

Ligand-stabilised clusters feature a central metal cluster which is surrounded by chemical 

ligands forming a coordination complex. These clusters are chemically synthesised and can 

be deposited onto a surface by one of two classes of methodologies: solution submersion, 

or chemical vapor deposition (CVD). After a deposition, the ligands removed (or partially 

removed) using heat or chemical methods to leave bare, surface-supported particles [3, 5, 

74, 75]. 
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An advantage of ligand-stabilised cluster depositions is the ease of scale-up to industrially 

relevant scales, because complex and expensive equipment such as high vacuum 

instrumentation is not needed (as is the case with gas-phase aggregation, discussed later). 

Furthermore, the depositions are atomically precise. When using solution submersion 

depositions, ligated clusters can also be deposited onto porous support materials covering 

both the internal and external surfaces, while for gas-phase depositions involving a cluster 

beam the deposition is line of sight and cannot reach internal surfaces. This is an advantage 

for depositing clusters onto surfaces such as mesoporous silica [76, 77] and zeolites [78, 

79]. Disadvantages are the levels of contamination introduced which can affect 

measurements, especially for solution submersion depositions where the solvent is 

introduced to the sample in atmosphere, as well as the extra treatment needed to remove 

ligands which may change the surface properties. Furthermore, only specific sizes of ligand-

stabilised clusters are chemically stable. 

2.4.1.1 Structure of Ligand-stabilised Clusters 
A range of ligands can be used to stabilise a cluster depending on its size and composition. 

The metal-metal bonds in these complexes can be separated into two categories; 

“supported” bonds that have ligands bridging between the metal atoms, and “unsupported” 

bonds which feature direct metal-metal bonding. One of the most well-studied types of 

clusters on surfaces are the metal carbonyls; small metal clusters saturated by surrounding 

carbonyl (CO) ligands [80-83]. Figure 2-2 shows 2 different metal cluster carbonyls: 

H4Ru4(CO)12 (1) and Ru3(CO)12 (2). This demonstrates the difference between supported 

and unsupported metal bonds; (1) features H ligands bridging the Ru atoms and the bonds 

are therefore supported, while (2) only features outward-facing CO ligands and the bonds 

are unsupported. Another commonly used ligand is the sulphur-containing thiolates (SR), 

which can be used to stabilise clusters of a large range of sizes [84-87]. Au thiolates are by 

far the most studied [86, 87], however other thiolate-stabilised clusters also exist including 

Ag thiolate [88, 89] and CdS thiolate [90]. By utilising a range of different ligands, Ru, Au, 

and other clusters can be produced with a variety of sizes and orientations [77, 91-97] and 

Au [4, 73, 98-102]. While this review mostly focuses on carbonyls and thiolates as common 

exemplars, there are many other types of ligands which can stabilise clusters including 

triphenylphosphine (PPh3) [66, 72, 73, 76, 98, 99, 102-104], and glutathione (GSH) [10, 26], 

which have been used to stabilise Au clusters among others. 
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Figure 2-2: Bonding schematic for H4Ru4(CO)12 (1) and Ru3(CO)12 (2). (1) features 
bridging H ligands meaning the metal-metal bonds are supported, while (2) features 
unsupported bonds. Adapted from [105]. Reprinted with permission of Inorganica 
Chimica Acta [105]. 

Ligand-stabilised clusters can only be made with specific numbers of core atoms; for 

different metal and ligand combinations different cluster sizes are stable. There has been 

controversy in the literature regarding explanations of why only certain sized clusters so far 

have been found to be stable while others not. Some authors have described clusters as 

resembling “superatoms”, where clusters are stabilised according to an electron-shell 

closing model which is analogous to the electron-shell closure of atoms, that is, valence 

shells need to be completely filled or remaining valence electrons need to be donated in 

chemical bonds [106-113]. In this case the superatom is thought to behave like a regular 

atom in reactions with other molecules [111-113], and superatoms can be treated as the 

constituents of a periodic table which is differently arranged from the conventional table 

[114]. However, other studies have shown stable clusters with no superatom-like properties 

[15, 115-126]. It has been proposed that this model only holds in specific cases rather than 

in general and that stability is related to effective metal and ligand orbital overlap, and the 

molecular orbital stabilisation which results from this [15, 115-117].  

Metal carbonyls feature bonding between a carbonyl ligand and a metal, which involves π-

backbonding. The lone sp-hybridised electron pair (HOMO) on the carbon is donated to the 

metal to form a sigma bond. The LUMO of the carbon is a pair of π* antibonding orbitals 

[127]. The d-orbital of the metal overlaps with these orbitals, and donates electrons to the 

carbon, forming a pair of π bonds and relieving the metal of excess negative charge; this is 

called π-backbonding and requires a low oxidation state metal to be favourable. The three 

bonding components (sigma and 2 π-backbonding) form a partial triple bond between the 

metal and carbon. This can be described by resonance structures, with the share of 
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electrons distributed between Metal-C-O being dependent on the backbonding power. π-

backbonding weakens the bond between carbon and oxygen relative to free carbon 

monoxide (increases bond length) and strengthens the metal-carbon bond. Density 

functional theory (DFT) calculations by White et al. [128] have demonstrated this by showing 

that the CO bond length is 1.147 Å for Ru3(CO)12, increasing with decarbonylation (removal 

of CO ligands) to 1.161 Å for Ru3CO, while their calculated bond length for free CO is 1.134 

Å. This bond weakening can also be seen in measurements of infrared spectrum 

wavenumber shifts, where the wavenumbers are related to bond energies [83]. The strong 

bond between the metal and CO due to π-backbonding ensures the stability of the clusters 

while depositing and contributes to preventing the decomposition or aggregation of the 

clusters before deposition. 

The type of ligand stabilising a cluster can change the overall cluster properties, even for 

clusters of the same size and species. For example, Negishi et al. [129] have synthesised 

Au-selenolate (SeR) of size Au25(SeR)18 (R = C12H25 or C8H17) and compared its resulting 

bonding nature to thiolate-stabilised Au25(SR)18. Their experiment found the SeR ligands 

had a reduced charge transfer from the Au to the ligand, and that the nature of the metal-

ligand bond changed such that the Au-SeR bond was stronger than the Au-SR bond [129]. 

Furthermore, the SeR ligands improved the stability of the clusters in solution [130]. A follow 

up experiment found the same phenomenon for Au38 clusters [131]. 

2.4.1.2 Deposition Methodology 
A common method to deposit ligand-stabilised clusters is the “solution-based” deposition, 

also called “solution submersion”. This involves producing a solution of the desired clusters 

in a solvent and immersing the supporting surface into the solution such that clusters can 

adsorb to the surface. The solvent chosen must be one that prevents aggregation and 

precipitation in the solution, e.g. does not remove the ligands from the cluster core [76]. It 

also must be easily removed after deposition using mild treatments such as drying in air or 

vacuum [73, 102, 103] or a gaseous N2 stream [26]. For a crystal wafer support, the entire 

sample can be immersed in the solution for a pre-chosen time period [66, 72, 99, 104]. A 

variant on this method is to drop cast the cluster solution onto the wafer and wait for the 

solvent to evaporate [63, 104]. Another method involves using a suspension of powdered 

supports in the solution and stirring, which can then be deposited onto another surface for 

measurements [10, 73, 100, 102, 103, 132-134].  

A different, solvent-free method to deposit ligand-stabilised clusters is to allow the clusters 
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to vaporise under ultra-high vacuum (UHV) and adsorb to the support, which is known as 

CVD. Ligated clusters are held in a glass vial which is connected to a UHV system and can 

be exposed to the sample with a gate valve or equivalent [75, 135]. This method has an 

advantage over solution-based depositions in that less unwanted surface contaminants are 

introduced into the system due to contact with atmosphere and solvents. The disadvantages 

are that a UHV system is needed for deposition (and thus it does not have the same up-

scalability), and depositions cannot be effectively performed on the internal surfaces of 

porous supports. For CVD to be possible the UHV system must reach pressures lower than 

the vapor pressure of the clusters so that the clusters are the majority of what adsorbs to 

the surface and do not compete with contaminants from atmosphere. The clusters must also 

have sufficient stability to vaporise without decomposing. Metal carbonyls are the most 

reported type of cluster for which this method is used [74, 75, 136, 137]. The deposition of 

metal carbonyl compounds using CVD has been used to deposit clusters onto a number of 

substrates such as; metals (e.g. Au), metal oxides (e.g. TiO2), non-metal oxides (e.g. SiO2) 

and others such as zeolites [75, 138-143]. These clusters are highly stable, and due to their 

relatively low vapor pressure they only require vacuums of 10-7 Torr or lower [80] which is 

achievable by typical UHV systems. The cluster sample can be heated to increase vapor 

pressure and allow for depositions at higher pressures; however, this is only useful for 

clusters which need a deposition pressure only slightly lower than the pressure available 

because heating can decompose the clusters depending on species and temperature. The 

substrate can be left at room temperature or cooled/heated during vapor depositions, which 

can affect the resulting adsorption state of the cluster [75, 137]. 

After a deposition, the ligands are typically removed such that there is contact between the 

bare metal cluster and the support. This can be done to some extent for some types of 

ligands by exposure to vacuum [73, 102], however thermal treatment either under vacuum 

or in the presence of a gas is often needed for complete ligand removal depending on the 

cluster and ligand types. The risk of ligand removal is that the clusters may agglomerate on 

the surface and lose their cluster-like properties or catalytic activity, and the difficulty of 

ligand removal is a key factor in the choice of which ligand-stabilised cluster would be useful 

for practical catalytic applications. Incomplete de-ligation or a change in the chemistry of the 

ligands may also occur depending on the cluster species and ligand removal conditions, so 

careful choice and monitoring of the treatment is important in achieving bare, non-

agglomerated clusters [144]. 

Thermal treatment, also known as heat treatment or calcination, of the sample under UHV 
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can remove some types of ligands by breaking the bonds between the ligand and the cluster. 

Ligands are typically transferred into the gas phase, however some can also bind to the 

substrate surface which has been observed for Au9 clusters on TiO2 [73, 102]. Ligand 

removal can be observed using techniques such as temperature programmed desorption 

(TPD), which measures desorbing molecules from the surface as the temperature is slowly 

increased [75]. The use of TPD with metal clusters is described in more detail in section 

2.7.3. Heating to 473 K has been reported to fully remove PPh3 ligands [73, 76, 99, 102]. 

Thiolate ligands on CeO2-supported Au25(SR)18 have been removed at 523 K [145]. 

Glutathione ligands have been removed from Au25(SG)18/BaLa4Ti4O15 at 573 K [146, 147]. 

For Ru3(CO)12 on TiO2 full ligand removal has been reported between 700 K and 800 K 

depending on the nature of the substrate and deposition method [74, 75]. Thermal treatment 

has also been performed under different atmospheric conditions such as O2 [102], H2 [98], 

and air [85]. However, these conditions have been reported to cause catalytic deactivation 

and agglomeration [23]. Ozone treatment has been used, but extensive agglomeration was 

also reported [100, 103]. 

2.4.2 Gas-phase Aggregation Cluster Source 

Gas-phase aggregation is an alternative method of producing metal clusters which utilizes 

a UHV instrument called a cluster source (CS). This is also referred to as a CS-deposition. 

Vapor of a specific metal is generated in vacuum by sputtering a sample of the respective 

metal. Inert gas such as Ar or He is passed through the vacuum chamber containing the 

metal vapor which thermalizes the sample vapor, i.e. lowers the kinetic energy (KE) of the 

atoms in the gas phase, leading to aggregation of the gas phase atoms into clusters. The 

initial sputtering to produce the vapor can be achieved through the commonly used methods 

of magnetron sputtering (MagS) [7, 20, 21, 148, 149] and laser vaporisation (LaVa) [57, 150-

154] which have received the largest research interest [8], as well as other less common 

methods [155, 156]. LaVa is also sometimes referred to as laser ablation. A mass filter such 

as a quadrupole can be used to size-select clusters based on their mass-to-charge ratio.  

CS-depositions have advantages over ligand-stabilised which lend them to be well suited to 

fundamental experiments on clusters. The whole deposition process can be performed in 

situ without any exposure to atmosphere or ligands, and there are no extra steps required 

to remove ligands after the deposition which can result in modification of the clusters such 

as agglomeration. In addition, the cluster sizes are less restricted than for ligand-stabilised 

clusters, because a CS is not limited by which cluster sizes are stable in ligated complexes 

[31]. Disadvantages are that the process is difficult to upscale for industrial applications due 
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to the high vacuum required and small cluster deposition areas [20], and that the size-

specificity depends on the resolution of the mass filter used [20, 157]. Furthermore, because 

the deposition process uses a cluster beam it is line of sight and cannot deposit onto internal 

surfaces in the case of using a porous support material. 

2.4.2.1 Aggregation in the Gas-Phase 
A CS typically features an aggregation chamber where the clusters are produced, chamber/s 

for mass selection, and a final chamber where a substrate is held for cluster deposition. 

These chambers are differentially pumped vacuum chambers, which reduces the load of the 

cluster carrier gas at the point of deposition. 

MagS sources are based on an idea of Haberland et. al [158], and use MagS to produce a 

vapor of metal which then aggregates to form clusters. A schematic of a typical MagS source 

is shown in Figure 2-3. These sources can produce charged clusters in large numbers using 

a relatively simple method. A plasma is ignited using a noble gas, typically Ar, and a 

magnetic field stabilizes it. A solid sample of the desired metal is mounted close to a 

permanent axial magnet, and a discharge of metal vapor is initiated by a voltage between 

the target and a circular electrode. This vapor is then cooled and directed along the length 

of the instrument by a carrier gas [158]. Water or liquid nitrogen cooling using a shroud 

around the aggregation chamber can be used to further assist the cooling of the metal vapor. 

Conducting and semiconducting materials can be sputtered with a source of this type. 
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Figure 2-3: Schematic of a magnetron sputtering CS [159]. G) substrate in deposition 
chamber; H) pumping on deposition chamber; I) gate valve; J) Einzel lenses for 
focussing beam; K) grid for measuring beam current; L) quartz crystal balance for 
determining total flux; M) quadrupole mass filter for size-selection; N) pumping on 
quadrupole chamber; O) skimmer for refining particle beam; P) cooling shroud for 
aggregation chamber; Q) magnetron sputtering source; R) pumping on aggregation 
chamber. Reprinted with permission from Surface Science [159]. 

LaVa sources pulse short, nanosecond bursts of laser light at a rotating target plate or rod 

of the desired material, using an intensity of 10-100 mJ/pulse which produces a metal 

plasma plume subsequently carried away by a noble carrier gas [160, 161]. Nd:YAG or 

Ti:Sapphire lasers are typically used as the light source, and the intensity must be great 

enough to vaporise the target; almost all solid materials can be vaporised with this type of 

source. The operation for both MagS and LaVa sources after the initial sputtering step is 

similar. Both types of CS can also be used to make bimetallic clusters, through the use of a 

bimetallic alloy target of the desired ratio [162, 163], or simultaneously sputtering two targets 

[164, 165]. 

The size distribution of clusters produced in both cases is dependent on the particular source 

and the conditions used, with particular conditions leading to optimisation for particular size 

ranges from less than tens to hundreds of atoms [166]. Conditions which can affect the 

cluster sizes are cluster species nucleation probability, length of the aggregation zone, inert 

gas species used in the aggregation zone, inert gas flow rate, and sputtering rate [167]. A 

longer aggregation length means more time for aggregation which leads to larger clusters. 

Heavier inert gasses result in greater thermalisation and therefore more chance of 

nucleation leading to larger clusters. Increasing inert gas flow rate results in both greater 



17 

thermalisation and less aggregation time which can increase or decrease the size of clusters 

depending on the rate and species. Increasing the rate of sputtering results in a greater 

frequency of collisions and therefore larger clusters. These factors are all interactive with 

one another and optimisation depends on the cluster material and specific CS.  

Almost only single atoms are initially present after sputtering, meaning the first step needed 

for a cluster to form is the formation of a metal dimer from two individual atoms. These form 

in three-body collisions, where the inert gas lowers the energy of the clustering atoms [158]. 

For a metal M with argon gas, the clusters form according to the reaction shown in Equation 

2-2. 

 M + M + Ar → M2 + Ar 2-2 

The dimers can continue to cool through further collisions with the Ar and can continue to 

grow through the addition of atomic monomers. The Ar has simultaneous roles of fulfilling 

energy and momentum conservation, and stabilising the newly formed dimer [157]. Once 

the number of monomers present has been reduced, the clusters can continue to grow 

through coagulation with other clusters [158]. 

The clusters can begin to aggregate by either homogeneous or heterogeneous nucleation. 

Nucleation is the initial step in the formation of a new crystal structure by self-assembly. To 

nucleate, an energy barrier must be overcome. Heterogeneous nucleation occurs at 

surfaces in the system which form nucleation points, while homogeneous nucleation occurs 

away from such surfaces and only involves the nucleating species [168]. A gas molecule of 

an element other than the element forming the metal vapor, such as O2 or N2, can function 

as such a “surface” leading to heterogeneous nucleation. The aggregation process 

discussed in the previous paragraph featured homogenous nucleation (the Ar gas serves to 

simply thermalise the clusters). The nucleation energy barrier is reduced in heterogeneous 

nucleation compared to homogeneous, and as the barrier is reduced the rate of nucleation 

increases exponentially, meaning heterogeneous nucleation tends to be more rapid [168].  

A CS can produce both positively and negatively charged clusters, as well as neutrals [169-

171]. The distribution of these will be dependent on the specific source and operation 

conditions, as well as the species of the clusters [169]. Only around 1 in 1000 atoms 

sputtered from the target leave charged, however if one atom in a cluster is charged then 

the whole cluster has that same charge, resulting in a large fraction of the clusters being 

singly charged regardless of size, with reports ranging from 20-80% [148, 158]. There are 
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several other mechanisms which result in charged clusters being produced, including Ar+ 

ions in the sputtering plasma transferring their charge to clusters due to the high ionisation 

energy of Ar (when using MagS sources), Penning ionisation, and other mechanisms [158]. 

A mass filter can be used to size select the singly charged clusters allowing only a narrow 

range of sizes to reach the substrate, which is possible because once they have passed 

through the final aperture leaving the aggregation chamber the carrier gas has negligible 

influence on the clusters after leaving the aggregation chamber [172]. The eventual mass 

resolution reaching the substrate will depend on the resolution of the mass filter, i.e. how 

well it can discriminate between clusters with a difference in size of only one atom. Tight 

size selection is able to separate clusters with a precision of 1 u; however, this has only 

been achieved for a maximum size of a few tens of atoms [157]. Electric bending potentials 

can also be implemented which will bend the trajectory of charged clusters but not neutrals, 

allowing only charged particles to reach the surface such that the resultant size resolution 

will not be broadened by neutrals. 

2.4.2.2 Deposition Methodology 
The energies of the clusters as they reach the support in a gas-phase aggregation 

deposition process greatly effects the deposition outcome. A deposition of clusters at high 

KE will have different results to low KEs [157]. Soft-landing is described as the case when 

the clusters arrive at the surface with KEs significantly less than the cohesive energy of the 

cluster constituents, which does not result in cluster fragmentation [7]. The typical upper KE 

limit for soft-landing has been reported to be from 0.1 eV/atom to 1 eV/atom [21, 157, 173], 

but this is not a rule which applies to all systems. The substrate impact energy of ionised 

clusters can be controlled using electrostatic forces by biasing the sample; if positively 

charged clusters are being deposited onto a substrate, the substrate can be positively 

biased with a voltage to exert an electrostatic force on the incoming clusters and reduce 

their energy into the range of soft-landing.  

For depositions with increased KEs different phenomena occur. High energy depositions 

where the deposition energy is larger than the cluster cohesive energy can result in a loss 

of cluster structure and local damage occurring on the substrate [157, 174]. Figure 2-4 

demonstrates the difference between soft-landing (a) and high energy impact (b). This 

example shows several types of high energy impact damage including cluster deformation 

and fragmentation, local surface damage, cluster implantation into the surface, and 

backscattering of fragments. An intermediate regime between soft-landing and the high 
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energy deposition of clusters is called pinning, where the impact forms defects on the 

surface and the clusters become trapped at these local defect sites, supressing diffusion of 

the clusters across the substrate [175, 176]. However, the deposition energy required for 

pinning varies depending on the cluster species, cluster size, and support material, meaning 

this regime is not easily controllable. For situations where the cluster size and structure is of 

importance, soft-landing depositions should be performed because the effects of a high 

energy deposition will alter the size of the clusters and leave a range of deformed clusters 

on the surface, thereby removing the ability to relate cluster properties to a particular cluster 

size. 

 

Figure 2-4: Diagram of (a) a cluster soft landing at low energy, and (b) a cluster 
impacting the surface with high energy [157]. For a high energy deposition both the 
cluster and substrate are deformed and damaged. Reprinted with permission from 
Surface Science Reports [157]. 

2.5 Effects of the Supporting Surface 

Supported metal clusters have properties which are affected by the type of supporting 

surface used, and the choice of support is critical to the catalytic abilities and stability of the 

system. Cluster-support interaction can affect how strongly the clusters adsorb to the 

surface, their structure, and their electronic properties [30, 37, 177]. The relationship 

between supporting material and cluster morphology is entwined with the relationship 

between the supporting material and catalytic ability, because the structure of the clusters 

plays a vital role in their catalytic action [58, 177]. The support can offer catalytic benefits for 

clusters; by example, Au clusters have been shown to catalyse the oxidation of CO when 

supported on metal oxide surfaces, but not when supported on other substrates [56, 178]. 
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Metal oxides such as titania (TiO2) and magnesia (MgO) are widely used due to their low 

fabrication costs and their established benefits including strong bonding between the surface 

and bare clusters [179]. Metal oxide substrates can be divided into subgroups of: 

nonreducible oxides, and reducible oxides [180]. Nonreducible oxides including SiO2, MgO, 

and Al2O3 typically have large bandgaps >3 eV, and the removal of oxygen is not 

energetically favourable, meaning the materials are stoichiometrically stable and chemically 

inert [180, 181]. Conversely, reducible oxides such as TiO2, WO3, NiO, Fe2O3, and CeO2 

are typically semiconductors with band gaps <3eV and can exchange oxygen more readily 

[180]. When oxygen is removed from the metal oxide, excess electrons are distributed to 

the metal cations (e.g. Ti4+ in TiO2), thereby changing their oxidation state. Carbon-based 

materials such as graphite are also used as cluster supports for catalytic applications but 

are reported more often for gas-phase aggregated clusters than chemically synthesised 

clusters [2, 175, 176, 182]. Chemically synthesised clusters have even been attached to 

modern carbon-based nanomaterials such as multi-walled carbon nanotubes [183]. 

TiO2 is widely used as a support for metal clusters [6, 26, 38, 60, 66, 74, 75, 103, 184-190] 

as a result of its high stability, photo-activity, ready availability, low cost, and low toxicity 

[191]. Downsides are that it only supports n-type processes and has a large band gap. The 

latter is limiting in photocatalytical processes. TiO2 comes in a variety of different forms 

which can affect the end properties of the system [66, 72, 73, 75, 102, 103]. Single crystal 

TiO2 is well characterised for all the crystal phases of titania; rutile, anatase, and brookite, 

and is therefore used when uniform and well-characterised supports are required [17, 98, 

99, 192]. Atomic layer deposition (ALD) titania is an amorphous but atomically flat variant of 

titania that has been used due to its benefits for surface imaging techniques, but it has a 

high synthesis cost so is less suitable for large scale applications [66]. Further variants of 

titania which have been used as supports include nanoparticulate TiO2 such as P25, which 

can features multiple crystal phases based on particle size and phase proportions [193], as 

well as innovative forms such as TiO2 nanotubes [26], and thin nanosheets (1.1nm) [72]. 

Nanosheets are particularly useful for scanning transmission electron microscopy (STEM) 

imaging, where electrons must pass through the sample. 

The morphology of a surface-supported cluster can vary depending on the nature of its 

supporting surface. To exemplify this, Pacchioni et al. [194-196] have done DFT simulations 

on Au20 clusters supported on MgO/Mo(100). They compared the structure of the clusters 

on MgO films from 2 to 7 monolayers (ML); on a thick film the structure of Au20 was 

pyramidal, which matches its structure in the gas phase, however on a thin film the cluster 
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formed a planar structure. For the thin film case this is caused by electron transfer to the 

clusters from the metal substrate, where for that charge state the planar isomer is the most 

stable structure [194-196]. Figure 2-5 shows the simulation of Au20 on a thin film of 

MgO/Mo(100), with both the less stable pyramidal (a) and more stable planar (b) structures 

[196]. STM experiments of Au atoms deposited onto MgO/Ag(100) followed by annealing at 

210 and 300 K to form non-size selected clusters has shown similar results; for 3 ML MgO, 

the structure was planar with 2D Au islands, whereas for 8 ML MgO a 3D Au structure was 

found [197]. Figure 2-6 shows these STM measurements and the height profiles of the 

measured clusters. Measurements of clusters by STM is further discussed in section 2.7.4.2.  

 

Figure 2-5: DFT simulation of Au20 on a thin film of MgO/Mo(100). Left (a) shows the 
pyramidal (fcc) structure, while right (b) shows the planar structure [196]. In the case 
of a thin MgO film such as this, the planar structure is more stable by 3.3 eV. Pink 
represents charge accumulation and light blue represents charge depletion. Yellow, 
green, red, and dark blue atoms correspond to Au, Mg, O, and Mo, respectively. 
Adapted from [196]. Reprinted with permission from Physical Review Letters [196]. 
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Figure 2-6: 30 nm x 30 nm STM images of Au clusters on MgO/Ag(001) formed by 
depositing Au atoms and annealing to cause clustering at 210 K (a and b) and 300 K 
(c and d) [197]. 3ML MgO is shown in (a) and (c) while 8ML MgO is shown in (b) and 
(d). (e) shows the cluster height profiles for the different systems; on 3ML MgO, the 
Au forms planar, single layer structures, while on 8ML MgO multilayer Au structures 
are formed. Reprinted with permission from Physical Review Letters [197]. 
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In some cases, mixing of clusters with the substrate material can occur. Strong metal-

support interactions (SMSI) can occur between supported clusters and reducible oxide 

surfaces such as TiO2, which can cause changes in cluster catalytic activity [39, 185, 198-

200]. The SMSI can involve electronic factors such as cluster oxidation, or a charge transfer 

between the clusters and the metal oxide [185, 201, 202]. Metals with small work functions 

(e.g. early transition metals and alkali metals) are more typically oxidised compared to their 

large work function counterparts [185, 203-206]. Additionally, structural effects can occur 

such as the clusters being covered by a layer of substrate material, which is known as the 

“encapsulation” or “decoration” model [199, 207]. Depending on the combination of cluster 

metal and oxide substrate, varying conditions have been required to induce cluster 

encapsulation, including high temperature reduction in UHV [184-186, 207-214] or in H2 

[198, 199, 215-217], as well as reduction of the substrate by sputtering [185, 186]. Speaking 

of supported metals in general, studies have shown a variety of metals subject to 

encapsulation including: Pt, Pd, Rh, Ni and Ir [184-186, 203, 204, 207-213, 216-220], while 

other metals such as Cu, Ag, A, and CO are known to withstand encapsulation [204]. 

However, it should be noted that the SMSI is complex and can vary based on substrate 

treatment, and other factors [185]. 

An important aspect of the supporting surface that will affect the cluster/surface interaction 

is whether the surface is pristine or features surface defects. Clusters prefer to adsorb at 

defect sites or step edges as their surface energy is larger than the corresponding perfect 

crystal structure [5]. This is beneficial in that the clusters can be more easily attached to a 

surface, and in some cases their mobility is decreased leading to less cluster agglomeration 

[3, 5]. Defects can be experimentally introduced onto a substrate by sputtering the surface 

with Ar ions. This process has been performed on a number of substrates including TiO2 [5, 

75], where the sputtering process can preferentially remove surface oxygen atoms and 

create defected sites with oxygen vacancies where the Ti is reduced from Ti4+ to Ti3+ or Ti2+ 

[5, 221]. By combining STM and DFT calculations it was shown that on a rutile TiO2(110) 

surface the oxygen vacancies are the strongest binding sites for Au clusters, and that one 

oxygen vacancy can bind an average of 3 Au atoms [222]. Clusters also preferentially form 

at defect sites on carbon based surfaces such as highly oriented pyrolytic graphite (HOPG), 

where small cluster depletion zones occur around the defect [20, 223]. 

A step edge is a location on the surface where the number of layers changes forming a 

“step”. Like local defects, these edges also have an increased surface energy. Au clusters 

were shown to nucleate at step-edges preferentially on titania supports [17, 224]. Step 
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edges on HOPG act as preferential binding zones for clusters and also limit their 

agglomeration compared to flat terrace regions of the surface, which was demonstrated for 

large Ag clusters through scanning electron microscopy (SEM) imaging and is shown in 

Figure 2-7 [225]. It has even been shown that organised nanostructures can be produced 

with clusters by defecting the substrate in an organised way using a focussed ion beam prior 

to a CS-deposition [226]. 

 

Figure 2-7: SEM image of size-selected Ag400 deposited from a CS onto a stepped 
HOPG surface [225]. The coverage is 4.7 x 108 clusters/cm2. The arrow points to an 
example of a step edge. The clusters preferentially bind to the step edges and feature 
less agglomeration (smaller cluster sizes) compared to the particles on the large 
terrace regions due to their stronger interaction with the defected zones of the 
surface. Reprinted with permission from Applied Physics Letters [225]. 

2.6 Catalytic Action 

2.6.1 Catalysis 

Solid-supported metal clusters have recently attracted interest in catalysis research [25, 227, 

228]. The motivation is to increase the SA-to-volume ratio of the catalytically active 

component, i.e. the nanoparticle or cluster, as well as to take advantage of the specific 

properties of clusters. There is a trend of real-world catalysts moving to smaller sizes such 

as sub-nanometre clusters and single atom catalysts to exploit the increase in SA [40-42]. 

Although these practical systems may feature less controlled particle sizes, size-selected 

clusters can be used to probe the catalytic action of these systems in a controlled way in 

order to understand how they behave and how to best exploit their properties for catalytic 

benefit. 
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The catalytic ability of a cluster is closely related to three main factors: 1) the size of the 

cluster [32, 57, 154, 229], 2) the morphology and fluxionality [58, 177], and 3) the electronic 

structure and oxidation state of the cluster [65]. However, the electronic and geometric 

effects are dependent on one another and are difficult to analyse separately [13]. The 

cluster-support interface where transfer of charge can occur [230] has also been shown to 

be of great importance to the catalytic action [56, 178].  

Supported Au clusters are among the most researched for catalysis. Due to its nobility gold 

was previously thought to be a poor catalyst, but has attracted research interest after low 

temperature CO oxidation was shown by Au nanoparticles in 1989 [231]. Au clusters have 

been shown to catalyse CO oxidation [22, 56, 65, 85, 99, 100, 154, 232], epoxidation [233, 

234], alcohol oxidation [76, 103, 235, 236], C-C bond formation [237], and dye degradation 

[26], as well as other chemical reactions [238-241]. Among these, CO oxidation (production 

of CO2) is the most well-studied reaction [100]. 

The catalytic activity for CO oxidation by Au clusters supported on MgO has been largely 

studied, and insight has been provided into its size-dependent catalysis for clusters sized 

Au1 to Au20 [56, 58, 177, 242]. One study by Sanchez et al. [56] used a temperature 

programmed reaction (TPR) to probe the catalytic CO oxidation by small monodisperse Aun 

clusters supported on defect-rich MgO(100), deposited by soft-landing with a size-selected 

LaVa CS. For sizes of n < 8 the clusters are inert and do not catalyse the reaction, and Au8 

is the smallest catalytically active cluster. For n > 8, the catalytic yield has irregular 

fluctuations with n, where the overall trend is an increase in yield with n, with Au18 being the 

most vigorous catalyst in the range of 1 ≤ n ≤ 20. Figure 2-8 shows this trend in CO oxidation 

activity with Au cluster size. With help from first principles calculations they found that partial 

electron transfer between the Au clusters and the substrate, as well as oxygen-vacancy F-

centre defects are vital for the catalytic activation of the Au clusters [56]. An O2 molecule 

can adsorb at several sites on the Au cluster, and is activated to a peroxo O2* molecular 

state which features a lengthened, weakened bond of 1.41 – 1.46 Å compared to 1.24 Å for 

the free molecule [56, 243, 244]. Two mechanisms were then proposed, where either a gas 

phase CO reacts spontaneously in the vicinity of the adsorbed O2*, or both O2 and CO are 

initially co-adsorbed for a reaction. Both mechanisms result in a CO2 molecule bound weakly 

to the cluster with approximately 0.2 eV [56]. Catalysis by oxide-supported Au clusters has 

also been studied extensively by computational methods, probing different aspects such as 

the effects of the metal-oxide layer thickness and the role of defects in catalysis [245]. 
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Figure 2-8: Trend in catalytic CO2 production for Aun clusters supported on defect-
rich MgO(100) [56]. Au18 is the most active catalyst in this size range. Reprinted with 
permission from the Journal of Physical Chemistry A [56]. 

Tsukuda et al. [236] have studied various catalytic reactions with Au clusters. One 

experiment has looked at aerobic alcohol oxidation catalysed by Au25(SC12H25)18 thiolate 

clusters supported on porous carbon nanosheets, after heating to 673-773 K under vacuum 

for ligand removal. They found that the selectivity for the formation of benzaldehyde was 

improved with more residual ligands present on the clusters, however this caused the activity 

to decrease. This was attributed the thiolates functioning in two different ways. Firstly, the 

thiolates reduce the ability of the Au clusters to oxidise due to electron withdrawal. Extended 

X-ray absorption fine structure (EXAFS) results supported this by suggesting the cluster 

cores were more positive when residual ligands were present. Secondly, the thiolates 

sterically inhibited esterification on the cluster surface due to site isolation. Clusters which 

were still fully covered by ligands were inert due to complete site blocking by the ligands 

[236]. In a separate study, they looked at the effect of cluster size on catalytic activity for 

cyclohexane oxidation by Aun supported on hydroxyapatite (HAP), an inert support material 

[246, 247]. The products of this reaction are important intermediates for producing nylon-6 

and nylon-66 in industry. All tested cluster sizes (n = 10, 18, 25, 39, and ~85) catalytically 

converted cyclohexane into cyclohexanol and cyclohexanone, and the catalytic activity 

followed a volcano-like trend with cluster size which peaked at Au39. The involvement of the 

Au clusters in this complex oxidation process remain unclear, and this size dependence 

could not be explained using geometric factors such as cluster SA or the number of low-

coordination sites. The authors postulated that the high catalytic activity of Au39 may have 
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been due to its unique electronic structure [246, 247]. 

Studies on Au clusters have been used to provide evidence for the effect of fluxionality on 

catalysis. The role of fluxionality in Au cluster catalysis has been researched via both 

calculations and experimental measurements. DFT calculations have shown two isomers of 

Au8 supported on MgO(100) which are catalytically different [58, 248]. In a calculation 

probing the catalytic oxidation of CO by Au8, O2 was found to adsorb at the interface between 

bilayer Au8 clusters and the support, and after the interaction the clusters changed in 

structure dramatically. This is important as it was shown that the clusters maintaining their 

structure would block the adsorption and activation of O2 [58]. Multiple unique cluster 

isomers of this nature have been experimentally observed using HAADF-STEM, including 

Au9 on TiO2 nanosheets which is shown in Figure 2-1 [66], as well as ligand-stabilised Au38 

on Cu grids coated in a film of amorphous carbon [63]. It may be that a cluster can change 

its isomeric structure during a reaction such that it allows the reaction to occur through an 

energetically favourable pathway [177]. It has been proposed that an adsorbed molecule 

could undergo a series of transition states which are favoured energetically and stabilised 

by the cluster, thereby greatly reducing the reaction activation barrier [13]. 

Ru clusters are also well-studied for their catalytic abilities. Supported Ru clusters have been 

shown to catalyse the gas phase hydrogenation of ethylene [249], CO2, and CO [43, 132, 

250, 251], the dissociation of N2 [27, 252], the dissociation of NH3 [27, 29], and the oxidation 

of graphitic carbon into CO [167]. In fact, for CO and CO2 hydrogenation supported Ru 

catalysts are among the most active catalysts [43]. For CO2 hydrogenation, the first step is 

the dissociation of CO2 to CO. After this, both CO2 and CO hydrogenation proceed with the 

same mechanism, where CO is dissociated to give a highly active carbon surface species 

which hydrogenates rapidly to methane [43, 46]. 

While this review focuses on supported clusters, it should also be noted that research has 

been performed studying cluster catalysis in the gas phase as well as catalysis in solution. 

These are not covered here in detail as they are outside the scope of this review but are 

described briefly. In the gas phase, catalysis can be studied by methods such as creating 

mass-filtered clusters with a gas-aggregation CS and introducing them into an octupole ion 

trap, where defined amounts of reactants can be introduced. In this arrangement all 

reactants, intermediates, and products can be analysed with a mass spectrometer following 

the reaction [253-257]. Such experiments are useful for probing the properties of clusters in 

the gas phase but are not applicable to industrial heterogeneous catalysis. It also must be 
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noted that in this type of experiment the contribution of the support to the catalytic activity is 

missing. For the case of clusters in solution, experiments have been performed on using 

non-supported ligand-stabilised clusters as homogenous catalysts. For example, recent 

studies have reported the use of [Fe4N(CO)12]- and [Fe4N(CO)11PPh3]- clusters in solution 

as highly selective homogeneous catalysts for C-H bond formation with CO2 to produce 

formate [258-261], an environmentally-relevant reaction for converting excess CO2 into 

chemical fuels. This homogeneous catalysis is not unique to Fe clusters, and Ru as well as 

other clusters have also been used to catalyse reactions in solution [262-265] 

2.6.2 Photocatalysis 

The photocatalytic abilities of metal clusters have been less well studied than their catalytic 

abilities and are still relatively unexplored. In photocatalysis, a semiconductor absorbs light 

with an energy larger than the band gap of the semiconductor. The absorbed light generates 

electron-hole pairs, so called excitons. These charge carriers separate, and the separated 

charge carriers migrate to the surface of the semiconductor. Those charge carriers which 

have not recombined can reduce or oxidise molecular species adsorbed to the 

semiconductor surface. The presence of co-catalysts such as clusters deposited onto the 

semiconductor surface can promote the conversion rate. This can be through various 

mechanisms, amongst them promoting the adsorption and desorption of reactants and 

products, and by providing sites where the photogenerated electrons and holes are 

stabilised thus reducing their recombination rate. The concept of photocatalysis has been 

described by multiple reviews which are recommended for further details [266-269]. 

The improvement of the reactivity and stability of photocatalytic surfaces through supported 

nanoparticles acting as co-catalysts has been well established [270], while supported 

cluster-regime co-catalysts have not been commonly reported. Photocatalytic water splitting 

is used for hydrogen production and is among the most commonly researched reactions [4, 

10, 34, 36, 146, 271]. It is industrially relevant because H2 is a clean alternative to fossil 

fuels. A 1983 study by Yesodharan and Grätzel demonstrated that titania-supported Ru and 

Rh carbonyl clusters improve the photocatalytic splitting of water [272], legitimising the 

concept of clusters as co-catalysts. 

In a recent 2015 study by Negishi et al. [10] gold glutathione Aun(SG)m clusters of sizes n = 

10-39 were deposited onto a photocatalytic BaLa4Ti4O15 substrate, with the ligands being 

removed by heating under vacuum. They compared the photocatalytic water splitting to both 

the bare photocatalyst and to large 10-20 nm Au nanoparticle cocatalysts and found the 
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small Aun clusters had an improved activity when highly stable sizes were used. Cocatalysts 

using Au25(SG)18 as a precursor featured an activity 2.6 times greater than that of 

nanoparticulate cocatalysts. It was argued that in this case the improved photocatalytic 

activity was due to the ultra-miniaturisation of the cocatalyst, and that the smaller clusters in 

fact had less activity per surface atom than Au nanoparticles, but this was overcome by the 

increase in the number of surface atoms [10]. Thus, in this case the effect from increasing 

the number of surface atoms for clusters outweighed any effects from the change in physical 

or electronic structure compared to nanoparticles. Another interesting finding was that when 

ligands were not removed, Au25(SG)18 clusters still increased the photocatalytic activity of 

BaLa4Ti4O15, meaning charge transfer from the Au to the support was still possible. 

However, the increase in photocatalytic activity was only 23% of the amount compared to 

the deligated cocatalyst. Thus either the electron transfer efficiency or the Au cluster 

catalytic performance was decreased [10]. This phenomenon has also been previously 

reported for other Aun(SG)m clusters [189, 273-275]. 

Back-reactions can negatively affect the efficiency of photocatalytical processes by 

removing the desired products which have been produced [276, 277]. Thus, research has 

been performed on reducing the occurrence of these back-reactions. Negishi et al. [4] have 

further refined the Au cluster photocatalytic process by developing a new method for forming 

a Cr2O3 shell on BaLa4Ti4O15-supported Au25. This work follows on from previous work by 

Domen and co-workers, which demonstrated the suppression of contact between the 

cocatalyst and O2 for the case of larger nanoparticles [278-281]. The Cr2O3 was first loaded 

onto the BaLa4Ti4O15 photocatalyst by photodeposition in an aqueous K2CrO4 solution, and 

Au25(SG)18 was adsorbed after. The Cr2O3 forms a shell which serves to enhance the 

photocatalytic water-splitting by supressing the reverse O2 photoreduction reaction, because 

the Cr2O3 shell is permeable to H+ but impermeable to O2 [4, 282]. This suppression of the 

back reaction improved the water-splitting activity by approximately 19 times compared to 

the same system without the Cr2O3 shell. In addition to improving activity, it was shown using 

EXAFS that the Cr2O3 also stabilised the Au25 on the surface by supressing aggregation 

during light irradiation. Because the Au25 was embedded in the shell it does not move readily 

on the surface, and only a small particle size increase was found after 10 hours of the water-

splitting reaction [4].  

2.7 Characterisation and Electronic Structure Measurements 

There are many characterisation techniques which can be used in elucidating information 
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about supported metal clusters. Each provides unique information, and they are often 

complimentary to one another. In this section, a number of the main characterisation 

techniques for clusters are described, and particular emphasis was placed on the 

applications of the techniques to supported metal clusters as well as specific examples of 

use. These techniques are divided into; electron spectroscopy, ion scattering spectroscopy 

(ISS), temperature programmed desorption/reaction, and microscopy. A number of the 

characterisation techniques were used in the experimental methodologies of this thesis 

(refer to section 3.6 in the Instrumentation and Methodologies chapter for more details). 

However, this section also reviews a larger range of techniques which have been used 

successfully in literature. 

2.7.1 Electron Spectroscopy 

Electron spectroscopy is a vital technique for the analysis of metal clusters, and commonly 

used techniques are XPS and UPS. MIES is a less used yet powerful electron spectroscopy 

technique. X-ray absorption spectroscopy (XAS) is another different type of spectroscopy 

useful in cluster analysis which is split into two energy ranges: X-ray Absorption Near-Edge 

Structure (XANES), which is also called Near-edge X-ray Absorption Fine Structure 

(NEXAFS), and EXAFS, where EXAFS focuses on higher KEs. 

2.7.1.1 XPS 
XPS is one of the most used electron spectroscopy techniques [66, 72, 73, 102-104], which 

measures the binding energy (BE) of core-level electrons. This works by utilising the 

photoelectric effect due to incident X-ray photons; electrons are ejected from the surface 

and their KEs are measured and converted into BE. These BEs are unique to each element, 

and XPS can determine quantitative elemental concentrations as well as chemical 

information about a surface. Chemical information such as oxidation states of surface 

species can be determined because the BE depends on the chemical state of the respective 

atoms [283]. Due to the finite inelastic electron mean free path the information depth of XPS 

is typically around 5 nanometres. Thus the information in a XPS experiment is related to the 

top several nanometres rather than purely the outermost layer [284]. Two reviews of XPS 

by Seah are available for a deeper analysis of the technique [285, 286]. 

For metal cluster modified surfaces XPS is useful for quantitatively determining their 

elemental composition, determining whether deposited species are in the cluster or bulk 

regime, and following the removal of ligands. BEs have been found to shift for some clusters 

when compared to the BE of a bulk sample. As an example, for ligand-stabilised Au clusters 
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BE shifts of between +0.8 and +1.4 eV compared to bulk Au have been reported for the Au 

4f7/2 peak [66, 72, 73, 102]. Based on this, the Au peak position has been used to relate the 

XPS BE to the size of a cluster [73, 98, 102, 287, 288]. Attached ligands also influence the 

BE, and ligand removal can result in a positive or negative BE shift depending on whether 

the ligands are electron donors or acceptors. In Au-PPh3 clusters the ligands are electron 

donors, and removal results in a positive BE shift; for example [Au6(PPh3)6][BF4]2 on TiO2 

was reported to shift by +0.4 eV upon removal of the PPh3 ligands [73, 98]. Alternatively, for 

Ru3(CO)12 on TiO2 there is a negative shift in the Ru 3d5/2 peak associated with the removal 

of ligands, with a -0.6 eV shift for partially deligated clusters and a total -1.3 eV shift for fully 

deligated but agglomerated clusters [75].  

Shifts in BE can occur due to initial and final state effects which depend on the cluster size 

and metal forming the cluster, as well as the substrate-cluster interaction [73, 102, 230, 289]. 

The initial state effects are related to the energy of the electron orbital relative to the vacuum 

level. For example, the positive BE shifting for an oxidised metal compared to an elemental 

metal is an initial state effect, because the metal donates charge to the oxygen which 

reduces the screening of the nucleus, reduces the core state energy, and increases the 

electron BE. These shifts in BE can be in the order of several electron volts. Final state 

effects are changes in BE related to the difference in the sample after an electron is ejected. 

After an electron is removed its vacancy will be stabilised by the chemical environment, but 

whether the relaxation occurs before or after the photoelectron has escaped and fully 

decoupled from the system will affect the BE. If a single atom is bound to a surface the result 

will be a localised hole where the atom cannot easily relax electronically, but for a metal 

cluster the hole produced can be delocalised across the atoms in the cluster which will lower 

the energy in the final state and lower the electron BE [60]. By the same mechanism, a bulk 

sample will have a lower BE energy again due to a greater ability to electronically relax after 

ionisation. The shift in BE of the Au 4f7/2 peak for clusters compared to bulk has been 

attributed to final state effects [66]. Initial and final state effects are difficult to deconvolute 

from one another but work has shown that for certain systems this can be done, mainly using 

Auger electron spectroscopy [290, 291]. The problem of separating initial and final state 

effects has also been approached theoretically using DFT calculations [289]. 

2.7.1.2 Valence Electron Spectroscopies: UPS and MIES 
The measurement of the electronic DOS is important for clusters as it gives information on 

their valence electronic structure and can show whether materials are behaving like clusters 

or more typical bulk metals. The electronic structure of a cluster also plays an import role in 
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its catalysis, and this information is crucial for the design of effective catalysts [292]. 

Furthermore, comparisons between measured and calculated DOS are key to determining 

whether current theoretical models for how the clusters are structured are accurate. 

UPS is a common way to measure the DOS for catalysts such as metal clusters [6, 60, 71, 

161, 166]. UPS works based on the photoelectric effect similarly to XPS, however ultraviolet 

photons are used in place of X-ray photons. UPS measures the BE of outer valence 

electrons which are not as strongly bound to the nucleus as the inner core electrons, and 

can be used to measure the electronic properties of a solid surface such as the occupied 

valence DOS and work function [293]. UPS features an information depth of approximately 

2-3 nm [284]. Two reviews of UPS are referenced for a deeper analysis of the technique 

[294, 295]. 

UPS can also be used to follow changes in the DOS when modifying the clusters or surface. 

A trend has been found for the d-band shape of UP spectra to become more narrow and 

triangular for clusters when compared to a bulk sample of the same metal, such as in a study 

comparing mass-selected Ag55 to larger clusters [71], as well as further experiments [24] 

and calculations [296]. One study measured UP spectra of titania-supported Pdn clusters of 

various sizes between n = 1 and n = 25 [6]. The authors found that the DOS in the titania 

band gap was decreased when CO was adsorbed to the clusters, while O2 adsorption did 

not decrease the density. These UP spectra are shown in Figure 2-9 for Pd20. This was an 

unexpected result because oxygen is more electronegative. This means that the positive 

charge on the clusters should be greater when oxygen is adsorbed than CO, and the 

electrons should have greater BEs. However combining these experimental measurements 

with DFT calculations they found that there is final state stabilisation when an O atom is 

bound to the top of the clusters, which restores the DOS in the band gap and accounts for 

this opposition to the simplified picture considering electronegativity [6]. 
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Figure 2-9: A) UP spectra for Pd20 on TiO2 before (red) and after (blue) CO exposure. 
The contribution from the support has been subtracted. Tangent lines in the fits 
estimate the onset energy. B) UP spectra for Pd20 on TiO2 with (red) and without 
(black) 10 L O2 dose. The contribution from the support has been subtracted, and for 
the dosed sample O2-dosed TiO2 was subtracted. Adapted from [6]. Reprinted with 
permission from the Journal of Physical Chemistry C [6]. 

MIES measures the valence electronic structure of the surface, also allowing the 

measurement of DOS and work functions [297]. However, rather than irradiating the sample 

with photons like UPS, metastable helium atoms (He*) are used. The He* which feature an 

excitation energy of 19.8 eV are directed to the surface, and a de-excitation or neutralisation 

process occurs, resulting in the emission of an electron. The result of a He* probing the 
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surface is like that of XPS and UPS: electrons are ejected from the surface and their KEs 

are measured. 

The major advantage of MIES over other techniques is that it is purely surface sensitive (XP 

and UP spectra are averages over the information depth of the respective methods). He* 

reaches the surface with low, thermal energy and de-excitation occurs at a distance of a few 

angstroms from the surface. The He* therefore cannot penetrate into the bulk of the sample. 

This gives MIES a distinct advantage when accurate measurements of surface properties 

are required, because the data from MIES is purely based on the topmost layer of atoms in 

the material [104, 297]. This is beneficial for cases such as supported clusters which reside 

only on the surface. A disadvantage of MIES is that more than one electron de-excitation 

mechanism is possible, which makes data analysis more complicated. For ordinary metals 

and small band gap semiconductors, metastable atoms deexcite through resonance 

ionisation (RI) followed by Auger neutralisation (AN), while for larger band gap 

semiconductors and molecular materials Auger de-excitation (AD) occurs [297]. The AD 

process is more directly comparable to UPS results, while RI+AN has broadened features 

which are less easy to interpret and relate to the electronic DOS, so in general MIES is more 

useful for insulators. A detailed article on surface characterisation using MIES is available 

from Morgner [298]. 

While MIES is a powerful tool for cluster analysis due to its surface sensitivity, it is reported 

less often in the literature than the more common UPS. However, several publications exist 

using MIES to probe surface supported clusters. One study by Andersson et al. [104] has 

deposited Au9(PPh3)8(NO3)3 clusters onto ALD titania and silica using solution-based 

deposition and removed the ligands by heating. Results were compared between the two 

substrates using both MIES and synchrotron XPS [104]. They found that on the titania when 

heating the PPh3 ligands react with the oxygen in the titania and bond to the surface, and 

that this only occurs when the Au clusters are present (not for straight PPh3). For depositions 

from cluster solutions of 0.02 mM to 0.75 mM they achieved small, non-agglomerated Au 

clusters, whereas at higher loadings they only found agglomerated clusters. Singular value 

decomposition was used to separate the measured MIE spectra into reference spectra 

corresponding to the substrate, the ligands bound to the surface, and small Au clusters 

interacting with the surface, which they could directly compare to previous UPS 

measurements. On silica substrates they only found agglomerated clusters and could not 

elucidate a MIE spectrum for the Au clusters, and there was also no interaction between the 

ligands and silica [104]. 
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Andersson et al. [5] in a later study deposited the same Au9 clusters on defect-rich sputtered 

ALD titania, which strongly reduced cluster agglomeration due to the surface defects. Using 

an SVD calculation they found two reference spectra in their MIES measurement. One 

spectrum can be assigned to the substrate and one to the presence of Au clusters bound to 

the surface. The Au9 DOS measured by MIES was comparable to those calculated using 

DFT [5]. These MIES measurements are shown in Figure 2-10; A shows the measured MIE 

spectra for ligand-removed Au9 on TiO2, while B shows the 2 calculated reference spectra. 

This demonstrates a MIE spectrum for supported clusters being determined by using a 

range of spectra with varying cluster surface concentrations. In yet another study, they 

deposited Au13 from (Au13(dppe)5Cl2)Cl3 (dppe = 1,2-bis(diphenylphosphino)ethane) onto 

similarly sputtered ALD titania using a similar deposition process. Using MIES it was found 

that the DOS for the reference spectrum associated with the Au13 clusters shifted by 0.1 eV 

closer to the Fermi level than for Au9 [3]. 

 

Figure 2-10: A) MIE spectra of Au9 on ALD TiO2 with varied concentrations, after 
heating to remove ligands; B) calculated reference spectra after heating. Reference 1 
is attributed to the substrate and reference 2 is attributed to the Au clusters, 
potentially as well as ligands which have attached to the surface [5]. The inset shows 
the valence band edge region more closely for reference 2. Adapted from [5]. 
Reprinted with permission from the Journal of Physical Chemistry C [5]. 

2.7.1.3 X-ray Absorption Spectroscopy: XANES and EXAFS 
XAS is elementally specific and provides information on the electronic structure and local 

geometry (coordination environment) of matter. This technique measures the absorption of 

incident X-rays onto the sample as a function of energy, which correspond to core electron 

excitations to an unoccupied state below the ionisation threshold, or more often excitation 

to the continuum above this threshold [299]. The spectra feature a sudden increase in 

absorption while scanning through the X-ray energy range corresponding to X-ray 

absorption by a specific core electron type (e.g. 1s), which is called the absorption edge. 

The shape of the adsorption edge allows determining bond length to the next neighbours 
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surrounding the element causing the absorption edge. Typically, synchrotron radiation is 

used, and the technique can be divided into two regions: XANES, and EXAFS. XANES 

refers to the structure found within 50 eV of the absorption edge, and the region above this 

extending to 1000 eV or more above the edge is referred to as EXAFS [300]. The EXAFS 

region has an oscillatory structure due to interference between ejected and backscattered 

photoelectron waves. A thorough review on high resolution XAS is available from F. De 

Groot [301]. 

In the field of nanocatalysts XAS is commonly used to elucidate information on the atomic 

structure of catalysts and their adsorbates. A series of EXAFS studies has been performed 

probing the adsorption of CO onto Ru clusters prepared from heating Ru3(CO)12 deposited 

onto a variety of substrates. It was found in EXAFS that the adsorption of CO onto Ru 

supported on Al2O3 or MgO resulted in the Ru-Ru bonds being disrupted, and new species 

being formed with the Ru bound to a surface oxygen as well as CO molecules, but not to 

other Ru atoms. However, upon heating to remove the CO the original Ru-Ru bonds were 

reformed [133, 134, 302, 303]. When depositing the clusters onto SiO2 or TiO2, there was 

no evidence that the Ru-Ru bonds were broken upon dosing with CO. The particle sizes 

were larger for these substrates, so it was suspected that this difference may be related to 

cluster structure and size differences resulting from different surface interactions [134]. This 

same disruption of metal-metal bonds had also been previously found by a different research 

group using EXAFS for small, Al2O3-supported Rh clusters when dosed with CO [304, 305]. 

Grazing-incidence XANES has been used to compare the structure and valence states of 

Cu5 and Cu20 clusters to that of bulk Cu [7]. By comparing the XANES measurements from 

the clusters to a range of bulk Cu standards with differing valence states including Cu foil, 

Cu2O, CuO, and Cu(OH)2, linear combinations of the bulk measurements could be used to 

determine the average valence states of the two clusters; 2 for Cu5 and 1.85 for Cu20 [7]. 

This is shown in Figure 2-11. Recent developments in near-ambient-pressure XANES allow 

absorption experiments to measure before, during, and after catalysis, and this real-time 

data allows a more precise elucidation of catalytic mechanisms [306]. One study has utilised 

this development to follow the structure of Pt nanoparticle catalysts as they sinter and 

redisperse (which is a harmful problem reducing the catalytic ability of the Pt) while 

catalysing high-temperature reactions relevant to automotive catalytic conversion [307]. This 

allowed for determining a mechanistic model for the process; by combining their results with 

in situ transmission electron microscopy (TEM) they found the most likely mechanism for 

sintering/redispersion was the dissociation of molecular or atomic species from the Pt 
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crystallites, and subsequent capture of these by the support (redispersion) or other Pt 

particles (sintering) [307].  

 

Figure 2-11: a) XANES spectra of Cu5 and Cu20 supported on ultrananocrystalline 
diamond after exposure to air; b) spectra of bulk Cu standards: Cu foil, Cu2O, CuO 
and Cu(OH)2; c and d) linear combination analysis for Cu5 and Cu20 respectively, 
showing the individual component fractions and the calculated average valence 
states [7]. Reprinted with permission from Catalysis Science & Technology [7]. 

2.7.2 Ion Scattering Spectroscopy 

ISS is a class of spectroscopy in which a surface is bombarded with ions of known energy, 

and the energies of backscattering ions and/or neutrals are measured (depending on the 

technique). For surface-supported clusters one of the most commonly used variants [6, 9, 

57, 60, 208, 308-326] is low energy ion scattering (LEIS, also simply referred to as ISS). 

This is a variant of Rutherford backscattering spectrometry (RBS) which bombards the 

surface with low energy, 0.5 to 10 keV ions (He+, Ne+, or Ar+) and measures only 

backscattered ions. High energy ion scattering has also been less commonly used for cluster 

research [185]. The strength of LEIS for cluster research lies in its sensitivity to the topmost 

layer of the surface. The low energy range of the ions in addition to the detection of 

backscattered ions allows for the measurement of the atomic composition of the topmost 

atomic layer, and provides depth information about the atomic distribution in the region 0-10 

nm below the surface layer (depending on the ion energy used) [327]. Two review articles 
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have been written by Brongersma et al. [327, 328], further describing the LEIS technique. 

A change in the number of surface-layer atoms present results in a change in LEIS peak 

height for that element. LEIS can therefore be used to give information about the structure 

of supported clusters; one such example of this is determining the number of layers present 

in the clusters [315, 318]. For example, Anderson et al. [315] used LEIS on Pdn clusters (2 

≤ n ≤ 25) supported on alumina, and found that the Pdn clusters changed from single to 

multi-layer at sizes larger than n = 5. Both cluster agglomeration as well as the complete 

encapsulation of clusters by metal oxide substrate materials have been supported using 

LEIS in a similar way, where the encapsulation results in the complete loss of the metal 

surface peak [208, 308, 319]. For example, Ovari et al. [308] showed that Rh clusters were 

agglomerated on TiO2(110) between 500 K and 700 K, but were completely encapsulated 

by the substrate after heating to 900 K. LEIS has also been used to show the absorption 

gas molecules to clusters and provide information about their binding locations, which is 

useful for probing catalytic reactions [314, 315]. Lastly, LEIS has been used for a number of 

studies on bimetallic clusters, and has provided structural information about the 

arrangement of the different metal atoms in the bimetallic clusters on supporting surfaces 

[316, 320-326]. 

2.7.3 Temperature Programmed Desorption/Reaction 

TPD is a useful technique for probing the chemistry of surface-supported clusters. In brief, 

gasses are dosed onto supported clusters at a reduced temperature, and the temperature 

is then ramped while monitoring the desorbing gasses [329]. This gives information about 

the binding sites for adsorbed gasses on the clusters, and when multiple TPD cycles are 

performed in series information is gained about cluster thermal stability. An extension of 

TPD is TPR; this is where one or more reactive gasses are dosed onto the sample, and 

several different products may be desorbed simultaneously. TPR can give kinetic data and 

insight into reaction mechanisms [329]. A thorough review on the use of TPD and TPR for 

catalysts is available by Falconer and Schwarz [329]. 

A significant amount of work has been done by Anderson et al. [6, 57, 292, 309-315, 330, 

331] using TPD and TPR, commonly using CO gas to probe bare, CS-deposited metal 

clusters. While studying small Ptn cluster on SiO2, in two separate studies the used CO 

binding sites on the clusters as a probe to show; the suppression of Pt cluster agglomeration 

due to heating by alloying the clusters with Sn [311], and the ALD of an overcoat of alumina 

onto Pt clusters [310]. CO-TPD was used in these cases because CO binds well to Pt but 
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not to the substrate SiO2. CO was used in TPR to test the catalytic oxidation of CO for CS-

deposited Ptn/alumina/Rh(0001) [57] and Aun/TiO2 [154]. Aside from CO gas dosing, they 

have performed TPR studying the catalytic ethylene dehydrogenation of small Ptn clusters 

on Al2O3, observing the size dependence of the catalytic reaction [314] as well as the effect 

of Sn-modification of the Pt clusters [309]. 

For ligated clusters which are deposited onto supporting surfaces, TPD can be used to 

monitor the de-ligation with increasing temperature. This provide insight into the cluster-

substrate interaction and be used as a reference for ligand removal temperatures 

corresponding to a particular cluster/substrate combination. By example, this process has 

been used to study the de-ligation of Ru3(CO)12 clusters on different substrates and shown 

that the de-ligation profiles are difference for each substrate, and even for different forms of 

TiO2 [74, 75, 332]. This further emphasises the importance of the cluster-support interaction 

(discussed in section 2.5). 

2.7.4 Microscopy 

Microscopy is vital to cluster research as it provides a direct visual representation of the 

morphology and size of supported clusters, and their distribution on a surface. Because the 

electronic properties are dependent on both the morphology and size, microscopy can probe 

this dependence. Microscopy techniques generally employed for use with clusters include 

electron microscopies such as STEM, TEM, and scanning probe microscopies (SPMs) such 

as STM, and AFM. The imaging technique that will work most effectively depends on and is 

limited by the substrate being used, the size of the clusters, and the information desired from 

the measurement. 

2.7.4.1 Electron Microscopy 
TEM and STEM are techniques commonly applied to clusters [10, 21, 43, 66, 76, 333]. Both 

techniques direct electrons with a KE of a few tens of keV at the sample which are then 

transmitted through the sample. The techniques are similar, but the main difference is that 

STEM uses pre-focussing and rastering of a small electron beam, whereas TEM uses a 

large electron beam over the sample which is focussed after transmittance [334]. A limitation 

to these techniques is that not all types of supports can be measured. They both need a flat, 

thin substrate to function because electrons need to transmit through the surface [334]. 

Clusters supported on nanoparticulate supports can also be measured with STEM. In 

addition to this, electron irradiation can transfer energy to the sample which can damage 

samples, and cause clusters to break or agglomerate [335, 336]. A book and review article 
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are referenced for more information on TEM and STEM [337, 338]. 

TEM has been used effectively in the size determination of metal clusters [10, 21, 43, 66], 

with recent studies being able to identify individual clusters on several different substrates 

[333]. STEM is responsible for producing remarkable images of metal clusters, and can 

determine cluster size range and dispersion on the surface at scales of less than a 

nanometre [76]. For very small cluster sizes, counting particles using conventional TEM and 

STEM can be difficult as there is poor contrast between the clusters and support [339, 340]. 

Z-contrast microscopy is a technique which helps with this issue, and it well suited to 

measurements of high-Z clusters on low-Z supports (where Z is the atomic number) [340]. 

HAADF-STEM is a Z-contrast microscopy technique which detects electrons differently to 

conventional STEM, by using an annular detector to detect only very high angle, 

incoherently scattered electrons. Higher Z elements scatter more electrons at higher angles 

due to their greater electrostatic interaction with the electron beam, and so higher Z 

elements receive greater signal [341]. This technique enables imaging of a single metal 

atom on a surface. HAADF-STEM also has the advantage of using the dependence of 

scattering intensity on particle diameter to determine nanoparticle shapes from 2D images 

[339, 342, 343]. Aberration-corrected HAADF-STEM has been used to detect several 

different morphologies of Au9(PPh3)8 clusters on thin TiO2 nanosheet supports for the first 

time at an atomic resolution, which is shown in Figure 2-1 [66].  

2.7.4.2 Scanning Probe Microscopy 
SPM uses a physical probe with a very sharp apex scanning across and interacting with the 

surface to produce an image. Common SPM types include STM, where a voltage is applied 

between the tip and sample and the quantum tunnelling current is the measured interaction, 

and AFM, where the force between the tip and sample is the interaction. Both techniques 

can be run in constant height mode or constant current/force mode, and AFM has yet 

another mode called tapping mode where the probe is oscillated, reducing lateral forces on 

the sample and lessening surface damage [344]. A limitation for these techniques is that 

they need a very flat substrate, and additionally for STM the substrate also must be 

conductive, which may mean a desired supporting surface cannot be used. An advantage 

of SPMs compared to EM is that in principle SPMs can obtain images without effecting the 

distribution of clusters on the surface, as opposed to the damage that can occur from the 

electron beam in EM, however this is easier for systems with a strong cluster-surface 

interaction [345]. SPM instruments can also be used in ambient conditions, as opposed to 

EM which much be performed under high vacuum. Several reviews on STM and AFM are 
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referenced for more information on the techniques [346-349]. 

Both AFM [20, 350] and STM [17, 21, 38, 71, 159, 175] have been used in determining the 

geometric properties such as size and distribution of supported metal clusters. Both suffer 

from tip-convolution effects due to the tip curvature, and the lateral resolution is often larger 

than the size of small clusters resulting in an overestimation of particle width [21]. SPM 

therefore cannot always resolve individual clusters laterally, however they can provide 

extremely accurate results for measurements of particle height [21, 72]. Typically the 

resolution of STM is better than AFM as the tunnelling current utilised in STM is exponentially 

dependent on sample to probe distance [72, 351]. AFM has been effectively used to 

characterise the height distribution of Au9(PPh3)8(NO3)3 clusters on titania, and follow this 

distribution with agglomeration after heating [72]. It has also been used in demonstrating 

where particles are located on a surface, such as in demonstrating that clusters 

preferentially bond to step edges [20]. Using STM, cluster coverage and height has been 

measured for a variety of cluster/substrate combinations such as Ag55 clusters on clean 

HOPG where 30 clusters per 100 x 100 nm2 was found to be a low enough coverage to 

prevent agglomeration at 50 K [71]. This measurement is shown in Figure 2-12. STM has 

been used to image Ru clusters deposited from both ligand-stabilised clusters [74] and 

magnetron-sputtered gas-aggregation depositions [21]. STM has also been used to assist 

in probing the catalytic activity of gas-phase deposited Ptn clusters of n = 4, 7-10, 15 on 

TiO2. It was found that the structure of the clusters changed from single layer to multilayer 

at n = 8, and at that same size the CO oxidation activity also stopped increasing with cluster 

size [352, 353]. 
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Figure 2-12: 200 x 200 nm2 STM image of Ag55 on HOPG covered in 1 ML Xe to fix the 
clusters to the surface, with a total of 7.5 x 1010 clusters. The lower image is the line 
profile for particle height across the line drawn on the STM image, measured at 5 K 
[71]. Reprinted with permission from Physica Status Solidi B [71]. 

It is difficult to image supported, isolated clusters with atomic resolution using SPM as the 

results are effected by tip convolution, as well as interactions between the tip and clusters 

which can move or pick up clusters in some cases [354]. However, atomic resolution can 

indeed be obtained using STM. For example, Piednoir et al. [355] condensed an atomic 

vapor beam of Pd onto an MoS2 substrate, and imaged a 1.5 nm isolated Pd27 cluster using 

STM. Lin et al. [356] have performed a similar feat by imaging small Au clusters on thin 

MgO/Ag(001) films. In this case, Au atoms were evaporated from an Au wire onto the 

substrate and aggregated into clusters. The authors produced an STM image of an Au 
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cluster with close-to-atomic resolution, and when this was combined with extensive DFT 

screening the geometric structure could be determined to be a planar Au18 cluster [356]. It 

should be noted that in both cases the clusters were not size-selected, and the STM images 

were from surfaces featuring clusters agglomerated into a variety of sizes. 

2.8 Conclusion and Outlook 

Supported metal clusters have a vast range of potential applications which are still largely 

untapped. When deposited onto semiconductor substrates they show inspiring catalytic and 

photocatalytic results when compared to their respective bulk materials. This gives cluster 

modified semiconductor surfaces the potential for applications in large-scale chemical 

industry. The electronic and catalytic properties of metal clusters can vary greatly depending 

on size, morphology, and interaction with the supporting surface, which are focuses for 

current research. Ligand-stabilised cluster depositions have an advantage over gas-phase 

aggregated clusters due to the ease of scale-up to industrial scales. However, gas-phase 

aggregated clusters offer an advantage for fundamental research in that the method is very 

clean in terms of contamination and no additional steps are required to remove ligands and 

expose the cluster core. Significant challenges in research on cluster modified surfaces are 

the prevention of cluster agglomeration, and the measurement of structural and electronic 

properties for size-selected clusters. An understanding of these properties is necessary as 

they relate to catalytic ability, and designing an efficient catalyst which fully exploits the 

unique properties of metal clusters for industrial and other applications relies on a strong 

fundamental understanding of material properties. 
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Chapter 3 Instrumentation and Methodologies 

The instrumentation and methodologies used throughout this thesis will be described herein. 

Note that only methods and techniques which were used in more than one experimental 

chapter are discussed in this chapter, while those used in one chapter only are described 

within the relevant chapter. 

3.1 Substrate Details 

The main substrates used were radio frequency (RF)-sputter deposited TiO2 and Si(100). 

These substrates came as 10 cm x 10 cm circular wafers. For analysis they were cut into 

smaller pieces using a diamond cutting tool, while being careful to not contaminate the 

surfaces. 

3.1.1 SiO2 Substrate 

P-type, boron-doped Si (100) wafers were purchased from MTI Corporation and used 

without further modification. The boron doping makes the wafers conductive and suitable for 

electron spectroscopy. These substrates are herein referred to as SiO2; due to the fact that 

they have an oxidised SiO2 (silica) surface layer [312], which is the layer the clusters interact 

with. 

3.1.2 RF-TiO2 Substrate 

RF-sputter deposited TiO2 substrates, shortened herein to RF-TiO2, were prepared by RF 

magnetron-sputtering onto an SiO2 wafer using a 99.9% pure TiO2 ceramic target. This was 

using an HHV/Edwards TF500 Sputter Coater at a pressure <2 x 10-5 mbar, while using 10 

sccm Ar for sputtering the TiO2 surface. The power was ramped up at 50 W per minute to 

500 W, and a shutter was then removed from the target for 50 minutes, allowing the 

deposition of material onto the rotating wafer. This process was performed in a separate 

instrument to all other depositions and measurements. The thickness of the RF-TiO2 was 

approximately 150 nm, which is thick enough that the SiO2 wafer beneath would not affect 

any measured electron spectra. This thickness was estimated based on SEM 

measurements previously performed on wafers prepared on the same instrument by using 

a similar method [358]. RF-TiO2 has been shown to have a nanoparticulate film structure 

with spherical-shaped grains, where the grain size is 25-45 nm as-made but enlarges upon 

annealing [357-360]. 
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3.2 Cluster Materials 

Clusters were prepared by the deposition of both ligated clusters and bare clusters. The 

ligated clusters used were based on two ruthenium carbonyl compounds: Ru3(CO)12 and 

H4Ru4(CO)12. The structural formulae of Ru3(CO)12 and H4Ru4(CO)12 are shown in Figure 

2-2 in the Literature Review. These were synthesised as powdered samples by collaborators 

at the University of Canterbury, according to synthesis procedures reported by Eady et al. 

[361] for Ru3(CO)12 and by Bruce et al. [362] for H4Ru4(CO)12. The clusters were used 

without further modification. Measurements were performed by Siriluck Tesana which 

confirmed the composition and lack of contamination of the synthesised clusters (see  

Appendix B). For bare clusters, both Ru3 and Pt3 were deposited using a cluster source 

(CS). The source metals were 99.9% pure metal targets of Ru and Pt respectively, and 

clusters were prepared by laser vaporisation (LaVa) according to the methods in section 

3.5.3. 

3.3 UHV Systems 

All main surface analysis techniques were performed under UHV. Vacuum chambers with 

turbomolecular pumps were used to achieve UHV conditions. Individual samples were 

attached to molybdenum sample mounting plates for loading into the UHV system. 

Experiments were performed at both Flinders University and The University of Utah; and 

each had UHV system which was used for sample preparation and analysis. Various 

deposition and analysis techniques were available on each system, with some such as XPS 

being available on both. Both UHV systems had ion guns for sample sputtering using Ar+, 

as well as procedures to heat and cool samples while monitoring their temperature under 

UHV. Additional measurements were performed at the Australian Synchrotron; these are 

unique to Chapter 5 and the methodologies are discussed in that chapter. 

In situ analysis of clusters was performed where possible. That is, the cluster samples were 

analysed in the same instrument that they were deposited in, thus avoiding the need expose 

the samples to atmosphere. This is the desirable and optimum condition for surface science 

experiments because it minimises the possibility of surface contamination or modification by 

contact with the atmosphere. Due to experimental limitations, some measurements were 

performed ex situ, where the clusters were analysed in a different instrument from where 

the deposition was performed. This is mentioned and discussed where relevant. 
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3.3.1 Flinders University System 

The Flinders University UHV system was used to perform XPS, UPS, MIES, and LEIS. A 

simplified diagram of the system is shown in Figure 3-1. The main UHV analysis chamber 

is able to operate at a base pressure of <2 x 10-10 mbar and includes electron bombardment 

heating and Ar+ sputtering. The electron bombardment heats the sample by applying an 

800-1000 V potential between the sample holder and a filament underneath the holder. A 

current is passed through the filament and electrons are ejected and bombard the back of 

the sample holder, increasing the temperature of the sample holder and sample itself. 

Temperatures were monitored using a Type-K thermocouple attached to a metal tab which 

touched the edge of the sample. Chemical vapor depositions (CVD) of ligated clusters were 

only performed on this instrument, in the loading chamber (with a base pressure of <8 x 10-

8 mbar). Substrates were cut to 10 mm x 10 mm for attachment to the sample holders. 

 

Figure 3-1: Simplified diagram of the Flinders University UHV system, viewed top-
down. a) sample manipulator arm, b) CVD rig, c) loading chamber, d) loading chamber 
door, e) gate valve, f) X-ray source, g) main UHV analysis chamber, h) hemispherical 
analyser, i) ion gun (He+ or Ar+), j) metastable He* and UV light source, k) sample stage 
manipulator. Note that (i) is pointing out of the page, with a 45° angle to (h). 

3.3.2 The University of Utah System 

The University of Utah UHV system was utilised during a study exchange to Utah, where 

work was conducted in their laboratory with the assistance of Professor Scott Anderson and 

two PhD students; Tim Gorey and Guangjing Li. A simplified diagram of the system is shown 
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in Figure 3-2. A key feature of this UHV system is the LaVa CS; this was used to deposit 

bare metal clusters onto surfaces under UHV. Details on the CS are given in section 3.5.3. 

The analytical techniques used on the instrument were XPS, CO-TPD, and LEIS. The main 

analysis chamber operated at a base pressure of <2 x 10-10 mbar and featured an ion gun 

for Ar+ sputtering and LEIS. Samples were located in the main analysis chamber when 

depositing clusters using the CS. The instrument allowed for liquid N2 cooling by means of 

piping which touched the sample holder under vacuum, as well as heating by passing a 

current through a resistive wire element to heat the sample holder and sample. A C-type 

thermocouple was spot welded to the backing plate of the sample holder to monitor the 

temperature. The instrument allowed for continuous temperature control and automatic 

temperature ramping, which were used for TPD. Wafers were cut to 14 mm x 10 mm for 

attachment to the sample plates.  

 

Figure 3-2: Simplified diagram of the University of Utah UHV system, viewed top-
down. a) LaVa cluster source with ion bending unit, b) gate valve, c) hemispherical 
analyser, d) ion gun (He+ or Ar+), e) main UHV analysis chamber, f) X-ray source, g) 
quadrupole mass spectrometer. Note that (d) is pointing out of the page, with a 45° 
angle to (c). There is also a loading chamber below (e), and sample manipulation arm 
above (e) (not shown in diagram). 
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3.4 Ar+ Sputtering 

In many cases, as part of an experimental procedure substrates were sputtered with Ar+ 

ions using an ion gun. In a sputtering procedure Ar was leaked into the UHV chamber using 

a leak valve, where it was ionised, and then accelerated towards the sample using a 

potential difference. Sputter dosages are given in the units of ions/cm2. Ar+ dosages per 

area were determined using the size of the ion beam area, the sputter neutralisation current 

measured during the sputtering process, and the sputtering time. 

On the Flinders University system, the Ar+ ion energy was 3 keV/ion and sputtering was 

performed by an ion beam which rastered over the entire sample surface continuously. On 

The University of Utah system, the ion energy was 2 keV/ion, and the entire sample was 

covered by the sputter beam. Due to the slightly higher Ar+ impact energy at Flinders 

University, the defects may extend deeper into the bulk for samples prepared on this 

instrument [185, 186]. This was not corrected for when comparing samples prepared using 

the different instruments, however it must be noted that the variation in defects on the 

substrate was not noticeable with the characterisation techniques used and was deemed 

not to be of critical importance for the experiments. 

3.5 Cluster Deposition Methods 

3.5.1 Ligated Clusters: Chemical Vapor Deposition 

CVD was previously introduced in the Literature Review, section 2.4.1.2. CVD was 

performed in the loading chamber of the Flinders University UHV system. For each 

deposition (or series of depositions) a sample vial was loaded with ~2.0 mg of Ru3(CO)12 or 

H4Ru4(CO)12. ~2 mL of dichloromethane was added to the vial which was ultrasonicated for 

1 minute to ensure the clusters were dissolved. Dichloromethane was chosen as it is a 

suitable solvent for dissolving both cluster types without causing degradation or 

agglomeration. The dichloromethane was left to evaporate for ~30 minutes in a fume hood 

leaving a film of ligated clusters coated on the inside wall of the vial. The outside of the vial 

was then cleaned with ethanol before being loaded into the vacuum chamber on a 

manipulator arm which could be positioned such that the vial faced the substrate <1 cm 

away during depositions. The deposition time was used as a control for the number of 

clusters deposited; times ranged from 5 minutes to 120 minutes, and specific details are 

given in the individual experimental chapters. Further details on the designing and building 

of the CVD setup at Flinders University are given in Appendix A, section 10.1.2. 



49 

Due to their high vapor pressures, metal carbonyl clusters only typically require vacuum in 

the range of 10-7 mbar or lower to vaporise at room temperature [80]. From in-house testing, 

pressures of approximately 4 x 10-6 mbar or lower were found to be suitable for depositions 

to proceed at a fast enough rate. Ru3(CO)12 depositions were performed with the clusters 

and substrate at room temperature, however H4Ru4(CO)12 has a lower vapour pressure and 

the clusters and substrate were both heated to 353 K to increase the deposition rate. The 

heating of the substrate was not necessary for increasing the deposition rate but was 

necessary due to equipment limitations. 

3.5.2 Ligated Clusters: Solution Submersion 

The deposition of ligated clusters using a solution submersion process is discussed in 

Literature Review section 2.4.1.2. Here-in, the phrase “solution-deposition”, or “SD” will be 

used for shorthand to refer to the solution submersion process. To perform a deposition a 

sample was submerged into a cluster solution for 30 minutes. In this case, SD was 

performed using a solution of Ru3(CO)12 in dichloromethane. The concentration of the 

solution was used as a method to control the number of clusters deposited (further details 

are given in the relevant experimental chapters). Due to the nature of the deposition 

procedure, the substrate was exposed to atmosphere before and after submerging. Due to 

this, special care was taken to move the samples from the vacuum chamber to the cluster 

solution and back again quickly, in order to reduce the total time exposed to atmosphere 

and minimise the extent of atmospheric contamination. 

3.5.3 Bare Clusters: Cluster Source 

The University of Utah UHV system featured a LaVa CS used which has been described in 

several previous works [309, 310, 312]. A detailed description of the operation of a CS is 

available in the Literature Review section 2.4.2. A schematic diagram of the CS is given in 

Figure 3-3. The clusters were produced under UHV by pulsed LaVa of a 99.9% pure metal 

target. A Ru target was used to prepare Ru3 clusters, and a Pt target was used to prepare 

Pt3 clusters. The target was set to raster during LaVa to achieve even target ablation. 

Vaporised target atoms were pulsed into a helium gas flow, immediately followed by 

supersonic expansion of the metal atoms into the vacuum. A RF quadrupole ion guide was 

set to collect only positively charged clusters, and the cluster beam was angled by 20° to 

remove neutral clusters. The beam passed through several differential pumping stages, 

before reaching a quadrupole mass filter which selected for a specific mass/charge ratio. 

Because most clusters are singly charged [148, 158] this can be treated as a cluster size 

selection process where only a single size of cluster is selected for passing through the 
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quadrupole.  

Following size-selection, the clusters passed through an aperture into the main UHV 

chamber where they were deposited onto a substrate. A 2 mm diameter aperture positioned 

1 mm from the surface ensured the cluster spots were ~2 mm in diameter. A positive 

retarding potential was applied to the substrates during deposition to reduce the impact 

energy of the clusters, which is critical to prevent cluster fragmentation on impact [157]. The 

retarding potential was calibrated for soft-landing by determining the minimum potential 

needed to stop all clusters, and then set to ∼1 eV/atom. Previous studies of the deposition 

of small Ir clusters onto TiO2 and SiO2 showed that impact energies in the tens of eV/atom 

are required to embed the clusters into these substrates (e.g. at least 10 eV/atom for small 

Ir clusters on TiO2) [331, 363]. Thus, the ~1 eV/atom deposition energy is considered 

suitable to not cause cluster damage or embedding during depositions of Ru and Pt clusters.  

During CS-depositions, samples were liquid N2 cooled to 180 K, followed by a quick 

temperature flash to 700 K to remove any adventitious hydrocarbons which may have 

adsorbed to the sample. After the flash heating the depositions were started at 300 K, and 

continued as the samples cooled further to 180 K. Clusters were neutralised when deposited 

due to the conductivity of both the RF-TiO2 and the SiO2 substrates. The neutralisation 

current was measured during each deposition to ensure the amount of deposited cluster 

material was consistently 1.5 x 1014 atoms/cm2 (or in terms of clusters, 0.5 x 1014 

clusters/cm2). This nominal value assumes that all clusters which neutralised at the surface 

also adsorbed onto the surface. 
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Figure 3-3: Schematic diagram of the UHV laser vaporisation cluster source. The 
green arrow represents the incoming laser photons. There are multiple quadrupole 
ion guide chambers featuring vacuum pumps, which serve to reduce the pressure by 
differential pumping while directing the clusters along the path. The red lines 
represent the pressure decreasing at each chamber. Describing the chambers from 
left to right; a) source chamber (contains the metal target, generates clusters), b) 
quadrupole ion guide and bending lens (collects the clusters, removes neutral and 
negative particles), c) quadrupole ion guide, d) quadrupole mass filter (selects a 
single cluster mass to pass through), e) quadrupole ion guide. After the final 
quadrupole ion guide the clusters enter the analysis chamber (not shown) where a 
sample is placed for deposition. Image adapted from diagram produced by Anderson, 
S. [364]. 

3.6 Analytical Techniques 

This section describes the analytical techniques which were used in multiple chapters. For 

each technique, information will be given on the background, instrument details and settings, 

and the data analysis procedures used. 

3.6.1 XPS 

3.6.1.1 XPS: Background 
XPS is a spectroscopic technique which gives compositional and chemical information about 

a surface. Soft X-ray photons are fired at a surface, which excite electrons and can cause 

those in the core shells to be ejected from the sample as photoelectrons. This process is 

demonstrated in Figure 3-4. The kinetic energies (KEs) of these ejected electrons are 

measured and counted by a detector such as a hemispherical analyser (HSA). The binding 

energy (BE) of the core level electrons can be calculated from the KE using the photoelectric 

equation, which is a modified version of Einstein’s equation [365], shown in Equation 3-1. 

 𝐵𝐵𝐵𝐵 = 𝐸𝐸𝑝𝑝 − 𝐾𝐾𝐾𝐾 − 𝛷𝛷 3-1 

Where Ep is the energy of the incident X-ray photon, BE is the binding energy of the ejected 

photoelectrons, and Φ is the work function of the spectrometer (also shown in Figure 3-4). 
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Figure 3-4: Diagram of the photoejection of a core shell electron in XPS. Ep is the 
incoming photon energy, ep- is the ejected photoelectron, Φ is the work function of 
the spectrometer, EF is the Fermi energy, and K, L, M, etc. refer to electron shells. 
Adapted from Harmer, S. [366]. 

The data from an XPS measurement are presented as a spectrum of photoelectron BE vs. 

counts (i.e. the number of electrons emitted at that energy). The BEs of core electrons are 

dependent on the element being measured, so peaks are found at BEs corresponding to 

specific elements. These peaks are named based on the shell location of the electrons which 

contribute to that peak; for example, the carbon 1s peak is a result of the photoelectric 

ejection of a 1s core electron in carbon. Due to this, XPS can be used to determine the 

elemental composition of a surface by comparison between measured and reference data 

[367]. Chemical information such as oxidation states or cluster size can also sometimes be 

determined by slight shifts in BE [283][73]. In XPS the X-ray photons can penetrate into the 

surface and electrons can escape from a depth of ~5 nm into the sample. This means that 

the information from XPS is based on the top several nanometres rather than the surface 

layer alone [284]. This is called the information depth and is based on the electron inelastic 

mean free path (IMFP), which varies for different samples and photon energies and can be 

experimentally determined [284]. 

3.6.1.2 XPS: Instrumentation and Methods 
The applications of XPS to supported metal clusters are discussed in the Literature Review 

section 2.7.1.1. At Flinders University, a non-monochromatic X-ray source with an Mg anode 

was used for photon generation. This produced Kα radiation with a photon energy of Ep = 

1253.6 eV [368], at a 54.7° incidence angle to the surface. A Phoibos 100 HSA (SPECS, 
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Germany) was used to measure the ejected photoelectrons orthogonal to the surface. A 

pass energy of 40 eV was used to survey the samples, and 10 eV was used for high 

resolution scans. 

At The University of Utah, a non-monochromatic X-ray source with an Al anode was used. 

This produced Al Kα radiation with photon energy of Ep = 1486.6 eV. The difference between 

excitation wavelengths on the two systems can change the line shapes of XPS peaks, which 

is mentioned where relevant. An HSA made by Physical Electronics was used, featuring an 

area-selective lens with a 1.1 mm diameter analysis area which was optimised to measure 

cluster spots of 2 mm in diameter without any XPS signal from the surrounding bare 

substrate. The geometry of the instrument and pass energy settings used were identical to 

Flinders University.  

For each XPS measurement, a survey was typically first performed to identify all elements 

present on the surface. This is a fast, low resolution scan. Once the regions of interest were 

identified, high resolution measurements were performed on these regions. For the high 

resolution measurements each region was scanned multiple times and then averaged to 

provide greater resolution and reduce the effects of random errors. The number of scans 

per region required for sufficient resolution varied depending on the particular element and 

surface concentration. The work functions of the spectrometers were calibrated and set-up 

for automatic inclusion by the XPS software. 

3.6.1.3 XPS: Data Analysis 
The program CasaXPS was used to model XPS spectra. Shirley backgrounds were 

subtracted from each raw spectrum when integrating the fitted peaks; information about 

Shirley backgrounds can be found in reference [369]. Individual component peaks are added 

to the spectra and fitted using typically the symmetrical GL(30) line shape, which is a 

convolution of Gaussian and Lorentzian line shapes. Peaks were then adjusted to fit the 

experimental data based on peak area, full width half maximum (FWHM) and peak location 

in BE. The peak area is related to the elemental concentration, while the FWHM is related 

to the instrument resolution (but can also sometimes be influenced by composition). The BE 

axis was calibrated to C 1s = 285.0 eV, which is commonly used and accepted. This was 

chosen in preference to other commonly reported calibration values (such as C 1s = 284.8 

eV) in order to remain consistent with the BE calibrations in previous work published by our 

research group. The uncertainty in reported BEs is ± 0.2 eV, while for comparing BE 

differences for the same sample before and after a sample treatment the uncertainty is ± 0.1 
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eV. When modelling an XPS peak, as a constraint each peak added must be justified with 

a physical meaning, and the least number of reasonable peak components was chosen in 

each situation when performing data analysis. 

All sample surfaces will have some carbon contamination, either from adventitious carbon 

in atmosphere or present in the sample structure itself. Thus, every XPS spectrum featured 

C 1s peaks to some extent. Two peaks were always present; these were due to C-C or C-

H bonding at 285.0 eV, and C=O or C-O-C bonding at 287.0 eV. A third carbon peak likely 

due to O=C-O bonding at 289.4 eV was sometimes present but was most often removed by 

UHV heat treatment and/or sputtering. These results were comparable to previously 

reported assignments for carbon contamination on SiO2 substrates [370]. 

Care was paid when fitting the Ru 3d doublet for clusters, because the 285.0 eV adventitious 

C 1s peak overlapped with the Ru 3d doublet. There was often partial overlap with the Ru 

3d5/2 peak, while the Ru 3d3/2 was typically completely covered. To aid with fitting the 

covered Ru 3d3/2 peak, a metallic Ru reference metal was analysed with XPS and used as 

a fitting model for cluster spectra (results shown in section 4.4.2.1). When comparing the 

3d5/2 and 3d3/2 peaks, the peak separation was 4.17 eV, peak area ratio was 3:2, and FWHM 

ratio was 1:1.15. For Ru cluster XPS peak fitting, these values were used to lock the size 

and shape of the 3d3/2 peak to the 3d5/2 peak which can be more easily fitted. The reason 

the FWHM of the Ru 3d3/2 peak was larger than the 3d5/2 was due to a Coster-Kronig 

broadening effect for the 3d3/2 peak [371, 372]. 

It is typical for transition metals such as Ru to feature asymmetrical line shapes for the 3d 

core electrons, and work has been done by Morgan [372] investigating the best way to fit 

this asymmetry for Ru in different chemical environments. The extent of asymmetry is 

dependent on the chemical nature of Ru, and the measured asymmetry may also be effected 

by the resolution of the XPS instrumentation [371-373]. A modified version of the line shape 

used by Morgan for metallic Ru was used to fit the metallic Ru reference XPS, where Ru 

3d5/2 was LF(0.8,1.3,500,180) and Ru 3d3/2 was LF(1.15,1.5,500,50). The LF line shape 

corresponds to a “Lorentzian asymmetric line shape with tail damping” in CasaXPS. To the 

best of the author’s knowledge, there are no published asymmetry results for Ru in cluster 

form, and thus the line shapes published by Morgan were used as a starting point and were 

altered to best fit the line shape seen for the Ru clusters on each instrument. These line 

shape parameters are shown in Table 3-1 below. A special case was made for the as-

deposited ligated Ru clusters; these were fitted with symmetrical GL(30) line shapes. 
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Table 3-1: Line shapes used for fitting Ru 3d peaks from XPS in different scenarios. 
LF means Lorentzian asymmetric line shapes with tail damping, while GL means a 
convolution of Gaussian and Lorentzian line shapes. 

Measurement XPS Instrument Ru 3d5/2 line shape Ru 3d3/2 line shape 

Metallic Ru 
reference sample 

Flinders 

University 

LF(0.8,1.3,500,180) LF(1.15,1.5,500,50) 

Ru clusters Flinders 

University 

LF(0.75,1.25,500,250) LF(0.8,1,500,250) 

Ru clusters The University of 

Utah 

LF(0.7,1.8,25,280) LF(0.7,1.8,25,280) 

As-deposited, 
Ligated Ru clusters 

All GL(30) GL(30) 

 

Atomic concentrations in percentage (At%) were determined using XPS by fitting all the 

peaks and integrating them to determine their area, and then calibrating the areas by 

dividing them by XPS sensitivity factors found in the Handbook of X-ray Photoelectron 

Spectroscopy [367]. These were C 1s = 0.296, O 1s = 0.711, Ti 2p = 2.001, Ru 3d = 4.273, 

and Pt 4f = 5.575. The atomic ratio was determined by dividing the calibrated peak area for 

each element by the total calibrated peak area for all elements present. This was then 

multiplied by 100% to determine the At%. The At% represents an average of the atomic 

concentration over the top several layers of the sample, with the average being weighted 

towards upper layers for which there are a higher probability of photoelectrons reaching the 

detector. 

The relative resolution for At% varied depending on the size of the peaks, and whether they 

overlapped with other peaks. For example, a smaller peak which is overlapping a larger 

peak is not able to be fitted as accurately as the larger peak which dominates the spectrum. 

Due to this, the relative fitting uncertainty in At% for each peak of interest was estimated by 

determining the largest range of peak areas which resulted in what was considered to be a 

reasonable fitting of the measured spectra. The relative uncertainty for At% of deposited 

cluster peaks was ~4% for both Ru 3d and Pt 4f. For substrate materials, the relative At% 

uncertainty is ~1% for Ti4+ 2p, O 1s, and Si 2p in SiO2 and RF-TiO2. The defects in RF-TiO2 

substrates are present as Ti3+ and Ti2+ 2p peaks (these, when summed, are referred to as 

Tidefects), and each have a relative uncertainty of ~24%; this is greater than Ti4+ 2p because 

they are located on a shoulder of the larger Ti4+ peak. The fitting procedure was kept 

consistent for all Ti 2p spectra to minimise the relative error, and as such it was estimated 
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that the relative uncertainty in the Tidefects At% when comparing between the samples was 

lower at ~15%. 

Ratios between the calibrated peak areas for different XPS spectra features are often 

presented. For Tidefects/TiTotal ratios, the ~15% Tidefects 2p fitting uncertainty was taken to be 

the dominant uncertainty. When C/Ru ratios are presented, the uncertainty in the fitting of C 

was considered to be small compared to Ru, and the relative uncertainty was taken as ~4%. 

In some chapters CO/Ru atomic ratios are discussed, which have a summed uncertainty of 

~13%. Due to this fitting uncertainty as well as the CO contaminant baseline subtractions 

which were necessary, as well as any possible differences between the XPS handbook 

atomic sensitivity factors and the true factors for the instruments used, the absolute error in 

CO/Ru atomic ratio for supported clusters was estimated to be ± ~0.5 (where the maximum 

ratio is 4 for Ru3(CO)12, for example). 

The surface coverage of cluster material was estimated for each cluster deposition where 

XPS was performed. The surface coverages are presented in units of % ML, which is the 

percentage relative to an entire monolayer (ML) of coverage. This estimation was done 

using a calculation procedure similar to that used by Eschen et al. [374], except for the 

difference that Eschen et al. used multiple XPS detection angles. This calculation solved for 

the surface concentration required to achieve the measured XPS At% for the cluster metal 

(Ru or Pt). The clusters were assumed to be present in only a single ML on the surface with 

negligible stacking of atoms and no mixing of cluster and substrate layers. The bulk 

interatomic distance for each metal was used to estimate the layer thickness for deposited 

Ru and Pt clusters, where Ru-Ru is 0.265 nm, and Pt-Pt is 0.278 nm [375]. The contribution 

of individual atoms to the XPS spectra is reduced as the depth of the atom into the surface 

increases, which was factored into the calculation by using the IMFP of electrons in TiO2,  

1.8 nm [376]. The IMFP changes with excitation wavelength as well as substrate material, 

however for consistency this was kept at 1.8 nm for all calculations including those based 

on measurements using an SiO2 substrate. 

A range of factors contribute to the uncertainty in surface coverage estimations. These 

include errors in the calculated XPS At% for the clusters, differences between atomic 

sensitivity factors in our detector setup and in the XPS handbook [367], and any inaccuracy 

in the IMFP of electrons in the substrate. Inaccuracies in the IMFP could be based on 

structural differences between the RF-TiO2 used in this study and the reference study for 

IMFP, differences between the IMFP between RF-TiO2 and SiO2, and differences in the 
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exact excitation wavelength used. Based mainly on the uncertainty of the IMFP, the absolute 

error in surface coverages was assumed to be ~100%. However, the relative error 

comparing between samples only comes from the cluster At% uncertainty and was ~4%. 

While the ~100% error can be considered high, the surface coverage estimation was 

intended to give the scale of the surface coverage of clusters used in the experiments, rather 

than determining the exact coverage. 

3.6.1.4 TD-XPS 
In Chapter 5 and Chapter 7 temperature-dependent XPS (TD-XPS) measurements are 

performed. For TD-XPS measurements, the temperature of a sample is increased in a 

stepwise manner while XPS is performed at each discrete temperature. This has the ability 

to yield information about how the surface changes physically or chemically as a result of 

heat treatment. Samples are held at each temperature for 10 minutes, then the heating is 

turned off and XPS is performed as the sample slowly cools. XPS instrument settings and 

procedures were performed as per the standard procedures described above. 

3.6.2 UPS and MIES 

Although the techniques differ from one another, the results and data analysis of UPS and 

MIES are similar and for this reason they will be discussed together. Both were used to 

measure the valence electronic structure of supported cluster systems. MIES has been used 

by other authors under acronyms including MDS (Metastable De-excitation Spectroscopy), 

MQS (Metastable Quenching Spectroscopy), and MAES (Metastable Atom Electron 

Spectroscopy) [298]. 

3.6.2.1 UPS and MIES: Background 
UPS functions in a similar way to XPS. Incident ultraviolet (UV) light causes electrons to be 

ejected from the sample as photoelectrons due to the photoelectric effect. The key difference 

is that UPS uses UV light which has a lower excitation energy compared to X-rays. The 

electrons which are ejected in this process are outer valence electrons, which are not as 

strongly bound to the nucleus as the inner core electrons. Importantly, valence electrons are 

responsible for the electronic properties of a material [377]. UPS can be used to measure 

the electronic properties of a surface such as the occupied density of states (DOS) [293], 

featuring information depth of ~2-3 nm [284]. 

Metastable impact electron spectroscopy (MIES) measures surface electronic properties 

such as DOS [297] in a manner similar to UPS. However, MIES functions in a different way 

to XPS or UPS. Rather than firing photons at the surface, metastable helium atoms (He*) 
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with an excitation of 19.8 eV and a lifetime of ~9000 s [297] are used which bombard the 

surface, resulting in a He* de-excitation or neutralisation process and the emission of an 

electron. Similar to XPS and UPS, electrons are ejected from the surface and their KEs are 

measured using an HSA. These are not photoelectrons however, and the ejection process 

will be described in more detail below. The major advantage of MIES over other techniques 

is that it is purely surface sensitive, unlike XPS and UPS which have information depths. 

Thus, MIES is advantageous when accurate measurements of surface properties are 

needed. He* are not able to exceed the Van der Waals interactions at the surface of the 

substrate and He* de-excitation occurs at a distance of a few angstroms from the surface, 

providing true surface sensitivity [297, 298]. UPS and MIES are complementary when used 

together, where UPS observes the top 2-3 nm of the sample and MIES observes only the 

top layer. 

The mechanism by which an electron is emitted from the surface in MIES is not unique. 

Electron emissions can occur by two known individual de-excitation pathways; these are 

resonance ionisation (RI) followed by Auger neutralisation (AN), and Auger de-excitation 

(AD) [298, 378]. These two pathways are shown in Figure 3-5a and Figure 3-5b respectively. 
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Figure 3-5: a) Resonance ionisation (left) and Auger neutralisation (right) process. b) 
Auger de-excitation process. Images modified from Harada et al. [297]. 
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For the case where the surface has an unoccupied state Φp, RI will occur; and the excited 

electron in the He* outer orbital χb will tunnel into the surface. This results in a He+ ion, and 

the surface gains an extra electron. Following this, the He+ is neutralised by AN; a surface 

electron fills the empty state χa neutralising He+, and the surface gains the difference in 

energy which results in the ejection of an electron from the surface with kinetic energy Ek. It 

is possible that there are multiple unoccupied surface states, e.g. Φi and Φj, which leads to 

features being broadened in the RI/AN spectra [297, 298]. When RI does not occur, the AD 

process occurs instead. AD features a surface electron in the state Φi transferring to the 

vacant χa orbital for He*. The excited He* electron in the orbital χb is then ejected with energy 

Ek [297]. AD results in sharper features than RI/AN, and the resulting spectra are directly 

comparable between UPS and the AD components of MIES, where both show the same 

features, but relative sizes may be different [298]. 

Any measurement may be some combination of AD and RI/AN to varying degrees 

depending upon the composition and temperature of the surface [298]. RI is hindered by 

surfaces with an absence of unoccupied states Φp which the excited He* electron in the χb 

orbital can tunnel to [297]. Thus, typically RI/AN is supressed for non-metallic samples while 

it dominates for high work function metals. Conversely, the AD process dominates for 

semiconducting, organic, and insulating surfaces, as well as surfaces with very low work 

functions [298, 379]. 

3.6.2.2 UPS and MIES: Instrumentation and Methods 
The application of UPS and MIES to supported metal clusters is discussed in the Literature 

Review section 2.7.1.2. UPS and MIES were measured on the Flinders University UHV 

system. UV light and He* were generated simultaneously by a two-stage cold cathode He 

discharge lamp manufactured by MFS (Clausthal‐Zellerfeld, Germany). The UV photons 

were from the He I emission line with an excitation energy of 21.2 eV. The metastable He* 

was excited with 19.8 eV energy [297]. Both UV photons and He* were fired at the surface 

simultaneously, and a chopper spinning at 2000 Hz split the signal into discrete pulses. This 

allowed both UPS and MIES spectra to be measured simultaneously, due to the velocity 

difference between photons (the speed of light) and He* (velocity of the gas in UHV). The 

He* arrived at the surface after the UV light, which caused individual pulses of electrons to 

be ejected which were then attributed to UPS or MIES based on the time of detection. These 

electrons were detected with a Phoibos 100 HSA using pass energy of 10 eV. Typically, 5 

scans were taken and averaged for UPS and MIES measurements to improve the signal-to-

noise ratio. 
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During UPS/MIES measurements, a bias of -10 V was applied to the samples to assist the 

low energy secondary electrons in reaching the detector. In the measurements, the KEs of 

ejected photoelectrons were measured in the low BE region of 0 eV to ~20 eV. As with XPS, 

the measured KE was subtracted from the UV or He* excitation energy to calculate the BE. 

However, the -10 V bias was also taken into consideration. As such, Equation 3-1 for XPS 

must be modified to include this bias, as shown in Equation 3-2. 

 𝐵𝐵𝐵𝐵 = 𝐸𝐸𝑝𝑝 − 𝐾𝐾𝐾𝐾 − 𝛷𝛷 − 10 𝑒𝑒𝑒𝑒 3-2 

In this case, Ep can represent the incoming energy due to a UV photon, or He*. This assumes 

an AD process is occurring for MIES; as described earlier, if RI/AN occurs the electron 

ejection process is more complicated and features a broadening mechanism. 

In each UPS and MIES measurement, a series of samples were analysed. These will be 

referred to as a UPS/MIES series. Each UPS/MIES series featured samples with one 

changing variable, for example, the coverage of clusters on the surface or the level of 

surface defects. Additionally, each also featured a blank measurement. This allowed the 

valence electronic DOS to be determined due to the changing component (see section 

3.6.2.3 below for details). Due to the nature of this style of measurement series, several 

repeated measurements, with consistent results, are necessary to determine an averaged 

DOS due to one changing variable. Thus, repeated measurements for verifying the reliability 

of the resulting DOS are built into the methodology.  

3.6.2.3 UPS and MIES: Data Analysis 
The data processing required to determine the UPS and MIES spectra due to a changing 

component in a UPS/MIES series will be described. These determined spectra will be 

referred to as “difference spectra”. The most common case in this thesis of determining the 

Difference Spectrum due to deposited clusters will be used as an example.  

Data above a BE of 10 eV were truncated and not considered in the analysis procedures as 

the low BE region of the spectrum from 0 to 4-6 eV is of most interest and gives information 

about the metallic properties of the material. Additionally, data above a BE of ~15 eV are 

related to secondary electrons which are inelastically scattered resulting in a loss of KE, 

further complicating the analysis. A linear background was subtracted from each spectrum. 

Spectra were then normalised by multiplying each spectrum by a linear multiplication factor 

to achieve the same count rate, typically normalised so all spectra have the same intensity 

as the blank spectrum within experimental uncertainty. The normalisation procedure 
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eliminates variations in the intensity of UV light and He* source. 

To determine the Difference Spectrum due to the addition of clusters, the assumption was 

that the measured spectra were a linear combination of the substrate spectrum, and a 

spectrum related to the supported clusters according to Equation 3-3.  

 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝐶𝐶)

= 𝐴𝐴(𝐶𝐶) ∗ 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝐵𝐵(𝐶𝐶) ∗ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

3-3 

Where C is the surface coverage of clusters, and A and B are weighting factors that vary 

with C. A diagram showing the effect of cluster coverage on the weighting factors is shown 

in Figure 3-6. The cluster spectrum and substrate spectrum do not vary with C, and therefore 

the assumption was that the cluster surface loading did not affect the DOS of the clusters. 

Such an assumption is reasonable, considering all cluster-loaded surfaces were <20% ML, 

and similar assumptions for MIES spectra have been found to hold for several systems 

including solid surfaces partially covered by adsorbates [298].  

 

Figure 3-6: Diagram showing the effect of the cluster surface coverage on the 
variables A(C) and B(C) in Equation 3-3. 

For the blank sample in each UPS/MIES series A(C) = 0. Based on this, the blank substrate 
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spectrum was subtracted from each spectrum of cluster-loaded samples multiplied by linear 

scaling factors. The scaling factors used were determined by minimising the differences 

between the resultant Difference Spectra for each sample in a UPS/MIES series in Excel 

using the Solver function. The Difference Spectra for each sample were then averaged to 

determine an average Difference Spectrum. It is these spectra which are shown in the 

experimental chapters for each UPS/MIES series.  

Weighting factors for UPS and MIES were determined by linearly combining the substrate 

spectrum and the averaged Difference Spectrum as per Equation 3-3, and using Solver to 

determine the weighting factors A(C) and B(C). Weighting factors were determined by 

minimising the sum of differences between the linear combinations of the component 

spectra and the measured spectrum for each sample. These were then normalised so that 

the sum of weighting factors for UPS and MIES was unity, i.e. A(C) + B(C) = 1. The 

uncertainty in weighting factors was estimated to be ± 0.05. If the spectrum related to a 

cluster deposition increased in weighting factor as the cluster surface coverage increased, 

this provided evidence that the determined spectrum was indeed related to the presence of 

the clusters. 

3.6.3 CO-TPD 

3.6.3.1 CO-TPD: Background 
TPD is a UHV procedure where a catalyst sample is dosed with a gas which adsorbs onto 

the surface, and the temperature is then increased at a steady ramping speed while the 

molecules desorbing are counted using a quadrupole mass spectrometer (QMS) [329]. As 

the catalyst is increased in temperature, adsorbed gasses desorb and may also potentially 

decompose. A diagram of gas molecules adsorbing and desorbing from metal clusters in a 

typical TPD experiment is shown in Figure 3-7. As the sample temperature is increased the 

rate of desorption increases until a maximum, and then decreases to the baseline as the 

adsorbed gas is depleted [329]. TPD spectra are presented as desorption rate vs. 

temperature. The shape and position of the peak features in these spectra give information 

about how the gas was adsorbed on the catalyst, such as the number of binding sites and 

their relative binding energies [329, 380]. Higher temperature peaks are related to sites with 

higher binding energies, requiring more energy for gas desorption to occur. However, 

because the TPD measurements are performed with continuously ramping temperatures it 

can be problematic to relate a desorption peak to an exact temperature of desorption. 
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Figure 3-7: Diagram showing the binding of gas molecules to metal clusters in a 
typical TPD measurement. The same metal cluster at three points in time is shown. a) 
gas molecules are dosed onto the surface under vacuum. b) Gas molecules adsorb 
to the metal cluster, where 2 example binding sites are shown. c) As the temperature 
is increased, the gas molecules desorb when the temperature reached is sufficient to 
overcome their binding energy. 

CO-TPD refers to TPD focussing on the desorption of CO molecules. This typically involves 

dosing a saturating amount of CO onto the clusters at a reduced temperature before 

temperature ramping is initiated. The technique can also be used to analyse the de-ligation 

of clusters with CO ligands such as Ru3(CO)12 [45, 74, 75]. When the CO dosing and 

temperature ramping procedure is repeated for multiple cycles, CO-TPD can show the effect 

of heating on the available CO binding sites on the surface, which can give insights into 

cluster/substrate interactions. 

3.6.3.2 CO-TPD: Instrumentation and Methods 
The application of CO-TPD to research on supported metal clusters is discussed in the 

Literature Review section 2.7.3. CO-TPD was performed on The University of Utah UHV 

system. A diagram of the sample and experimental system used is shown in Figure 3-8. A 

CO-TPD procedure is performed by dosing the sample with isotopically labelled 13CO (mass 

29) at 180 K and ramping the temperature at a rate of 3 K/s while measuring the amount of 
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desorbing 13CO using a QMS made by UTI. 12CO (mass 28) is the most commonly occurring 

isotope, and thus using 13CO allows for separation of any background CO in the chamber 

from the desorbing CO signal. For each substrate used, CO-TPD measurements were 

performed before and after cluster depositions to determine the spectra due to the blank 

substrates. This is for all samples except CVD samples which were not deposited in situ 

(discussed below). After a deposition, the TPD procedure was initiated as quickly as 

practicable to avoid additional adventitious hydrocarbons in the vacuum chamber from 

adsorbing onto the sample. CO exposure was through a dosing tube which terminated 

approximately 2 cm from the surface of the substrate (see Figure 3-8); this increased the 

gas flux at the surface by a factor of approximately 10 compared to dosing the gas into the 

chamber without the tube. This increase factor was determined previously by The University 

of Utah research group as per the method described by Kaden et al. [330].  

The standard procedure for CO-TPD measurements is as follows. Samples were cooled to 

180 K and exposed to 10 L 13CO, which was above the saturation dose. After CO dosing, 

the sample was cooled to 170 K and positioned at a distance of 0.5 mm from the differentially 

pumped QMS entrance, which is a 2.5 mm diameter aperture in a skimmer cone (see Figure 

3-8). The temperature was then ramped from 170 K to 800 K, while masses corresponding 

to CH3, O, H2O, 12CO, 13CO, O2, 12CO2, 13CO2 were monitored in 50 ms total cycles by the 

QMS. Masses aside from 12CO and 13CO were monitored for irregularities or reaction 

products. Between 700 K and 750 K the sample holder “degassed” CO resulting in a sharply 

increased background, and data points beyond this temperature and up to 800 K were not 

considered for analysis. A linear background was subtracted from each measured spectrum. 

CO-TPD measurements were repeated 3 or 4 times in cycles. After all CO-TPD cycles were 

completed, samples were retracted away from the entrance of the QMS in the vacuum 

chamber and 3 x 10-8 mbar of CO was introduced into the chamber. This allowed for the 

calibration of QMS detector counts to a known flux of CO entering the QMS. 
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Figure 3-8: Diagram of the UHV experimental setup used for CO-TPD measurements. 
In step (1), CO is dosed onto the surface of the substrate through a dosing tube. In 
step (2), the substrate is heated while monitoring the gasses which desorb and enter 
the QMS entrance. 

CS-deposited samples were analysed by CO-TPD in situ. Conversely, ligated cluster 

samples, featuring depositions of ligated Ru3(CO)12 (Chapter 4) or H4Ru4(CO)12 (Chapter 7) 

were prepared on the Flinders University UHV system and analysed on University of Utah 

UHV system. As these samples had been exposed to atmosphere before measurements, 

there may have been a small component of the CO-TPD signal which was due to the 

desorption of adsorbed CO contamination. This was not corrected for but due to the large 

number of CO ligands measured desorbing in the 1st CO-TPD cycles, any effects from 

contamination were deemed minimal in comparison to the signal strength. 

The CO-TPD procedure for the mentioned ligated samples was slightly different to the 

standard procedure; the samples were cooled to 180 K and the CO-TPD heat ramping 

process was initiated with no further treatment. For these samples, the temperature was 

only ramped to 723 K on the 1st CO-TPD cycles, not 800 K. The clusters were already 

saturated with 12CO ligands, and thus for the 1st cycle no 13CO was dosed, and 12CO was 

the mass of interest. 13CO was dosed as per the standard procedure for the CO-TPD on the 

2nd and 3rd cycles. An additional complication for the ligated samples was that on the 1st 
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cycle for each measurement, the CO desorption rate reached the maximum count limit of 

the QMS which caused two effects; the 12CO spectrum was distorted due to saturation, and 

the measured 13CO signal clearly was actually due to overlap of the adjacent 12CO mass 

peak signal. This detection of a small fraction of the overlapping 12CO signal at mass 29 

allowed us to correct the 12CO spectrum for saturation by scaling the 13CO spectral 

intensities so that they matched the 12CO signal at low temperature, where the signal was 

well below the saturation level. Note that after the 1st TPD on the CVD samples, and in all 

TPD experiments with CS clusters, the 12CO signal was small, and unsaturated. 

3.6.3.3 CO-TPD: Data Analysis 
The QMS counts were calibrated to quantitatively determine the CO desorption rate; that is, 

the number of CO molecules desorbing from the sample per unit time in molecules/second. 

This calibration used the QMS counts resulting from a known flux of CO added to the 

chamber at the end of each experiment. It was performed according to the procedure 

reported by Li et al. [309]. The real measurement time for each mass (duty factor) during 

the QMS cycles was considered. The fact that the skimmer cone was 2.5 mm in diameter 

and the cluster spot was 2 mm in diameter contributed an uncertainty to the calculation, as 

angular distribution effects may have changed the efficiency of detection depending on the 

distance of the sample to the aperture. Due to this it was estimated that the accuracy of the 

absolute TPD intensity calibration was ~50%, while the relative uncertainty between 

samples was ~15%. 

A procedure was used to integrate the CO-TPD desorption spectra over time, to determine 

the total number of CO molecules desorbed. The integration performed by dividing the 

desorption spectrum into many thin, right angle trapezoids and calculating the total area. 

For CS-depositions a known number of cluster atoms were deposited, and the total CO 

desorbing per cluster atom was determined. However, for CO-TPD spectra of Ru clusters 

on RF-TiO2 substrates the largest Ru-CO desorption feature overlapped with a background 

signal due to the sample holder degassing at ~750 K. Thus, these spectra could not be 

integrated without assuming their shape beyond 750 K. The only CO-TPD measurement for 

which the integration was performed was for CS-Ru3/SiO2 in Chapter 4. The absolute error 

in the reported CO desorbing per Ru atom was assumed to be the same as the CO 

desorption rate; ~50% absolute error and ~15% relative error when comparing between 

measurements.  
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Chapter 4 The interaction of size-selected Ru3 clusters 
with RF-deposited TiO2: probing Ru-CO binding sites with 

CO-TPD 

This chapter is a reformatted and edited version of a manuscript published in a peer-

reviewed journal. See the Contextual Statement section for details on the contributions of 

co-authors to the published version of the manuscript. 

Reference for the published version: 

L. Howard-Fabretto, T. J. Gorey, G. Li, S. Tesana, G. F. Metha, S. L. Anderson, & G. G. 

Andersson, The interaction of size-selected Ru3 clusters with RF-deposited TiO2: probing 

Ru–CO binding sites with CO-temperature programmed desorption, Nanoscale Advances, 

3 (2021) 3537–3553. 

4.1 Abstract 

Small Ru clusters are efficient catalysts for chemical reactions such as CO hydrogenation. 

In this study 3-atom Ru3 clusters were deposited onto radio frequency (RF)-sputter 

deposited TiO2 (RF-TiO2) which is an inexpensive, nanoparticulate form of TiO2. TiO2 

substrates are notable in that they form strong metal-support interactions (SMSI) with 

clusters. Using temperature programmed desorption (TPD) to probe Ru-CO binding sites, 

and X-ray photoelectron spectroscopy to provide chemical information on clusters, 

differences in cluster-support interactions were studied for Ru3 deposited using both a 

cluster source as well as chemical vapor deposition of Ru3(CO)12. SiO2 was compared as a 

substrate to RF-TiO2 with a range of pre-deposition sputter treatments. 

For cluster source-deposited Ru3, heating to 800 K caused cluster agglomeration on SiO2 

and oxidation on non-sputtered RF-TiO2. For cluster source-deposited Ru3 on sputter-

treated RF-TiO2 substrates all Ru-CO binding sites were blocked as-deposited, and it was 

determined that for the binding sites to be preserved the sputter treatment cannot be applied. 

Conversely, for Ru3(CO)12 on sputter-treated RF-TiO2 the clusters were protected by their 

ligands and Ru-CO binding sites were only blocked once the sample was heated to 723 K. 

The mechanism for complete blocking of Ru-CO sites on sputter-treated RF-TiO2 could not 

be directly determined. Comparisons to the literature indicate that possible mechanisms for 

the blocking of the CO adsorption sites is cluster encapsulation into the TiOx layer reduced 

through sputtering as well as the partial oxidation of the clusters.  
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4.2 Introduction 

Metal clusters are generally defined as groups of metal atoms with sizes less than ~300 

atoms [11, 14-18]. They often possess unique electronic and catalytic and/or photocatalytic 

properties which are highly tuneable, such that the addition or subtraction of just one atom 

to a small cluster can be a deciding factor on whether it functions as a catalyst or not [56]. 

For this reason, experiments often focus on a single cluster size. Ru clusters in particular 

have been shown to be among the most active catalysts for industry and environment-

relevant reactions such as CO and CO2 hydrogenation [43-47, 49-51, 53, 54] which are 

relevant to both ammonia production as well as the conversion of pollutants into liquid fuels. 

Two of the main ways to deposit Ru clusters onto substrates is through the preparation of 

bare clusters under ultra-high vacuum (UHV) using a cluster source (CS), or through 

depositing ligand-stabilised clusters such as Ru3(CO)12 using chemical vapor deposition 

(CVD) [74, 75, 135-137] or a solution-based deposition [332]. This process of depositing 

metal carbonyl compounds using CVD is well explored in the literature and has been used 

to deposit clusters onto a number of substrates such as; metals (e.g. Au), metal oxides (e.g. 

TiO2), non-metal oxides (e.g. SiO2) and others such as zeolites [75, 138-143]. When 

depositing ligand-stabilised clutters, extra post-deposition surface treatments such as 

heating are needed to remove the ligands if bare metal clusters are desired on the substrate. 

TiO2 is a photocatalytically active substrate [204] and is a common choice as a substrate for 

the deposition of clusters [6, 26, 38, 60, 66, 74, 75, 103, 184-190]. In typical surface science 

experiments, the rutile TiO2(110) single crystal is the most commonly used form of TiO2 

because it has a well-defined crystal structure and allows for easy comparison to previous 

research. However, for the application of clusters in real-word catalysis and/or 

photocatalysis, a single crystal surface such as TiO2(110) would be unlikely to be used due 

to the cost and nature of producing the crystals. Here we use RF-sputter deposited TiO2 

(RF-TiO2) as a substrate. It is a nanoparticulate form of TiO2 made by UHV magnetron RF-

sputtering a ceramic TiO2 wafer onto a substrate (sputter deposition), in the present case 

Si(100). This process produces a dense, uniform, stoichiometry-controlled layer of TiO2 

more cheaply and readily than TiO2(110) [357].  

A key problem of clusters deposited onto surfaces is maintaining the properties of size-

selected clusters by preventing them from agglomeration, in particular at elevated 

temperatures [67]. One method to help with this is to induce defects on the substrate surface 

prior to cluster deposition [5, 221]. Clusters are known to preferentially bind to defect sites, 

as their surface energy is greater than the corresponding perfect crystal structure [5]. As a 
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specific example regarding TiO2 substrates, a study by Krishnan et al. [5] showed that for 

Au9 clusters supported on atomic layer deposition (ALD) TiO2, sputter-treating the surface 

with Ar+ prior to cluster deposition was able to help prevent cluster agglomeration. The 

anchoring of clusters to defect sites on TiO2 has also been demonstrated by DFT 

calculations of Au clusters on TiO2(110) [222]. However, the cluster-substrate interaction, 

and therefore agglomeration characteristics, will be different for each cluster/substrate 

combination. To the best knowledge of the author this type of defect experiment has not 

been previously performed for Ru clusters on TiO2.  

There are two main types of defects: oxygen vacancies and interstitial titanium ions both 

resulting in the presence of Ti3+ in the TiO2 [204]. The transport of each in the substrate can 

be explained by vacancy and interstitial models respectively [204, 381-383]. Interstitials are 

atoms present within crystal lattice locations where they should not normally be present. Ar+ 

sputtering removes O atoms more preferentially than Ti atoms from the surface, and the 

main surface defect sites from sputtering are predominantly vacancies in the bridging 

oxygen rows of the TiO2 [204, 384]. These defect sites act as electron donors to clusters 

because the oxygen removal leaves behind two electrons which previously occupied O2p 

valence band levels [204, 385].  

Previous studies on the effects of heating systems of small, size-selected Ru clusters on 

TiO2 have often focussed on Ru deposited using Ru3(CO)12: two separate studies by Zhao 

et al. and Rizzi et al. [75, 136] have been performed on Ru3(CO)12 deposited by CVD onto 

TiO2(110), using XPS and/or CO-temperature programmed desorption (CO-TPD). Both 

studies found that there is partial decomposition of Ru3(CO)12 when deposited onto room-

temperature TiO2(110) [75, 136]. Furthermore, Zhao et al. [75] demonstrated using XPS and 

TPD that heating to 700 K under UHV yielded almost pure Ru particles on the surface, but 

heating to 600 K while dosing O2 resulted in oxidised Ru. The latter point was also supported 

in the Rizzi et al. study using XPS [136]. The specific cluster-substrate interaction can have 

a large effect on the state of supported clusters, even for differing forms of TiO2; CO-TPD 

spectra have been shown to have different CO desorption features for Ru3(CO)12 deposited 

onto varying forms of TiO2, such as TiO2(110) [75], polycrystalline P25 TiO2 [332], and 

TiO2/Mo(110) [74]. Other studies have used differing Ru/TiO2 systems with different thermal 

stability results, including one study by Komaya et al. [386] for large Ru particles deposited 

with Ru(NO)(NO3)3 onto P25 nanocrystalline TiO2, where heating to 573 K resulted in the 

encapsulation of Ru by an amorphous titania layer. These studies show that it is unclear 

how Ru clusters interact with the substrate when deposited onto titania, in particular when 



71 

heating of the cluster/substrate system is involved. It is therefore important to test the 

interaction and stability of Ru clusters on RF-TiO2 because studies performed on differing 

TiO2 forms cannot predict the results for this substrate. Of particular interest is agglomeration 

of the clusters and encapsulation into the substrate. 

The aim of this study was to determine whether defects induced in RF-TiO2 substrates help 

to avoid agglomeration of bare Ru3 and Ru3(CO)12 clusters upon deposition, and how the 

clusters interact with RF-TiO2 substrates upon heating to ~800 K. The clusters were 

deposited both from a CS (bare Ru3) and evaporation of Ru3(CO)12 via CVD. To the 

knowledge of the authors no previous studies exist for size-selected Ru deposited by a CS 

onto TiO2, and thus comparison between the results of these two common deposition 

methods is of critical importance. CO-TPD was used to probe the available CO adsorption 

sites on the metal clusters, as well as for probing the removal of ligands with heating in the 

case of CO-stabilised clusters [57, 74, 75, 310, 312, 313, 330]. XPS was used to analyse 

the composition of the surface and to determine concentration depth profiles.  
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4.3 Methodology 

4.3.1 Substrates 

See section 3.1 for information on the RF-TiO2 and SiO2 substrates used. Ru3 was deposited 

onto four different types of substrates: two RF-TiO2 substrates modified by Ar+ ion sputtering 

(prior to the deposition of Ru clusters) at two different sputter doses, non-sputtered TiO2, 

and non-sputtered SiO2 for comparison. The different sputtering dosages for RF-TiO2 have 

been designated as follows: “low-dose sputtered RF-TiO2” was treated with 4 x 1013 Ar+/cm2, 

and “high-dose sputtered RF-TiO2” was treated with 6 x 1014 Ar+/cm2. Additionally, a “non-

sputtered RF-TiO2” sample was used. In the text these will be abbreviated to LDS-RF-TiO2, 

HDS-RF-TiO2, and NS-RF-TiO2, respectively. A list of the substrates and their abbreviated 

names are given in Table 4-1. Deposition of Ru3 from CS was performed on all 4 substrates. 

However, deposition of Ru3 from CVD was only undertaken on an HDS-TiO2 substrate. 5 

samples were analysed with CO-TPD overall, and blank measurements CO-TPD were 

performed prior to the deposition of Ru clusters. Additional samples were prepared for 

further XPS analysis, and thus the XPS measurements in some cases were of samples 

prepared with an identical method, rather than the same sample as was analysed with CO-

TPD. 

Table 4-1: Summary of the different supporting substrates used in this study. The 
designated sample names are given as well as abbreviated names for the RF-TiO2 
substrates. 

Substrate 
Material 

Ar+ Sputter Dose 
(ions/cm2) 

Designated Sample Name Abbreviated 
Name 

RF-TiO2 None Non-Sputtered RF-TiO2 NS-RF-TiO2 

RF-TiO2 4 x 1013 Low-Dose Sputtered RF-TiO2 LDS-RF-TiO2 

RF-TiO2 6 x 1014 High-Dose Sputtered RF-TiO2 HDS-RF-TiO2 

SiO2/Si(100) None SiO2 SiO2 

4.3.2 Instrumentation 

Depositions and analysis were performed in two separate UHV instruments; laser 

vaporisation (LaVa) CS depositions were performed at the University of Utah UHV system, 

where Ar+ sputtering, CO-TPD, and XPS were performed in situ. The CVD of ligated 

Ru3(CO)12 clusters was performed at the Flinders University UHV system. Due to instrument 

limitations CO-TPD was only available on the University of Utah system, while CVD 

depositions were only possible at Flinders University. The CVD sample was transported 

from Flinders University to the University of Utah for CO-TPD analysis. This means that the 
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ligated clusters were not deposited in situ, however the CO ligands serve to stabilise the 

clusters when exposed to atmosphere, which decreased the likelihood of a change in the 

clusters occurring due to atmospheric exposure. The Ar+ sputter guns differed between the 

instruments; Flinders University experiments used 3 keV Ar+ and University of Utah 

experiments used 2 keV. This was discussed in section 3.4 and was deemed not to be of 

critical importance for this experiment. 

4.3.3 Cluster Depositions 

4.3.3.1 Cluster Source 
CS-depositions were performed by LaVa CS. The instrument details and deposition 

procedure are given in section 3.5.3. In short, the clusters were produced under UHV by 

pulsed LaVa of a 99.9% pure Ru metal target and deposited onto the substrates in situ. A 2 

mm diameter aperture positioned 1 mm from the surface ensured the cluster spot was 

approximately 2 mm in diameter. A retarding potential was used to ensure a deposition 

energy of ~1 eV/atom, to prevent fragmentation upon cluster impact [157]. For each CS 

deposition 1.5 x 1014 Ru atoms/cm2 were deposited. Samples were deposited while being 

cooled with LN2 to 180 K. 

Each CS deposition followed the same procedure, except for the pre-deposition treatment 

process. RF-TiO2 samples were heated under UHV to 723 K for 10 minutes to remove 

surface hydrocarbons. The surface was then Ar+ sputtered to the required dosage (except 

for NS-RF-TiO2 which was not sputtered), and clusters were deposited with the CS. For the 

deposition onto SiO2 the initial heating step was different; SiO2 was heated to 700 K for 20 

minutes under an atmosphere of 7 x 10-6 mbar O2 to preserve the surface oxide layer, 

followed by a further 2 minutes of heating under UHV.  

4.3.3.2 Chemical Vapor Deposition 
The deposition by CVD of Ru3(CO)12 clusters onto RF-TiO2 was described in section 3.5.1. 

The full CVD measurement procedure was performed as follows: RF-TiO2 was heated under 

UHV to 723 K for 10 minutes then sputtered with Ar+ at 6 x 1014 ions/cm2. Ru3(CO)12 was 

deposited in the loading chamber for 120 minutes, where the starting pressure was <7 x 10-

7 mbar. The cluster-deposited sample was then removed from the vacuum for transferring 

to the University of Utah. 

4.3.3.3 List of Samples 
A list of all cluster samples analysed in the study is given below in Table 4-2. All samples 

were prepared at the University of Utah except for CVD-deposited Ru3(CO)12/HDS-RF-TiO2, 
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which was prepared at Flinders University. All CO-TPD and XPS measurements were 

performed in Utah. Some samples were analysed with both CO-TPD and XPS, while some 

were analysed by one technique only. Multiples of the same sample were prepared in some 

cases to allow for further XPS testing. For CO-TPD, blank measurements were performed 

on each substrate prior to cluster depositions, except for CVD Ru3(CO)12/HDS-RF-TiO2. The 

treatment of the samples for the XPS measurements are shown in the table. The blank XPS 

measurements in the XPS Results were performed on same cluster samples, prior to cluster 

depositions.  

Table 4-2: List of samples analysed with CO-TPD and XPS. 

Deposition Substrate Analysis 
Techniques 

XPS Measurements Performed 

CS Ru3 SiO2 CO-TPD N/A 

CS Ru3 SiO2 XPS No treatment, and 800 K 

CS Ru3 NS-RF-TiO2 CO-TPD and XPS No treatment, and 800 K 

CS Ru3 NS-RF- TiO2 XPS No treatment, and after CO dose 

CS Ru3 LDS-RF-TiO2 CO-TPD N/A 

CS Ru3 HDS-RF- 

TiO2 

CO-TPD and XPS 800 K, and after CO dose. 

CVD 
Ru3(CO)12 

HDS-RF- 

TiO2 

CO-TPD and XPS No treatment, 800 K heating, and 

after CO dose. 

4.3.4 CO-TPD Measurements 

The measurement, data analysis, and error analysis procedures for CO-TPD are given in 

given in the Instrumentation and Methodologies section 3.6.3. For each substrate type, CO-

TPD measurements were performed before and after CS cluster depositions to gauge the 

CO adsorption to the blank substrates. Each CO-TPD procedure was repeated for a total of 

3 cycles, except the SiO2 sample which was repeated for 4 cycles as there were noticeable 

changes between the 2nd and 3rd cycles. 

As discussed in section 3.6.3.2, for the CVD Ru3(CO)12/HDS-RF-TiO2 sample the 1st CO-

TPD cycle measured the desorbing 12CO ligands without dosing 13CO. This was because 

the CO bonding sites for the Ru3(CO)12 are saturated before heating due to the 12CO ligands. 

As this had been exposed to atmosphere before measurements, there may have been a 

small component of the CO-TPD signal which was due to the desorption of adsorbed CO 

contamination. This was not corrected for, but due to the large number of CO ligands 
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measured desorbing in the 1st CO-TPD cycle, any effects from contamination were deemed 

minimal in comparison to the signal strength.  

The desorption spectra were integrated over time to determine the total number of CO 

molecules desorbed, and subsequently total CO desorbing per Ru atom. CS Ru3 on SiO2, 

was the only CO-TPD sample where the total number of CO desorbing could be determined, 

because the desorption rate returned to the baseline level before the background signal 

increased at ~750 K. The uncertainty in the total number of CO desorbing was assumed to 

be the same as that of the CO desorption rate (see section 3.6.3.3). 

4.3.5 XPS Measurements 

The experimental, data analysis, and error analysis procedures for XPS measurements 

were given in section 3.6.1. Details on the XPS peak fitting are given, including particular 

details about fitting Ru peaks using asymmetrical line shapes, as well as the estimation of 

Ru surface coverages. Details on the two UHV systems used for measurement are given in 

section 3.3. 

An XPS spectrum of an Ru reference material was measured on the Flinders University 

UHV system XPS instrument. A Mg Kα source was used with a 10 eV pass energy. The Ru 

reference sample was taken from a 99.9% pure Ru metal sample cut to 1 cm x 1 cm to 

accommodate the sample mounting plate. A measurement was first taken with no surface 

treatment, and then again after heating to 1073 K for 10 minutes and sputtering with 3 keV 

Ar+ for 1 hour to remove the surface Ru oxide layer and any hydrocarbon contamination. 

The BE scale for these measurements was calibrated to the C 1s peak for the pre-treatment 

XPS spectrum before hydrocarbon removal. The peak fitting parameters for Ru cluster XPS 

peaks were based on this reference measurement; see section 3.6.1.3 for details. 

For XPS measurements of cluster-deposited samples, the Ru 3d/C 1s and O 1s regions 

were measured for each sample, while the Ti 2p and Si 2p regions were additionally 

measured for RF-TiO2 and SiO2 substrates, respectively. The University of Utah UHV 

system was used to record all XPS measurements in situ (except for CVD Ru3(CO)12/HDS-

RF-TiO2), using an Al Ka source and 10 eV pass energy for the HSA. No evidence for 

charging was found for any sample.  
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4.4 Results and Discussion 

4.4.1 CO-TPD Results 

4.4.1.1 CO-TPD of CS Ru3/SiO2 
Figure 4-1 shows CO-TPD measurements of blank SiO2 and CS Ru3/SiO2. CO-TPD is an 

analysis technique useful for probing the available CO adsorption sites on metal clusters, 

as well as for probing the removal of ligands with heating in the case of CO-stabilised 

clusters [57, 74, 75, 310, 312, 313, 330]. When discussing peaks in CO-TPD figures, they 

will be labelled based on the temperature corresponding to the peak CO desorption rate. 

Due to the continuous temperature ramping of the CO-TPD measurements the temperature 

at the peak CO desorption rate is typically greater than the minimum temperature required 

for CO desorption to occur for that particular binding site. SiO2 was used for reference 

measurements because it is a nonreducible oxide substrate that is stable at the 

temperatures being used and does not form a strong metal support interaction (SMSI) with 

clusters under typical conditions [180, 181, 387]. SMSI is a general term to explain changes 

in catalytic activity for metals on reducible oxide supports after high temperature reduction 

[185, 198, 199], which can be contributed to by oxidation [185, 201, 202] and/or the clusters 

being covered by a layer of reduced support material, which is known as the “encapsulation” 

or “decoration” model [199, 207]. 
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Figure 4-1: 13CO-TPD from CS Ru3/SiO2 and blank SiO2 (before Ru3 deposition). 
Quantification of CO molecules desorbing per Ru atom is shown in the top left corner. 
Three peaks were identified at 210 K (1), 260 K (2), and 530 K (3), where peak (3) 
decreases in temperature with successive heating cycles (discussed in the main text). 
The blank SiO2 CO-TPD is an average of 3 cycles where there were no noticeable 
changes. For comparison purposes the quantified blank SiO2 desorption assumes 
the same number of Ru atoms were deposited as the cluster-loaded measurements. 

Figure 4-1 shows that very little CO has desorbed from blank SiO2, with two small features 

centred at 210 K and 285 K. Furthermore, there was no change between the blank 

measurements over 3 repeated TPD cycles (traces not shown in figure), indicating the 

affinity of the surface for CO was not strongly affected or changed by heating to 800 K. The 

1st CO-TPD cycle for CS Ru3/SiO2 features a small peak at 210 K, which is related to 

desorption of CO from the SiO2 substrate. The remaining features in the spectrum are due 

to CO desorbing from Ru-CO binding sites. Notably, there is a small peak at 260 K and then 

a large, main desorption peak at 530 K. In this study, these two features will be treated as 

the reference Ru-CO desorption peaks for CO desorbing from supported Ru clusters which 

have not chemically reacted with the substrate or formed an SMSI state.  

In the 2nd to 4th cycles, the 260 K desorption feature increased in size (Figure 4-1). Also, the 
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largest ~530 K CO peak changed shape with successive CO-TPD cycles decreasing in size 

and shifting to lower temperatures. By the 4th cycle the main desorption peak was at 500 K, 

and the total number of CO molecules desorbing had had decreased to half the value in the 

1st cycle. The decrease in total CO desorbing cannot be explained by the clusters detaching 

or travelling into the substrate. First, once the clusters have adsorbed they are not likely to 

detach due to heating to 800 K as the bulk Ru boiling point is 4423 K [388]. Second, the 

clusters are unlikely to travel into the substrate because SiO2 is fairly inert and does not 

interact strongly with supported clusters [204] or typically form an SMSI with supported 

metals at these temperatures and conditions [387]. 

The decrease in CO desorption peak size with successive CO-TPD cycles (Figure 4-1) can 

be explained by cluster agglomeration. When clusters form larger aggregates the ratio of 

surface atoms to internal atoms for the clusters is reduced, thereby reducing the total 

number of CO binding sites on Ru clusters and agglomerated Ru clusters available in the 

system. A decrease in CO peak size due to cluster agglomeration has similarly been seen 

in other CO-TPD studies, such as studies by Anderson et al. on CS-deposited Pt7/alumina 

and various sized Ptn/silica [311, 314]; in these studies the CO-TPD spectra changed in 

shape with repeated TPD cycles to 700 K in a similar manner, where the higher temperature 

binding site decreased in peak size and temperature, while the lower temperature binding 

site increased in peak size slightly. The agglomeration of Ru on SiO2 was not surprising, 

and was most likely due to a weak cluster-surface interaction of Ru with SiO2; previous 

studies have also shown agglomeration of small clusters on SiO2 at temperatures below 800 

K [9, 331]. 

In addition to aggregation of the Ru clusters, there was most likely also a change in either 

the cluster structure beyond the agglomeration or cluster-surface interaction with repeated 

CO-TPD cycles; this is evidenced by the peak CO desorption temperature decreasing with 

each CO-TPD cycle, meaning CO was adsorbing less strongly to the clusters after 

agglomeration. This is also supported by earlier studies by Anderson et al. [57, 311, 314], 

where it was shown that for both Ptn/alumina (2 ≤ n ≤ 18) and Ptn/silica (n = 4, 7, 12, 24), the 

intensity of the high temperature CO-TPD peak increased as cluster size increased, but that 

repeated CO-TPD cycles caused the peak decrease in intensity and shift to lower 

temperatures. This provided evidence in the case of small Pt clusters that agglomeration 

produces different structures than those produced by deposition of larger size-selected 

clusters. 
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By making reasonable assumptions, the increase in cluster size over the four CO-TPD 

cycles was estimated. The 4th cycle had 0.3 CO desorbing per Ru atom compared to 0.6 

CO per Ru atom in the 1st cycle. Total CO desorption is proportional to the number of CO 

binding sites. The simplest case was assumed employing a model which disregarded the 

individual atoms forming the clusters, using hemispherical clusters pinned to the substrate 

where the number of binding sites was assumed to be proportional to the surface area (SA). 

If the bottom half of a hemispherical cluster is bound to the substrate and not available for 

binding to CO, then the available SA of the clusters would be given by Equation 4-1 for the 

SA of a hemisphere. 

 𝑆𝑆𝐴𝐴(ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑒𝑒𝑒𝑒𝑒𝑒) = 2𝜋𝜋𝑟𝑟2 4-1 

Utilising the number of CO desorbing per Ru atom in each cycle, and the assumption that 

available binding sites are proportional to available SA, the increase in cluster radius was 

calculated as per Equations 4-2 and 4-3. Subscripts correspond to the SA or radius of 

clusters in the 1st or 4th cycle. 

 0.6 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚/𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
0.3 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚/𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎

=
𝑆𝑆𝐴𝐴(1𝑠𝑠𝑠𝑠)

𝑆𝑆𝐴𝐴(4𝑡𝑡ℎ)
 

4-2 

By substituting in the relationship between SA and radius for each cycle from Equation 4-1 

and simplifying the expression, the change in radius was estimated. 

 𝑟𝑟(4𝑡𝑡ℎ) = 1.4 ∗ 𝑟𝑟(1𝑠𝑠𝑠𝑠) 4-3 

The Ru cluster radius increased by an estimated factor of 1.4 after 4 CO-TPD cycles. Given 

that there would be a range of aggregated cluster sizes, this should be treated as an average 

size. The diameter of supported Ru3 is estimated to be 0.265 nm based on the interatomic 

Ru-Ru distance (bond length) [375], and the clusters therefore increased to an average 

diameter of 0.37 nm after the 4th CO-TPD cycle. The assumptions made in this calculation 

are rather simplified and needs to be taken with caution. The assumption of a hemispherical 

cluster is a rather simple model and likely deviates from the true structure of the supported 

clusters and also ignores the finite size of the atoms forming the clusters. The calculation 

also ignores any effects of the cluster structure and size, or the number of binding sites 

available per SA.  
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4.4.1.2 CO-TPD of CS Ru3/RF-TiO2 
Figure 4-2 shows the CO-TPD of CS Ru3 and blank measurements on three differently 

prepared RF-TiO2 substrates; a) NS-RF-TiO2, b) LDS-RF-TiO2, and c) HDS-RF-TiO2. This 

allows for the comparison of the desorption spectra between RF-TiO2 and the SiO2 substrate 

used in Figure 4-1. The use of the three different RF-TiO2 substrates allows for determining 

the effect of pre-deposition substrate sputtering on the available Ru-CO sites on the clusters, 

which can provide information about the effect of surface defects on the cluster-surface 

interaction. 

 

Figure 4-2: 13CO-TPD of CS Ru3 on RF-TiO2 substrates with varying pre-deposition 
sputtering treatments. Blank measurements are included for each substrate (before 
Ru3 deposition). a) CS Ru3/NS-RF-TiO2; peaks identified at 210 K (1), 380 K (2), and for 
the 1st cycle only at 560 K (3). b) CS Ru3/LDS-RF-TiO2; peak identified at 210 K (1), and 
a broad feature is present at (2). c) CS Ru3/HDS-RF-TiO2; peak identified at 210 K, and 
a broad feature is present at (2). The blank CO-TPD measurements for NS-RF-TiO2 
and LDS-RF-TiO2 are averages of 3 cycles where there were no noticeable changes. 
For HDS-RF-TiO2 two blank measurements are shown: the 1st cycle and an average of 
the 2nd and 3rd cycles. These are shown because there was a change in the blank 
spectrum after the 1st cycle. This is presumably because the HDS-RF-TiO2 blank 
featured more hydrocarbons adsorbing from the vacuum before the CO-TPD cycle 
was started, because defected TiO2 is more reactive than pristine TiO2 [204].  
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For the NS-RF-TiO2 substrate (Figure 4-2a), the blank measurement shows 2 desorption 

features at 210 K and 380 K (Figure 4-2a). The 1st CO-TPD cycle for the cluster-loaded CS 

Ru3/NS-RF-TiO2 features a similar CO-TPD spectrum to the 1st cycle on SiO2 (Figure 4-1). 

The peak at 210 K due to the blank NS-RF-TiO2 substrate was still present when clusters 

were on the surface but was reduced in size by approximately half. This was a result of the 

Ru3 binding to and covering these low energy CO binding sites on the substrate. In addition, 

a shoulder feature at 380 K and a large desorption peak at 560 K (the main peak) were 

present. These appeared to be shifted versions of the 260 K and 530 K peaks present for 

CS Ru3/SiO2. 

The 2nd and 3rd heating cycles for CS Ru3/NS-RF-TiO2 (Figure 4-2a) have a consistent CO 

desorption shape which is different to that of the 1st cycle. They still have the 380 K feature 

from the 1st cycle, with a slightly increased height and width, but the 560 K main desorption 

peak has been completely removed. Thus, heating to 800 K caused the loss of the most 

strongly-binding and most numerous CO binding site on the Ru clusters. The increase in 

desorption of the 380 K peak after heating was not proportional to the loss in signal of the 

560 K peak, indicating that after heating there was less CO binding sites available overall. 

The changes in the CO-TPD spectra cannot be associated with cluster agglomeration alone, 

because the result would be a CO desorption shape more like that of CS Ru3/SiO2 on the 

2nd to 4th CO-TPD cycles (Figure 4-1), where agglomeration occurred but the peak was not 

lost completely. As such, agglomeration was ruled out as the sole cause for the change in 

CO desorption after the 1st cycle. The XPS results for the XPS samples provided further 

insights into the loss of the main desorption peak, by providing evidence that heating to 800 

K caused a change in oxidation state of the clusters. It is likely that the clusters were oxidised 

by the surface when heated, which blocked the main Ru-CO binding site. This is discussed 

further in detail in in section 4.4.3.2, after the discussion of the XPS results. Some 

agglomeration may have also contributed to the loss of the peak, which cannot be ruled out 

with this data.  

The blank CO-TPD spectra for the sputtered substrates, namely LDS-RF-TiO2 and HDS-

RF-TiO2 (Figure 4-2b and Figure 4-2c respectively) feature one main peak at 210 K, which 

was larger than that of the blank NS-RF-TiO2 (Figure 4-2a). Because the CO desorption rate 

for the 210 K peak increased for sputtered RF-TiO2, it is likely that this peak was related to 

CO adsorbed to defected surface regions on the blank RF-TiO2. The second, 380 K peak 

present for the blank NS-RF-TiO2 was not present on blank LDS-RF-TiO2 or HDS-RF-TiO2; 

however, the LDS-RF-TiO2 spectrum has a second, wider desorption feature at 500 K which 
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may be a shifted version of the 380 K peak seen for blank NS-RF-TiO2. For the blank HDS-

RF-TiO2 spectrum (Figure 4-2c) there is no such desorption feature, which may indicate the 

380 K feature for blank NS-RF-TiO2 was from CO binding sites on non-defected, pristine 

RF-TiO2 regions, and the binding site was modified by sputtering (for LDS-RF-TiO2) before 

being lost completely at a higher sputter dosage (for HDS-RF-TiO2).  

The CO-TPD spectrum for the CS Ru3/LDS-RF-TiO2 sample (Figure 4-2b) features a broad 

CO desorption peak for all cycles which was not seen for the blank sample, with a deviation 

from blank at 550 K. For CS Ru3/HDS-RF-TiO2 (Figure 4-2c) there was a similar deviation 

from the blank sample (2nd and 3rd cycle) above 550 K, although the exact shape was not 

the same. In both cases this may have been due to desorption from cluster-modified titania 

binding sites, or the desorption of background contamination. None of the characteristic CO 

desorption features seen in the CS Ru3/SiO2 sample were present for Ru3 on either 

sputtered RF-TiO2 substrate. This means the clusters were interacting with the sputtered 

RF-TiO2 in such a way that all Ru-CO binding sites were blocked, both before and after the 

sample was heated for CO-TPD. Although agglomeration and/or oxidation may have 

contributed to the loss of Ru-CO binding sites, the complete loss of all sites suggests a 

different mechanism for the blocking of sites on LDS- and HDS-RF-TiO2 substrates. The 

cause of site-blocking for these samples was most likely that the clusters were not present 

in the outermost layer, as a result of being covered by substrate material. This is expanded 

upon in detail in the Discussions section 4.4.3.3. There was good repeatability between the 

three CO-TPD cycles for both CS Ru3/LDS-RF-TiO2 and CS Ru3/HDS-RF-TiO2, showing the 

resultant Ru/TiO2 systems were stable and not changed significantly by heating to 800 K. 

4.4.1.3 CO-TPD of CVD Ru3(CO)12/HDS-RF-TiO2 
The 1st cycle CO-TPD desorption shape for CVD Ru3(CO)12/HDS-RF-TiO2 (Figure 4-3) 

features a smaller peak at 300 K and a larger peak at 600 K. The CO-TPD shape is very 

similar to the 1st cycle of both CS Ru3/SiO2 (Figure 4-1) and CS Ru3/NS-RF-TiO2 (Figure 

4-2a). The peak CO desorption rate from the 1st cycle in Figure 4-3 was 6.0 x 1011 

molecules/s, which is ~12 times greater than that of CS Ru3 on NS-RF-TiO2, which had a 

maximum of 5.2 x 1010 molecules/s (Figure 4-2a) and ~7 times greater than CS Ru3/SiO2 

which had a maximum of 8.3 x 1010 molecules/s (Figure 4-1). This higher desorption rate 

was due to a greater number of CO molecules per Ru atom on the ligated clusters, in 

addition to a ~3 times greater Ru surface coverage for the CVD Ru3(CO)12 sample (see  

Table 4-4 in section 4.4.2.3 below). For the 2nd and 3rd cycles, the shape and intensity of the 
13CO desorption changes significantly from 12CO in the 1st cycle (Figure 4-3), and has a 
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shape unique from that of the earlier CS-deposited samples. No characteristic Ru-CO 

binding sites are present which indicates the Ru-CO sites are being blocked, but there is a 

broad CO desorption peak from 180 K to 650 K, which retains the same shape and intensity 

between the 2nd and 3rd cycle. 

 

Figure 4-3: CO-TPD for CVD Ru3(CO)12/HDS-RF-TiO2. The 12CO spectrum (related to 
CO ligands) is shown for the 1st cycle and 13CO spectra (related to in situ dosed CO) 
are shown for the 2nd and 3rd cycles. 13CO was only dosed in vacuum for the 2nd and 
3rd cycles (see section 4.3.4 for more details). Peaks were identified for the 1st cycle 
at 300 K (1) and 600 K (2), while a broad desorption feature (3) was identified for the 
2nd and 3rd cycles. 

There are differences between the 1st cycle CO desorption spectra of CVD Ru3(CO)12/HDS-

RF-TiO2 (Figure 4-3) and the 1st cycle spectra of the previously discussed CS-deposited 

samples; CS Ru3/SiO2 (Figure 4-1) and CS Ru3/NS-RF-TiO2 (Figure 4-2a). The CVD 

Ru3(CO)12/HDS-RF-TiO2 sample low temperature peak was at 300 K, while CS Ru3/SiO2 

and CS Ru3/NS-RF-TiO2 featured desorption peaks at 260 K and 380 K, respectively. 

Another difference between the 1st cycle CO-TPD spectra of the samples is the 

temperatures of the main, higher-temperature desorption peaks: 600 K for CVD 
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Ru3(CO)12/HDS-RF-TiO2, 560 K for CS Ru3/NS-RF-TiO2, and 530 K for CS Ru3/SiO2. This 

indicates that although the Ru-CO binding sites were similar in these cases, the highest 

binding energy site was strongest for CVD Ru3(CO)12, followed by CS Ru3/RF-TiO2, then 

CS Ru3/SiO2. However, the main peak starts at ~400 K for each of these samples, and 

because the CVD Ru3(CO)12/HDS-RF-TiO2 sample extends to the highest temperature this 

may indicate it has a slightly wider range of binding sites with differing energies that were 

not individually resolved in the spectra. The difference in peak desorption temperatures for 

the large peak between the samples may be due to a combination of multiple effects. Firstly, 

the direct contact of clusters to the substrate for the bare CS Ru3 may alter the electron 

density in the clusters and weaken the bond with CO compared to the ligated sample. 

Secondly, this could be due to less CO binding to the CS clusters, which effected the Ru-

CO binding energy. Lastly, because CS Ru3/SiO2 had the lowest peak temperature, it follows 

that the strong interaction between Ru3 and RF-TiO2 stabilised the Ru-CO bonding when 

compared to the less strongly interacting SiO2 substrate. 

The 1st cycle CO-TPD spectrum of CVD Ru3(CO)12/HDS-RF-TiO2 (Figure 4-3) is similar to 

what Zhao et al. [75] previously measured for Ru3(CO)12 on TiO2(110) when deposited by 

CVD at 300 K. However, in this case the large main peak featured a lower temperature 

shoulder at ~550 K not seen in Figure 4-3, and additionally the relative heights and specific 

peak locations of the features were slightly different. It is likely these differences are related 

to differences in cluster-surface interaction between the TiO2(110) used in that study and 

HDS-RF-TiO2 used in this study. 

A key difference comparing the full set of CO-TPD cycles for CVD Ru3(CO)12/HDS-RF-TiO2 

(Figure 4-3) to CS Ru3 on sputtered RF-TiO2 (CS Ru3/LDS-RF-TiO2 and CS Ru3/HDS-RF-

TiO2, see Figure 4-2) was that for the CS samples, Ru-CO binding sites were completely 

blocked for the as-deposited samples, but for CVD Ru3(CO)12 the sample needed to be 

heated in the CO-TPD procedure before Ru-CO sites were blocked. It would appear that the 

CO ligands on CVD Ru3(CO)12 prevented the Ru-CO sites from being blocked by the HDS-

RF-TiO2 substrate until the ligands were removed by the heating process during the 1st CO-

TPD cycle. That is to say, the cluster-substrate interaction which blocks the Ru-CO sites 

does not preferentially replace ligands which are already present on the clusters. The 

mechanism for this site blocking is discussed below in detail together with the CS-deposited 

samples in section 4.4.3.3. Since the clusters will pin to the defect sites on sputtered TiO2 

[5, 222], these ligated Ru clusters were likely to be well-pinned to the substrate and present 

as unique, monodispersed cluster complexes before the ligands were removed due to 
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heating. An additional difference is that the CVD Ru3(CO)12/HDS-RF-TiO2 was the only 

sample deposited ex situ and exposed to atmosphere. This caused the passivation of defect 

states in the titania due to interaction with atmospheric gasses (shown and discussed below 

in XPS Results section 4.4.2.2). This most likely accounts for the differences in shape 

between the 2nd and 3rd cycle CO-TPD spectra between CS Ru3/HDS-RF-TiO2 (has a small 

feature at high temperature) and CVD Ru3(CO)12/HDS-RF-TiO2 (has a much broader 

desorption feature starting at a lower temperature); even after the ligand removal, the 

differing cluster-surface interaction between the Ru and titania due to the passivated defects 

of the CVD sample changed the resultant available CO sites on the modified substrate. 

4.4.2 XPS Results 

4.4.2.1 Metallic Ru Reference Sample 
Figure 4-4 shows the XPS spectrum for the Ru 3d region of a Ru reference sample, which 

was fitted with one asymmetrical Ru doublet. The Ru 3d5/2 peak is located at 279.7 eV ± 0.2 

eV and the doublet peak separation is 4.17 eV. This is comparable to the Ru 3d5/2 BE 

reported by Morgan [372] for metallic Ru at 279.75 eV. The 3d5/2 BE serves as a reference 

point for comparison to the BE of the Ru cluster samples. This spectrum was also used as 

a reference model for fitting the Ru 3d/C 1s regions for cluster samples, as discussed in 

section 3.6.1.3. 

 

Figure 4-4: XPS results for Ru metallic reference sample - Ru 3d region peak fitting. 
Measurement was after heating the sample to 1073 K and sputtering for 1 hour to 
remove hydrocarbon contamination and surface Ru oxides.  
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4.4.2.2 Ti 2p Region – Surface Defects 
The Ti 2p regions were measured for RF-TiO2 substrates and fitted using two sets of peak 

doublets, as shown in Figure 4-5a for NS-RF-TiO2 and Figure 4-5b for HDS-RF-TiO2 as 

examples. The doublets correspond to the Ti4+ and Ti3+ oxidation states; for the 2p3/2 state 

the former is found at 459.4 eV ± 0.2 eV, and the latter at 457.8 eV ± 0.2 eV. A higher Ar+ 

sputter dose will yield more Ti3+, which is related to titania defect states. The fitting of Ti 2p 

is complicated by a changing background signal between the lower and higher BE peaks of 

the Ti doublets, which led to a consistent discrepancy between the measured and the fitted 

spectra for all samples in the region between the peaks. To reduce the relative uncertainty 

of the result of the fitting, the fitting and analysis procedure was kept consistent for all Ti 2p 

measurements. 

 

Figure 4-5: Example peak fittings for Ti 2p region, after heating samples to 800 K. a) 
NS-RF-TiO2. b) HDS-RF-TiO2. 

The results from the XPS fitting procedure are shown in Table 4-3. TiTotal is the sum of both 

peak areas, and the ratio of Ti3+/TiTotal was used as an approximation for the concentration 

of surface defects for each substrate. In the case of this discussion, less than 5% Ti3+/TiTotal 

is considered as negligible surface defects. The uncertainty in the Ti3+/TiTotal ratio was 

estimated and discussed in section 3.6.1.3. The Ti3+/TiTotal ratio is 6% ± 15% for the blank 

NS-RF-TiO2 sample after heating to 800 K. This shows that defects were present to some 

extent on non-sputtered TiO2. The level of defects in the blank NS-RF-TiO2 at 800 K was 

greater than when CS Ru3 was deposited on the same type of substrate; this can be 

attributed to the clusters preferentially binding to the Ti3+ defect sites on the surface [5, 222], 

which decreases the amount of Ti3+. There is no significant change in the Ti3+/TiTotal ratio for 
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CS Ru3/NS-RF-TiO2 upon heating to 800 K. The Ti3+/TiTotal ratio of CS Ru3/HDS-RF-TiO2 at 

800 K was 11% ± 15%, greater than that of all other samples. The greater number of defects 

was expected due to the pre-deposition Ar+ sputtering process. For CVD Ru3(CO)12/HDS-

RF-TiO2, the Ti3+/TiTotal ratio was only 4% ± 15% after heating to 800 K; this was lower than 

expected for CS Ru3 on the same type of substrate. This was likely due to a combination of 

the ~3 times greater Ru surface coverage of CVD Ru3(CO)12 (see Table 4-4) passivating 

the Ti3+, in addition to some defect passivation from atmospheric exposure which could not 

be reversed by heating to 800 K.  

Table 4-3: Summary of At% for Ti4+ and Ti3+ for blank and Ru cluster-loaded RF-TiO2 
samples. The Ti3+/TiTotal ratio in % is calculated according to 𝟏𝟏𝟏𝟏𝟏𝟏% × 𝑨𝑨𝑨𝑨%(𝑻𝑻𝑻𝑻𝟑𝟑+)

𝑨𝑨𝑨𝑨%(𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻)
. The 

uncertainty is ± 1% for Ti4+ At%, and ± 15% for both the Ti3+ At% and Ti3+/TiTotal ratio. 

Deposition Substrate Sample Treatment Ti4+ 

At% 

Ti3+ 

At% 

Ti3+/TiTotal 
ratio (%) 

Blank NS-RF-TiO2 800 K heating 24.1 1.6 6 

CS Ru3 NS-RF-TiO2 As deposited 22.2 0.8 3 

CS Ru3 NS-RF-TiO2 800 K heating 23.1 0.8 3 

CS Ru3 HDS-RF-TiO2 800 K heating 23.4 2.9 11 

CVD Ru3(CO)12 HDS-RF-TiO2 As deposited (ex 

situ) 

16.9 0.3 2 

CVD Ru3(CO)12 HDS-RF-TiO2 800 K heating 23.2 1.0 4 

4.4.2.3 Ru 3d/C 1s Region – Clusters 
The peak location of Ru 3d5/2 was dependent on the deposition method, substrate, and 

additional sample processing such as heating or dosing CO under UHV. No carbon was 

present in the stoichiometry of the substrate or clusters (excepting for ligated Ru3(CO)12), 

and thus all carbon present was contamination on the surface or in the bulk structure of RF-

TiO2. Figure 4-6 shows an example of the peak fitting for the Ru 3d and C 1s region of a 

cluster-loaded sample, and Figure 4-7 shows XPS results for Ru clusters on SiO2 and RF-

TiO2 after deposition of the Ru3 clusters and specific treatments. Figure 4-7 shows overlayed 

XPS spectra without peak fitting applied. The intent of this is to show whether the Ru 3d 

peak has shifted as a result of heat treatment (or other sample treatments) for the different 

samples. These BE shifts are then summarised in Table 4-4. More details on peak fitting are 

provided in section 3.6.1.3, including the assigning of the three C 1s peaks. 
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Figure 4-6: Example fitting for the Ru 3d/C 1s region; measurement of CS Ru3/HDS-
RF-TiO2 after heating to 800 K. 
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Figure 4-7: XPS spectra of Ru 3d/C 1s region for CS Ru3 (a-d) and CVD Ru3(CO)12 (e-
f) on various substrates. Different surface treatments are being compared with XPS 
to show whether they cause a shift in the Ru 3d peak, and some spectra are repetitive. 
The lower BE peaks at 280.2-282.0 eV are from Ru 3d5/2 and are the peak of interest 
for peak shifting. a) CS Ru3/NS-RF-TiO2 – as-deposited, and after heating to 800 K. b) 
CS Ru3/NS-RF-TiO2 – as-deposited, and after CO dose. c) CS Ru3/HDS-RF-TiO2 – after 
CO-TPD to 800 K, and after CO dose. d) CS Ru3/SiO2 – as-deposited, and after heating 
to 800 K. e) CVD Ru3(CO)12/HDS-RF-TiO2 – as-deposited, and after CO-TPD to 800 K. 
f) CVD Ru3(CO)12/HDS-RF-TiO2 – after CO-TPD to 800 K, and after CO dose (performed 
in series with the measurement in e). 

A summary of all XPS measurements is shown in Table 4-4. These are analysis results from 

the spectra shown in Figure 4-7, and the key details are the Ru surface coverage for each 

sample, as well as the extent of Ru 3d BE shifting due to the sample treatments (such as 

heating or CO dosing) which gives information about the oxidation properties of the clusters. 

The Ru surface coverage was greater for CVD Ru3(CO)12/HDS-RF-TiO2 than for all CS-

deposited samples; for example, it is ~3 times greater than CS Ru3/HDS-RF-TiO2. However, 

all samples had only a fraction of a monolayer (ML) coverage (10.7% ML maximum). Due 

to the low coverages, it was assumed any cluster-cluster interactions were negligible and 

the differences in cluster loading would not have significantly affected the properties of the 

clusters when making comparisons between samples. 
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Table 4-4: Comparison of XPS results for different treatments of CS Ru3 and CVD 
Ru3(CO)12 clusters on different substrates. Data is from peak fitting of the XPS spectra 
in Figure 4-7. Ru 3d5/2 BE and Ru surface coverage are shown. Each row features XPS 
measurements before and after a sample treatment step, which have been separated 
into “Method 1” and “Method 2” (the method number only indicates the order of 
applying a treatment). Where none is shown for a method, this means the sample was 
as deposited. Surface coverage values are from Method 1. For samples with an “800 
K + CO Dose” method, the sample was cooled to 180 K before dosing. Both CVD 
Ru3(CO)12 measurements were performed on a single sample. The uncertainty in BEs 
is ± 0.2 eV, while for BE differences the uncertainty is ± 0.1 eV. The absolute error in 
the Ru surface coverage is ~100% while the relative uncertainty is based on the Ru 
At% and is ± 4%. 

Deposition Substrate Ru Surface 
Coverage 

(% ML) 

Method 1 Method 2 BE 
Shift 
(eV) 

Method BE 
(eV) 

Method BE 
(eV) 

CS Ru3 SiO2 4.0 None 280.7 800 K 280.7 0.0 

CS Ru3 NS-RF- 

TiO2 

3.1 None 280.2 CO Dose 280.4 0.2 

CS Ru3 NS-RF-

TiO2 

3.0 None 280.3 800 K 280.5 0.2 

CS Ru3 HDS-RF- 

TiO2 

3.1 800 K 280.5 800 K + 

CO Dose 

280.5 0.0 

CVD 
Ru3(CO)12 

HDS-RF- 

TiO2 

10.7 None 282.0 800 K 280.6 -1.4 

CVD 
Ru3(CO)12 

HDS-RF- 

TiO2 

10.7 800 K 280.6 800 K + 

CO Dose 

280.6 0.0 

 

For as-deposited CS Ru3/NS-RF-TiO2, the Ru 3d5/2 peak is found at 280.3 ± 0.2 eV, and 

after heating to 800 K it is found at 280.5 ± 0.2 eV, thus shifting by +0.2 eV ± 0.1 eV (see 

Table 4-4 and Figure 4-7a). It should be noted that the relative error in peak position for the 

same sample before and after heating is smaller than the error for the absolute peak 

position. The positive BE shift indicated the clusters had become more positively charged, 

and the BE moved further away from the value for metallic Ru 3d5/2 which is 279.7 eV ± 0.2 

eV. The BE after heating is comparable to studies in the literature [75, 136] where O2 was 

dosed onto Ru3(CO)12 on TiO2(110) while heating to purposely form oxidised clusters. In 

these cases similar BE shifts were measured, and absolute values for Ru 3d5/2 were reported 

as 280.6 eV by Zhao et al. [75] and 280.8 eV by Rizzi et al. [136]. The similarity between 

these and the present study provides context for the previously discussed loss of the main 

560 K CO desorption peak for CS Ru3/NS-RF-TiO2 after heating to 800 K (Figure 4-2a). The 
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XPS peak shifting and CO-TPD results both point towards the oxidation of the Ru clusters, 

presumably due to an interaction with the oxygen in the supporting RF-TiO2 because O2 was 

not dosed onto on the clusters. Based on this, the shifted Ru 3d5/2 XPS peak was assigned 

to a partially oxidised form of the clusters. 

When referring to oxidised Ru clusters in this study the exact oxidation state is not known, 

because the stoichiometric arrangement of the oxidised Ru clusters cannot be easily 

determined from the data. Thus, when discussing oxidised Ru clusters, no explicit statement 

is made about the oxidation state. Ruthenium has only a small BE shift when oxidised 

compared to some metals; Morgan [372] has reported a shift of +1.62 eV for bulk RuO2 

compared to bulk metallic Ru. In both the present and referenced studies the Ru 3d5/2 BEs 

for oxidised Ru clusters were lower than those typically reported for oxidised bulk Ru such 

as RuO2 [372]. This is likely because the stoichiometric ratio for oxidised clusters had less 

oxygen than RuO2. However, the starting BE was higher for the supported Ru clusters than 

for bulk Ru, and the differences in core electron properties between bulk samples and small, 

supported clusters may also have contributed to the small BE shift upon oxidation. 

Figure 4-7b shows XPS spectra for as deposited CS Ru3/NS-RF-TiO2 before and after 

dosing with CO. The Ru 3d5/2 peak shifted from 280.2 eV to 280.4 eV but is still lower than 

the as-deposited CVD Ru3(CO)12; 282.0 eV ± 0.2 eV (see Table 4-4). In Figure 4-7c XPS 

spectra are shown for CS Ru3/HDS-RF-TiO2 after performing CO-TPD cycles to 800 K, and 

then after dosing with CO ligands. For this sample there was no Ru 3d5/2 BE shift (within the 

resolution of the XPS instrument). It follows that CO does most likely not bind to the clusters 

for CS Ru3/HDS-RF-TiO2 (to an extent which could be observed in the XPS results). This is 

supported by the earlier CO-TPD results showing that there was no Ru-CO binding sites 

available for CS Ru3/HDS-RF-TiO2 (Figure 4-2c). As-deposited XPS was not measured for 

this sample, however the BE for Ru 3d5/2 at 800 K was 280.5 eV ± 0.2 eV (see Table 4-4). 

This BE is comparable to oxidised CS Ru3/NS-RF-TiO2, which had an identical BE of 280.5 

eV ± 0.2 eV. Thus, the clusters were most likely also oxidised by the RF-TiO2 surface by 

heating to 800 K on sputtered, HDS-RF-TiO2 in the same way as the non-sputtered, NS-RF-

TiO2.  

For as-deposited CS Ru3/SiO2 the Ru 3d5/2 BE was at 280.7 eV ± 0.2 eV (see Table 4-4 and 

Figure 4-7d) and slightly higher than for the CS Ru3 on RF-TiO2 in this study. The CO-TPD 

results for the same type of sample do not suggest the higher Ru 3d5/2 BE was due to cluster 

oxidation; if oxidation occurred the ~530 K peak would have most likely been lost, as was 
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the case for the ~560 K peak for CS Ru3/NS-RF-TiO2. The higher Ru 3d5/2 BE of as-

deposited CS Ru3/SiO2 was more likely related to a difference in cluster/substrate charge 

transfer between RF-TiO2 and SiO2 supports. There was no noticeable Ru 3d BE shift when 

heated from to 800 K. It was previously argued that Ru clusters were agglomerated on SiO2 

due to the heating process (see Figure 4-1 and discussion in section 4.4.1.1), and thus the 

fact that there was no shift in BE indicated that the Ru 3d peak location is not particularly 

sensitive to cluster size (in the range of approximately 3-atom clusters). This means 

information on cluster agglomeration was not easy to determine based on XPS peak shifting 

for Ru, which differs from the case for some other metal clusters such as Au, where the 

cluster size has been shown to affect core electron BE [66, 72, 73, 102] and it was possible 

to relate XPS BE to cluster size [73, 98, 102, 287, 288]. 

For the CVD Ru3(CO)12/HDS-RF-TiO2 (see Table 4-4 and Figure 4-7e-f), the Ru 3d peak 

shifted by -1.4 eV ± 0.1 eV to a BE of 280.6 eV ± 0.2eV after heating, due to the loss of CO 

ligands. The BE for Ru 3d5/2 after heating to 800 K is the same within experimental 

uncertainty as the CS Ru3/NS-RF-TiO2 and CS Ru3/HDS-RF-TiO2 samples, indicating that 

the CVD clusters were also oxidised by the RF-TiO2 substrate after heating. When dosing 

CO onto the clusters after the 800 K heating process, there was no discernible shift in the 

Ru 3d binding energy (BE). If there was Ru-CO binding occurring one would reasonably 

expect a positive BE shift, as was the case for dosing CO onto CS Ru3/NS-RF-TiO2 (Figure 

4-7b). The lack of shift indicates that the Ru-CO binding sites were completely blocked by 

the substrate after heating to 800 K. This is supported by the earlier CO-TPD data which 

showed no characteristic Ru-CO desorption peaks for CVD Ru3(CO)12/HDS-RF-TiO2 after 

the 1st CO-TPD cycle (Figure 4-3). 

4.4.3 Discussions 

As a brief summary of the results, the adsorption of CO to CS-deposited Ru3 clusters was 

completely blocked when clusters were deposited onto LDS-RF-TiO2 or HDS-RF-TiO2, but 

this was not the case for SiO2 or NS-RF-TiO2. After Ru3/SiO2 was heated to 800 K for a TPD 

cycle there was a decrease in peak temperature and size for the high temperature peak in 

the CO-TPD spectrum which was associated with agglomeration, while for Ru3/NS-TiO2 

heating caused the complete loss of the high temperature CO desorption peak. In XPS the 

Ru 3d BE for Ru3/NS-TiO2 shifted to slightly higher energies after heating to 800 K, which is 

associated with a change in oxidation state of the clusters. The higher energy BE after 

heating to 800 K is shared is position by both Ru3 and Ru3(CO)12 on HDS-TiO2. 
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4.4.3.1 Assigning binding sites to CO-TPD features 
Differences in temperature for CO desorption could be due to CO binding to chemically 

different parts of the cluster (i.e. a different binding site) or due to differing cluster-substrate 

interactions affecting the cluster-CO binding. The shape of the CO desorption trace between 

successive CO-TPD cycles can provide information about the location of the Ru-CO binding 

sites on the clusters. This has been attempted in similar experiments including a study by 

Labich et al. [213] of Rh particles supported on TiO2/Mg where on-top (away from the 

substrate, highest temperature) and two-fold coordinated bridge (cluster-substrate bridging, 

medium temperature) positions, as well as a third high-coverage state were identified (low 

temperature). This study did not have sufficient TPD resolution to identify exact peak 

positions for the desorption features, but highlights the fact that when on a substrate, cluster-

substrate µ2 bridging bonds are also a possibility. This was also shown by Lee et al. [154] 

for Au3 clusters on TiO2(110), who argued that CO was bound to the cluster-substrate 

interface when dosed under UHV because the LEIS signal for Au was not attenuated by CO 

adsorption. Regarding the nature of Ru-CO bonds, White et al. [128] suggested via a DFT 

study that the optimised structure for Ru3(CO)1 features a 1.50 eV terminal µ1 bond (CO 

bound to one Ru atom) while Ru3(CO)2 features an additional bridging µ2 bond (CO bound 

to two Ru atoms) with a higher average Ru-CO bond energy of 1.79 eV. This calculation 

was performed in the gas phase and although not directly comparable to supported clusters, 

it importantly indicates that µ1 and µ2 bonding are possible. 

The peaks will first be assigned for the CS Ru3/SiO2 sample, which was treated as the 

baseline for comparisons. As mentioned in the section 3.6.3.3, the accuracy of the absolute 

TPD intensity calibration is estimated to be ~50%. Figure 4-1 shows that in the 1st cycle 

there was an average of 0.6 CO adsorbed per Ru atom, or 1.7 CO per Ru3 cluster. Given 

the ~50% estimated accuracy, it is likely that most clusters had 2 adsorbed CO per cluster 

after dosing. The clusters were agglomerated on SiO2 with each successive CO-TPD cycle, 

and the main 560 K CO desorption site decreased in size successively while the smaller 

260 K desorption feature increased in size after one cycle and then stabilised. As the clusters 

agglomerate the total number of CO “edge sites” available where the cluster meets the 

substrate is expected to decrease. Understanding this helps to assign the two main features 

in Figure 4-1. The 560 K peak was most likely from a µ2 cluster-substrate bridging site on 

the cluster edges; this is supported because the CO-TPD peak size decreased with 

agglomeration, which would preferentially decrease the number of edge sites (as discussed 

above), and because the higher binding energy of the site supports the likelihood of CO 

bonding to both the cluster and substrate. This peak also decreased in temperature, which 
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provides evidence that the adsorption energy of CO to the cluster-substrate bridging sites 

decreased as clusters agglomerated, which may have been related to a change in cluster 

charge density. The 260 K feature was most likely from an on-top binding site with µ1 and/or 

µ2 bonding with Ru. The increase in the 260 K peak size after the 1st cycle may indicate that 

some amount of agglomeration promoted the number of on-top sites compared to edge 

sites.  

 

Figure 4-8: Diagram showing the bonding geometry of on-top sites and edge sites for 
CO molecules adsorbed to Ru3 clusters. 

Regarding the CO-TPD samples on TiO2 substrates, for CS Ru3/NS-RF-TiO2 the CO-TPD 

spectrum (Figure 4-2a) is very similar to CS Ru3/SiO2 in the 1st cycle. The assignment of 

peaks is therefore the same as for CS Ru3/SiO2, but the peaks were shifted in temperature. 

For CS Ru3 on sputtered RF-TiO2 surfaces (Figure 4-2b-c), no Ru-CO peaks were observed 

and there were no CO binding sites to assign. For CVD Ru3(CO)12/HDS-RF-TiO2 the high 

temperature peak (at 600 K) is also assigned to cluster-substrate bridging sites. As 

previously discussed, this peak is wider in temperature than for the large desorption peak of 

either CS Ru3/NS-RF-TiO2 or CS Ru3/SiO2, which may indicate a wider range of binding 

energies are present for bridging sites in this sample, possibly as a result of the larger 

number of CO molecules per Ru atom. The peak at 300 K (Figure 4-3) is assigned to on-top 

CO with µ1 and/or µ2 bonding, the same as for the other samples. 
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4.4.3.2 Oxidation of Ru Clusters 
For all measured RF-TiO2 substrates, Ru clusters were partially oxidised by heating to 800 

K. The CO-TPD peak which was blocked for CS Ru3/NS-RF-TiO2 after the 1st cycle was 

assigned to cluster-substrate bridging sites, and thus oxygen is either binding to these sites 

or sterically hindering the access of CO to the sites. The increase in oxidation state can also 

be a reason for making Ru less attractive for binding to CO ligands. Conversely, when 

supported on SiO2, the oxidation state of the clusters did not increase by heating to 800 K. 

This indicated that the change in oxidation state of Ru clusters is not universal for oxygen-

containing substrates and was related to the cluster-surface interaction present for the RF-

TiO2-supported clusters. Evidence of the substrate-dependent oxidation of clusters has 

been shown in other studies, and oxidation is typical of the SMSI for clusters on metal-oxide 

supports [185, 201, 202]. The lack of change in Ru oxidation state on SiO2 is most likely due 

to the fact that it is a non-reducible oxide, while TiO2 is a reducible oxide [180]. The removal 

of O2- from non-reducible oxides such as SiO2 is energetically unfavourable and they are 

more stoichiometrically stable and less reactive [180, 181]. 

It is likely that the mechanism of cluster oxidation on RF-TiO2 is related to the minimisation 

of surface energy, where there was an energetic benefit for the system from the oxidation 

of Ru. The surface free energy of Ru at 298 K has been determined experimentally as 3.409 

J/m2 [389], while the surface free energy of RuO2 was calculated in a separate DFT study 

as 1.1 J/m2 for RuO2(110) and 1.4 J/m2 for RuO2(100) [390]. These two studies used 

different calculation methods and are not quantitatively comparable for determining the 

precise change in surface free energy, however the lower surface free energy of RuO2 than 

Ru provides evidence for the surface-energy minimisation benefit of Ru oxidation. The 

reduction of free surface energy due to oxidation has been shown more explicitly using 

calculations for other transition metals [391]. This mechanism can also be considered in 

terms of the negative enthalpy of formation for oxidised Ru; the energy of formation of 

transition metal oxides is typically negative, meaning there is an energetic benefit for 

oxidation and the clusters would lose energy to their surroundings when an oxide is formed 

[392, 393]. Both the surface energy and the enthalpy considerations have the same 

meaning. 

Heating is required for Ru cluster oxidation on NS-RF-TiO2. The Ru3 clusters on NS-RF-

TiO2 showed the lowest oxidation state based on the XPS results, but the oxidation state 

increased upon heating to 800 K, even after the temperature was reduced. It is probable 

that for oxidation the transport of O2- anions on the substrate must be activated by heating 
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such that they are mobilised and can be transported to the clusters; the idea of bulk TiO2 

defects becoming mobile at elevated temperatures and interacting with supported metals 

has been suggested previously [185, 204, 394]. 

Zhao et al. [75] have previously deposited Ru3(CO)12 by CVD onto TiO2(110). After heating 

and ligand removal the authors found that the Ru 3d5/2 peak was located at 279.90 eV, which 

is comparable to bulk Ru. They found by dosing 400 L O2 under UHV at 600 K that the Ru 

peaks shifted higher to 280.60 eV, which they associated with oxidation of the clusters. This 

reported BE is comparable to the results for (partially) oxidised Ru in this study, but the 

necessity for dosing O2 contrasts the results on NS-RF-TiO2 in this study where the clusters 

were oxidised only after heating to 800 K under UHV. This serves to demonstrate the fact 

that the SMSI interaction depends greatly on the combination of cluster and substrate, even 

including different forms of the same material such as TiO2(100) in the work of Zhao et al. 

[75] and RF-TiO2 in this study. Zhao estimated that the cluster coverage was 5% to 25% of 

a ML, which is comparable to this study, so surface coverage cannot be the reason for the 

difference in results [75]. It is most likely that the different outcome is related to the 

differences between nanoparticulate RF-TiO2 and single crystal TiO2(110) substrates; it is 

possible that TiO2(110) is not as easily reducible as RF-TiO2, or that the surface energy is 

lower meaning there is less of a driving force for cluster oxidation in terms of surface energy 

minimisation. 

4.4.3.3 Mechanism for Complete Blocking of Ru-CO Binding Sites 
The CO-TPD measurements for Ru3 on RF-TiO2 indicate that all Ru-CO binding sites are 

completely blocked such that no CO is able to adsorb to the clusters when dosed under 

UHV. For CS Ru3 on RF-TiO2, this phenomenon occurred only when pre-deposition Ar+ 

sputtering was performed on the substrate. It is seen from TPD that Ru-CO sites are present 

on NS-RF-TiO2, but completely blocked on LDS-RF-TiO2 and HDS-RF-TiO2. For 

Ru3(CO)12/HDS-RF-TiO2, the Ru-CO sites were present in the 1st CO-TPD cycle (before the 

ligands were desorbed) but were completely blocked in the 2nd and 3rd cycles after heating 

to 800 K. This is in contrast to the previously mentioned study by Zhao et al. [75], where 

XPS peak shifting was used to show that for Ru3(CO)12 on non-sputtered TiO2(110) that Ru-

CO binding was not blocked by the substrate after the sample was heated to 700 K and the 

ligands were removed. 

The fact that Ru-CO sites were only completely blocked if RF-TiO2 was sputter treated, in 

addition to the differences between depositions onto RF-deposited TiO2 in this study and 
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TiO2(110) in other studies [75], raises a question about the mechanism for the site-blocking. 

The Ru-CO blocking cannot be associated with agglomeration only as this would result in 

CO-TPD spectra like that of CS Ru3/SiO2 (Figure 4-1), or oxidation as this would result in 

CO-TPD spectra like that of CS Ru3/NS-RF-TiO2 (Figure 4-2a). Encapsulation is another 

phenomenon separate from oxidation, which can occur for metals supported on a reducible 

oxide like TiO2. This involves the mass transport of substrate material to the top of the 

clusters, effectively covering them. This has been shown in the literature for several types 

of clusters on TiO2 substrates, including the study by Fu et al. [185] of 1.5 nm Pd clusters 

grown on TiO2(110) as well as many other examples over the past few decades [184, 186, 

207, 208, 210-213, 386]. Encapsulation leads to the formation of an SMSI state, and there 

are various proposed reaction mechanisms for encapsulation in the literature, including 

thermodynamic drive to minimise the total surface energy of the system [185, 203, 207, 210, 

211, 213], which has also been considered as a balancing between the metal-metal bonding 

of the clusters and the metal-oxide bonding of the clusters to the substrate [207, 211]. This 

mechanism is most likely to occur when the surface energy of the metal is greater than the 

surface energy of the supporting oxide layer [185, 203, 210, 213], which is the case for TiO2 

and Ru, the surface energies of which have been calculated at 1.78 J/m2 for TiO2(110) [363, 

395] and 3.409 J/m2 for metallic bulk Ru [389]. As such, it is possible that the complete loss 

of Ru-CO binding sites is due to cluster encapsulation by the substrate material, possibly in 

combination with other phenomena such as oxidation and/or agglomeration. However, 

which mechanism is at play is not entirely clear because the data does not directly show the 

encapsulation, only the blocking of Ru-CO sites. A diagram visualising the geometry of the 

proposed cluster encapsulation, as well as the oxidation state of the clusters before and 

after heat treatment, is shown for non-sputtered and sputter-treated RF-TiO2 in Figure 4-9. 

Further insight into the covering of the clusters by substrate material will be shown in Chapter 

5. 
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Figure 4-9: Summary of results regarding the encapsulation and oxidation of Ru3 
clusters on non-sputtered RF-TiO2 (top) and sputtered RF-TiO2 (bottom), before and 
after heat treatment. For this diagram, compete blocking of Ru-CO binding sites is 
interpreted to mean the clusters have been covered by substrate material 
(encapsulation), and reside beneath the surface layer. 

While it is not directly shown by this data, the assumption of encapsulation of the Ru clusters 

by TiO2 is supported by similarities to previous findings. A similarity between the study 

presented here and previous studies on TiO2(110)-supported Pd clusters [185] and Rh 

nanoparticles [186], is the effect of substrate sputtering on the results. Pd clusters were not 

encapsulated by non-sputtered TiO2(110) but were encapsulated by the same substrate with 

heavier pre-deposition sputtering at 1 keV for 10 minutes [185], and similar results were 

shown for Rh nanoparticles [186]. This mirrors the present study where Ru-CO binding sites 

were only completely blocked for CS Ru3 on sputtered RF-TiO2. However, a key difference 

is that in the cases of Pd and Rh on TiO2(110), heating was required before encapsulation 

occurred [185, 186], starting for example at ~553 K for Pd [185]. This was interpreted by the 

researchers as heating activating the mobility of Ti interstitials in the substrate, which 

outwardly diffused and moved onto the clusters. This was also supported for Rh 

nanoparticles by Berkó et al. [186]. Conversely, in the present study Ru-CO blocking 

occurred for as-deposited samples, with no heating required.  

The lack of heating required for the loss of Ru-CO sites of CS Ru3 on sputtered RF-TiO2 
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points towards an interpretation that the mechanism may have been different to the Pd 

study, and was not based on the activation of Ti interstitial mobility by heating. Varying 

conditions have been reported to induce cluster encapsulation, which typically require 

reduction of the oxide substrate and include high temperature reduction in UHV [184-186, 

207-214, 363] or in H2 [198, 199, 215-217]. The results presented in this study cannot 

directly provide evidence on the exact mechanism, however mechanisms can be proposed 

based on results and comparisons to literature. One possible mechanism is that the 

sputtered RF-TiO2 was more mobile than the TiO2(100) used in other studies such as that 

of Fu et al. [185], such that substrate material could migrate to encapsulate the clusters even 

without additional energy input from heating. However, this seems unlikely as RF-TiO2 

mobility is typically only shown at elevated temperatures [185, 204, 394]. An alternate 

mechanism could be that sputtering was causing increased surface roughness and surface 

energy, such that there may have been small, oxygen-deficient pores for the clusters to 

enter. Ar+ sputtering at 3 keV has been shown to cause defects in subsurface regions [186], 

so it is possible that the clusters enter such pores and pin to defect sites. Based on the fact 

that the surface energy of Ru is higher than that of TiO2 [363, 389, 395], such pores would 

be preferred sites for Ru clusters deposited onto sputtered TiO2. Another driving force for 

the clusters to enter the subsurface region is the oxygen deficiency of the sputtered TiO2, 

where subsurface oxygen is likely more readily available for the Ru3 than surface oxygen. It 

should be noted that based on the experimental results shown here it is not possible to 

determine the size of Ru clusters after heating. 

To the best knowledge of the author, there have been no measurements for the 

encapsulation of size-selected Ru clusters on TiO2 in the literature, though some studies 

using similar materials have been conducted. One study by Komaya et al. [386] deposited 

large Ru particles from the Ru(NO)(NO3)3 organometallic complex onto P25 nanocrystalline 

TiO2, and used transmission electron microscopy (TEM) to show that the encapsulation 

coverage over the particles by an amorphous titania layer increased as the temperature was 

increased from 573 K to 773 K. Encapsulation has also been shown for Ru clusters 

supported on surfaces other than metal oxides; Sham et al. [396] showed using X-ray 

Absorption Near-Edge Structure (XANES), atomic emission spectroscopy (AES), and low-

energy electron diffraction (LEED), that for Ru3(CO)12 aggregates deposited by a 45 L CVD 

onto Cu(111), bimetallic clusters with an Ru core and Cu shell were formed by heating to 

723 K. Rh particles (neighbouring element to Ru on the periodic table) have also been 

encapsulated by P25 TiO2 [216], and TiO2/Mo [213]. 
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The blocking of cluster-CO binding sites is not generally desired for catalytic purposes 

because CO adsorption capacity is reduced, which was the case for some samples in this 

study as well as other works in the literature [185, 186, 213]. As such the results discussed 

can provide a framework for how to achieve Ru clusters with available Ru-CO binding sites 

on RF-TiO2 supports for the catalysis of reactions such as CO hydrogenation. While it is 

possible that conserving Ru-CO binding sites is important for catalytic activity, it should be 

noted that there are studies which have shown that for thin enough covering layers some 

combinations of cluster and covering layer can have an electronic structure which is suitable 

for catalysis and/or photocatalysis, without direct reactant-cluster contact [4, 397, 398]. In 

these cases, there can be extra benefits for catalysis such as increasing resistance to cluster 

agglomeration [4, 397], increasing catalytic reaction selectivity [398], or improving catalytic 

activity by hindering back reactions which remove reaction products [4]. As such catalysis 

measurements are necessary for experimental verification of this framework.  



101 

4.5 Conclusions 

When Ru3 was CS-deposited onto SiO2, heating the clusters to 800 K caused cluster 

agglomeration. Conversely, when CS-deposited onto NS-RF-TiO2, the clusters remained on 

the surface with all Ru-CO binding sites as-deposited but were oxidised by the substrate 

when heated to 800 K resulting in the loss of the main CO binding site. This indicated oxygen 

either bound to the same sites as CO or bound in such a way that CO was sterically 

hindered, or Ru was less attractive for binding to CO due to an increase in oxidation state. 

When the RF-TiO2 substrate was sputtered before CS-depositions the Ru-CO binding sites 

on the clusters were completely blocked by the substrate as-deposited. For CVD 

Ru3(CO)12/HDS-RF-TiO2, the clusters retained their Ru-CO sites as-deposited, but after 

heating to 800 K the ligands were removed, and the Ru-CO sites were completely blocked. 

It is possible given the lack of Ru-CO binding sites that the catalytic abilities of the small Ru 

clusters will be reduced when supported on sputtered RF-TiO2. 

We have developed a set of deposition criteria for Ru3 clusters to retain their Ru-CO binding 

sites when supported on RF-TiO2. For CS depositions the Ru-CO sites will be blocked if the 

substrate is sputter treated prior to deposition, but when depositing Ru3(CO)12 by CVD the 

CO ligands are retained on a sputtered substrate. In both cases heating to 800 K will cause 

cluster oxidation (a partial loss of CO sites) and/or complete Ru-CO blocking. The 

mechanism for complete Ru-CO blocking on sputtered RF-TiO2 could not be precisely 

determined from the presented results, but comparisons to similar studies of 

metal/TiO2(100) interfaces [184-186, 207, 208, 210-213, 386] suggested an interpretation 

that the clusters may have been encapsulated by layer of substrate material. To address 

the remaining question about the Ru-CO blocking mechanism, Chapter 5 further explores 

Ru cluster/RF-TiO2 systems and focusses on temperature-dependent measurements of 

surfacer properties. 
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Chapter 5 The interaction of size-selected Ru3 clusters 
with RF-deposited TiO2: a temperature-dependent XPS, 

ARXPS, and LEIS study 

This chapter is a reformatted and edited version of a manuscript which was submitted for 

review to a peer-reviewed journal at the time of thesis submission. See the Contextual 

Statement section for details on the contributions of the co-authors to the journal version of 

the manuscript. 

Reference for the journal version: 

L. Howard-Fabretto, T. J. Gorey, G. Li, S. Tesana, G. F. Metha, S. L. Anderson, & G. G. 

Andersson, Encapsulation of Size-Selected Ru3 Clusters into RF-Deposited TiO2, 

manuscript submitted for review to The Journal of Chemical Physics. 

5.1 Abstract 

In this study 3-atom Ru3 clusters were deposited onto radio frequency (RF)-sputter 

deposited TiO2 (RF-TiO2) substrates by both solution submersion and chemical vapor 

deposition (CVD) of Ru3(CO)12, as well as CS depositions of bare Ru3. TiO2(100) and SiO2 

were also used as substrates with differing cluster-surface interactions. Temperature-

dependent XPS, angle-resolved XPS, and temperature-dependent low energy ion scattering 

(TD-LEIS) were used to probe how the cluster-surface interaction changes due to heat 

treatment. Bare Ru3 supported on SiO2 remained on the surface layer but was agglomerated 

by heating. Conversely, when supported on sputter-treated RF-TiO2, bare Ru3 was 

encapsulated by a layer of titania substrate material as-deposited. Ligated Ru3(CO)12 was 

covered by a layer of titania only after heat treatment when supported onto sputter-treated 

RF-TiO2. TD-LEIS was used to measure the encapsulation of CVD Ru3(CO)12 clusters on 

sputter-treated RF-TiO2, and the substrate overlayer thickness was calculated. The 

overlayer was thin enough that there was potential for catalytic or photocatalytic reactions 

to occur.  
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5.2 Introduction 

In section 4.2, other studies involving Ru3 clusters deposited on titania substrates such as 

TiO2(110) were examined and their catalytic potential was discussed. The advantages and 

disadvantages of RF-TiO2 as a substrate for clusters compared to TiO2(110) were 

discussed; in short, RF-TiO2 is cheaper to produce and has a rougher nanoparticulate 

structure [357] which is more comparable to supporting substrates used for industrial 

purposes. The nature of defects and defect mobility in TiO2 substrates was discussed, and 

the concept of cluster encapsulation by reducible substrates was introduced. 

Two commonly utilised approaches to depositing metal clusters onto substrates are: 1) 

depositing gas-phase aggregated, bare clusters using a cluster source (CS), and 2) 

depositing ligand-stabilised clusters. Furthermore, (2) can be split into two classes of 

methodologies: solution submersion or chemical vapor deposition (CVD). These were 

introduced in detail in the Literature Review, section 2.4. Each of these methods have 

different advantages with respect to experimental and industrial applications. They can also 

affect the resultant cluster properties, however very few studies have directly compared the 

cluster properties of identically sized clusters resulting from different deposition methods 

[74]. Thus, it is important to understand how the deposition procedure affects the resulting 

properties of the clusters. 

CS and CVD depositions are both performed in situ and are typically suited to experimental 

work. However, both are difficult to upscale for industrial applications due to the high vacuum 

required and small cluster deposition areas [20]. Solution submersion depositions, also 

referred to as solution-based depositions, are advantageous in this area due to the ease of 

upscale to industrially relevant scales; complex and expensive equipment is not needed, 

and the volume of cluster solution can be scaled to suit large substrate surfaces [66, 72, 99, 

104]. A secondary advantage of solution submersion is that it allows for cluster deposition 

onto the inside surfaces of porous substrates such as mesoporous silica [76, 77] and 

zeolites [78, 79], while CS and CVD are line of site. However, solution-based depositions 

introduce the possibility of extra contamination to the samples due to exposure to 

atmosphere and the solvent. For both types of ligated cluster depositions (i.e. CVD and 

solution), the ligands are typically removed after deposition using heat or chemical methods 

to leave bare, surface-supported particles [3, 5, 74, 75]. 

Clusters can form a strong metal-support interaction (SMSI) with reducible oxides, and in 

some cases may be covered by a layer of support material [185, 215]. This is known as 
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“encapsulation” or “decoration” of the clusters [199, 207]. Depending on the combination of 

cluster and substrate, varying conditions have been required to induce cluster 

encapsulation, including reduction of the oxide by sputtering prior to cluster depositions [185, 

186], and high temperature reduction of the cluster/oxide system in ultra-high vacuum (UHV) 

[184-186, 207-214]. If a sufficient amount of cluster material is present, these changes are 

typically measurable using XPS; encapsulation increases the concentration of reduced Ti at 

the surface which causes a low-BE shoulder in the Ti 2p peak [185, 203].  

The encapsulation of clusters can greatly reduce their catalytic and/or photocatalytic ability 

by means of steric hindrance, where reactant molecules are prevented from reaching the 

clusters [185, 186, 213]. However, if the covering layer is thin enough some combinations 

of clusters and covering layer can have an electronic structure which is suitable for catalysis 

and/or photocatalysis without direct reactant-cluster contact [4, 397, 398]. In these cases 

there can be benefits such as increasing resistance to cluster agglomeration [4, 397], 

increasing reaction selectivity [398], or improving activity by hindering back reactions which 

remove reaction products [4]. As an example, the water splitting photocatalytic activity of 

Au25/BaLa4Ti4O15 was increased 19-fold due to cluster encapsulation by 0.8-0.9 nm thick 

Cr2O3, which was attributed to the blocking of the O2 photoreduction back reaction as well 

as stabilising the clusters from agglomeration due to UV light [4]. Thus, knowledge about 

cluster encapsulation is important for catalytic and photocatalytic applications. 

Depth profiling techniques are relevant to clusters for measuring the occurrence of cluster 

encapsulation and thickness of the overlayer. There are various analytical techniques which 

can be used to depth profile. Angle-resolved XPS (ARXPS) and LEIS are used in this 

chapter, but others also exist including high resolution transmission electron microscopy 

(HRTEM) [4]. ARXPS is commonly used for non-destructive depth profiling [399, 400], but 

is known to be less reliable for surfaces which are non-monotonic or show significant 

roughness [400]. LEIS is one of the most commonly used ISS variants for supported clusters 

[6, 9, 57, 60, 208, 308-326]. It allows for measuring the atomic composition of the topmost 

layer, and can provide depth information about the atomic distribution over the range 0-10 

nm below the surface layer depending on the ion energy used [327]. Cluster encapsulation 

can be detected by LEIS and results in the complete loss of the metal surface peak [208, 

308, 319]. One study showed that Rh clusters were completely encapsulated by TiO2(110) 

after heating to 900 K [308]. LEIS can determine film thicknesses for surface layers by using 

calculation methods such as those described by Brongersma et al. [401], which has 

previously been applied to determining the overlayer thickness for functionalised Au 
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nanoparticles [402, 403]. 

In this study, size-selected Ru3 clusters were deposited onto RF-TiO2 surfaces using 3 

different deposition methods: solution-based, CVD, and CS. Based on the results in the 

Chapter 4 it was postulated that the encapsulation of small Ru clusters may be the 

mechanism behind the complete blocking of Ru-CO sites on sputter-treated RF-TiO2. To 

further explore this, sputter-treated RF-TiO2 substrates were primarily used in this study. 

The aims were to elucidate how heat treatment affects the cluster-surface interactions 

between Ru3 and RF-TiO2 and to determine whether the deposition method had any effect 

on the resultant surface properties after heat-treatment. An additional aim was to directly 

measure the encapsulation of Ru3 and determine the temperature at which this occurs, in 

order to elucidate potential catalytic and photocatalytic benefits of the cluster/substrate 

system. TiO2(110) and SiO2 were used as comparison substrates to assist with analysis. 

TiO2(110) is the most commonly used form of TiO2 for experiments on supported clusters 

due to its high stability, photo-activity, ready availability, low cost, and low toxicity [191], and 

SiO2 was useful for comparison because it does not interact as strongly with the clusters 

[204]. 
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5.3 Methodology 

5.3.1 Substrates 

RF-TiO2, TiO2(110), and SiO2 were used as substrates for depositions of Ru3 by solution 

submersion and CVD of Ru3(CO)12, as well as CS depositions of bare Ru3. See section 3.1 

in the Instrumentation and Methodologies for information on the RF-TiO2 and SiO2 

substrates. Similar to Chapter 4, RF-TiO2 was prepared using 3 different pre-deposition 

sputtering treatments: namely, NS-RF-TiO2 (non-sputtered), LDS-RF-TiO2 (low-dose 

sputtered, treated with 4 x 1013 Ar+ ions/cm2), and HDS-RF-TiO2 (high dose-sputtered, 

treated with 6 x 1014 Ar+ ions/cm2). TiO2(110) was also used as a substrate in this chapter 

and is described in detail below. A list of the substrates used, and their abbreviated names 

are given in Table 5-2. 

A 99.99% pure single crystal of rutile TiO2(110) purchased from MTI Corporation was used. 

It was initially treated by heating to 1050 K for 1 hour under UHV, which has been previously 

shown to induce oxygen defects in the bulk of the TiO2(110) turning it blue and making it 

conductive [330, 382, 404]. The induced conductivity allowed XPS to be performed without 

the sample charging. Before each experiment, the sample was sputtered with 3 keV Ar+ for 

20 minutes then heated to 900 K for 20 minutes. These procedures followed those used in 

recent publications by Anderson et al. where TiO2(110) was used as a substrate for metal 

clusters [6, 60]. 

Table 5-1: Summary of the different supporting substrates used in this study. The 
designated sample names and abbreviated names are given. 

Substrate 
Material 

Ar+ Sputter Dose 
(ions/cm2) 

Designated Sample 
Name 

Abbreviated 
Name 

RF-TiO2 None Non-Sputtered RF-TiO2 NS-RF-TiO2 

RF-TiO2 4 x 1013 Low-Dose Sputtered RF-

TiO2 

LDS-RF-TiO2 

RF-TiO2 6 x 1014 High-Dose Sputtered RF-

TiO2 

HDS-RF-TiO2 

Rutile TiO2(110) 
Single Crystal 

6 x 1014 TiO2(100) TiO2(110) 

SiO2/Si (100) None SiO2 SiO2 

5.3.2 Instrumentation 

Depositions and analysis were performed on 3 separate UHV systems. These included the 
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University of Utah UHV system used for CS depositions and Flinders University UHV system 

used for CVD and solution-based depositions (both described in section 3.3). Additionally, 

ARXPS measurements were performed at the Australian Synchrotron soft X-ray UHV 

beamline. For these measurements CVD was performed in situ, while a CS-Ru3/HDS-RF-

TiO2 sample was prepared at the University of Utah and analysed ex situ. All 3 systems 

featured XPS and in situ Ar+ sputtering, and LEIS was available on all, except at the 

Australian Synchrotron. 

Flinders University and Australian Synchrotron experiments used 3 keV impact energy for 

Ar+ sputtering while University of Utah experiments used 2 keV. The defects may extend 

deeper into the bulk for CVD samples prepared with 3 keV impact energy due to the greater 

impact energy of the Ar+ [185, 186]. This was not corrected for, with a slightly variation in 

defects on the substrate deemed not to be of critical importance for this experiment. 

5.3.3 Cluster Depositions 

5.3.3.1 Chemical Vapor Deposition 
CVD was performed in situ at both Flinders University and the Australian Synchrotron. 

Ru3(CO)12 clusters were deposited onto HDS-RF-TiO2 substrates. Prior to cluster 

depositions, RF-TiO2 was heated under UHV to 723 K for 10 minutes then sputtered with 

Ar+ at 6 x 1014 ions/cm2. The deposited clusters covered the entire sample areas in an 

approximately even manner. At Flinders University the CVD procedure followed the method 

described in the Instrumentation and Methodologies section 3.5.1; Ru3(CO)12 was deposited 

in a loading chamber, and deposition times were 120 minutes for RF-TiO2 and 30 minutes 

for TiO2(110). At the Australian Synchrotron, the clusters were deposited using a modified 

version of the same procedure. The Ru3(CO)12 vial was a greater distance from the sample 

at the Australian Synchrotron, and due to this the Ru3(CO)12 vial was heated to 313 K to 

increase the deposition rate to a usable level. Clusters were deposited for 90 minutes.  

5.3.3.2 Solution Submersion 
The solution submersion procedure is described in the Instrumentation and Methodologies 

section 3.5.2. Ru3(CO)12 was deposited ex situ onto an HDS-RF-TiO2 substrate, which was 

analysed with temperature-dependent XPS (TD-XPS). In this chapter clusters which were 

solution-deposited (SD) are referred to as SD-Ru3(CO)12. Prior to removing the substrate 

from UHV to perform the deposition, RF-TiO2 samples were heated under UHV to 723 K for 

10 minutes, then Ar+ sputtered with 6 x 1014 ions/cm2. A concentration of 0.2 mM was used 

for the Ru3(CO)12 solution in dichloromethane. The deposition process coated the whole 
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surface with an approximately even layer of clusters. Due to the ex situ nature of the 

deposition the substrate and clusters may have been affected by the adsorption of 

atmospheric gasses which is discussed where necessary.  

5.3.3.3 Cluster Source 
CS depositions were performed in situ by a laser vaporisation CS onto RF-TiO2 and SiO2. 

The instrument details and standard deposition procedure are given in the Instrumentation 

and Methodologies section 3.5.3. Prior to cluster depositions, RF-TiO2 samples were heated 

under UHV to 723 K for 10 minutes, then Ar+ sputtered to the required dosage (except for 

NS-RF-TiO2 which was not sputtered). SiO2 was heated to 700 K for 20 minutes under an 

atmosphere of 7 x 10-6 mbar O2 to preserve the surface oxide layer, followed by a further 2 

minutes of heating under UHV. For CS deposition nominally 1.5 x 1014 Ru atoms/cm2 was 

deposited. Cluster spots were 2 mm in diameter. A retarding potential was used to achieve 

a deposition energy of ~1 eV/atom to prevent fragmentation [157].  

5.3.4 TD-XPS Methods 

The TD-XPS measurement procedure is described in section 3.6.1.4. TD-XPS of solution 

and CVD-Ru3(CO)12 samples were measured at Flinders University using an Mg X-ray 

anode, while CS-Ru3 samples were measured at the University of Utah XPS using an Al X-

ray anode. Differences between the excitation energy and HSA of the two instruments 

contributed to a difference in line shapes for elements in some cases. The At% and 

estimated Ru surface coverages for TD-XPS represent averages over all temperatures for 

each sample. See section 3.6.1.3 for a discussion on errors and uncertainties in the XPS 

measurements.  

TD-XPS measurements were also performed for blank samples corresponding to SD-

Ru3(CO)12/HDS-RF-TiO2, CVD-Ru3(CO)12/HDS-RF-TiO2, and CVD-Ru3(CO)12/TiO2(110). 

For each of these samples, a measurement was performed as per the procedure for a cluster 

deposition, but no clusters were deposited. This assisted with differentiating when changes 

in the substrate were due to the presence of clusters. The blank sample for SD-

Ru3(CO)12/HDS-RF-TiO2 was submerged in dichloromethane solvent for 30 minutes. The 

blank samples for CVD-Ru3(CO)12/HDS-RF-TiO2 and CVD-Ru3(CO)12/TiO2(110) were each 

held in the loading chamber for 5 minutes with no cluster deposition vial present. 

5.3.5 ARXPS 

ARXPS measurements were performed at the Australian Synchrotron soft X-ray beamline. 

Two samples were analysed; CVD-Ru3(CO)12/HDS-RF-TiO2 deposited in situ, and CS-
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Ru3/HDS-RF-TiO2 deposited ex situ at the University of Utah. 

5.3.5.1 ARXPS: Background 
Depth information about a surface can be determined using ARXPS by changing the 

observation angle of the emitted photoelectrons. This varies the distance electrons are able 

to travel through the sample matter, which affects the depth from which photoelectrons are 

likely to escape and reach the detector. XPS is typically conducted with the sample normal 

to the analyser, defined as an observation angle of 0˚. For each ARXPS measurement, XPS 

scans were taken at observation angles of 0˚, 30˚, 45˚, 55˚, and 60˚. According to work by 

Baschenko and Nesmeev [405], these angles are within the range which avoids severe 

angle effects related to the elastic scattering of photoelectrons. Figure 5-1 illustrates how 

the observation angle affects the measured XPS intensity for a surface elemental species. 

For increasing observation angles the shortest path for an electron to reach the detector 

increases in distance through the sample, increasing the chance of re-adsorption events 

(represented in Figure 5-1 by arrows with square ends). To determine a depth profile from 

an ARXPS measurement, a model must then be made and fitted to the experimental data 

for At% measured at each observation angle. 

 

Figure 5-1: Schematic diagram showing different observation angles in ARXPS, 
allowing for surface sensitivity and depth profiling. Observation angles from 0˚ to 60˚ 
are shown. Image produced by Chambers, B.A. [406]. 

5.3.5.2 ARXPS: Instrumentation and Methods 
Each individual ARXPS measurement was performed with the sample at 5 temperatures 

between room temperature and 723 K. The synchrotron X-ray excitation energy was 
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controllable, and 720 eV was used which was confirmed to not cause any overlapping 

satellite peaks with the peaks of interest. The beamline was equipped with a Phoibos 150 

HSA (SPECS, Germany), using a 10 eV pass energy. The synchrotron beam strength could 

be varied by varying the entrance slit size; the standard size was 20 µm and the X-ray flux 

at the sample scaled linearly with the slit size. The beam size at the sample was ~0.1 mm2. 

The total beam at the sample was measured using a GaAs detector, where the energy per 

GaAs electron-hole pair energy was taken as 4.18eV [407]. Assuming the entirety of each 

720 eV photon was transferred into electron-hole pairs, the beam flux was 7 x 1014 

photons/cm2/s for a 20 µm slit. 

For the CVD-Ru3(CO)12/HDS-RF-TiO2 sample it was noticed that synchrotron X-rays 

removed CO ligands from Ru3(CO)12. The sample damage by the beam was further 

investigated by performing a series of XPS measurements on a single spot at room 

temperature. Furthermore, an ARXPS measurement was performed on a cluster spot which 

was irradiated 3.95 x 1018 photons/cm2. To avoid sample damage by the beam for the main 

ARXPS measurements, the CVD-Ru3(CO)12/HDS-RF-TiO2 sample was scanned in a grid 

such that each angle and temperature measurement was on an unaffected area of the 

sample. 

5.3.5.3 ARXPS: Peak Fitting 
In general, the standard XPS data analysis procedures described in the Instrumentation and 

Methodologies section 3.6.1.3 were used. Differences from the standard procedure will be 

noted here. It was found that the adventitious C 1s peak location was affected by the X-ray 

beam, so this was not used to calibrate the BE scale. The Ti 2p peak was stable and was 

used as the BE reference. The Ti4+ 2p was referenced to its location when C 1s = 285.0 eV 

for the first XPS scan before the C 1s was significantly affected by the beam. To determine 

atomic sensitivity factors for 720 eV excitation energy, a sample was scanned at both 720 

eV and 1253.6 eV (the Mg Kα excitation energy) to find the peak area ratios between them. 

When determining the Ru At%, C 1s peaks were ignored in the calculations to minimise 

effects of hydrocarbon contamination on the results. 

Ru 3d peaks in all ARXPS spectra were fitted with only one doublet. The lineshape used for 

fitting Ru 3d on the Flinders University XPS instrument was modified to suit the lineshape of 

the Australian Synchrotron XPS. All ARXPS Ru peaks were fitted using the same 

asymmetrical line shape, where Ru 3d5/2 was fitted with LF(1.2,1.8,500,250) and Ru 3d3/2 

was fitted with LF(1,1.8,500,250). One exception to this procedure was as-deposited 
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Ru3(CO)12; this featured a less asymmetrical line shape which was best fitted by using 

LF(1.2,1.8,500,250) for Ru 3d5/2 for and LF(1,1.8,500,250) for Ru 3d3/2 (discussed in section 

5.3.5.3). 

Fitting uncertainties were estimated in the same manner as the laboratory-based XPS fitting 

uncertainties (see Chapter 3 section 3.6.1.3). The increased resolution and count rate of the 

Australian Synchrotron XPS instrument improved the fitting uncertainties; Ru At% was ± 2%, 

CO At% was ± 2%, and CO/Ru atomic ratio was ± 4%. The absolute error for CO/Ru atomic 

ratio was estimated to be higher at ~10% due to the CO baseline subtractions which were 

necessary, as well as any differences between the XPS atomic sensitivity factors used and 

the true factors for XPS [367]. The fitting accuracy for Ru 3d peak locations was ± 0.05 eV 

when comparing different measurements of the same sample performed in series, or ± 0.1 

eV when comparing different samples. 

5.3.5.4 ARXPS: Model Calculation 
A similar evaluation algorithm was used in determining concentration depth profiles as used 

by Eschen et al. [374], and more recently Andersson et al. [400]. In this procedure the 

measured Ru At% at each angle was fitted to a model, using the concentration of Ru at 

various sample depths as a fitting parameter. The difference between the measured and 

modelled At% at each angle was minimised to determine the concentration depth profile. 

The Excel solver function was used to minimise the differences. The solver function is less 

robust than the genetic algorithm used in [374] and [400] because the starting parameters 

are not automatically varied and must be close to the final solution. This limits the range of 

possible solutions, but for the purpose of the ARXPS model minimisation it was deemed 

acceptable. The ratio of |𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐴𝐴𝐴𝐴% – 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐴𝐴𝐴𝐴%|
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝐴𝐴𝐴𝐴%

, herein called the “Model Difference 

Ratio”, was used as a measurement for the difference between the modelled and measured 

results for Ru At%. The mean free path of electrons in the sample material depends on the 

composition of the sample and will influence the distance photoelectrons can travel through 

the sample, which was factored into the calculation and taken as 1.2 nm for 720 eV photons 

[376]. 

The following assumptions are inherent in the modelling process: a) The observation depth 

varied with the cosine of the emission angle, θ. b) Once beyond a finite depth from the 

surface into the bulk, the sample has a consistent, homogeneous composition. c) Possible 

variations in sample density which effected the composition are neglected. d) The inelastic 

mean free path (IMFP) was constant from the bulk to the surface. e) the distance from the 
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surface into the depth of the sample was modelled as a number of finite layers, each having 

a homogenous composition. 

For the ARXPS depth profiles, the values of layer concentration (%) in each depth layer 

were estimated to have an uncertainty of ± 20%. This was estimated by manually altering 

the depth profile to determine the range of results which produced an acceptable 

comparison between the calculated and measured Ru At% values. For these results the 

important aspect was the shape of the depth profile rather than the exact values, and thus 

a better estimation of the error bars was not necessary. The resolution of the Ru penetration 

depth for ARXPS was ± 0.3 eV, based on half the defined layer width used in the calculation. 

5.3.6 Optical Microscopy 

Optical microscopy was used on an SiO2 sample to assist with determining the He+ beam 

size for the Flinders University LEIS beam (results shown in section 5.4.3.1). A Nikon Eclipse 

LV100 POL Petrographic microscope was used to take a high resolution digital image of the 

sample following extended exposure to the He+ beam. The processing software ImageJ was 

then used to calculate the area of the beam spot. The scale was calibrated based on the 

scale bar of the microscopy, and a defined polygonal shape was created around the area of 

beam damage to determine the damaged surface area; 12.1mm2 ± 0.15 mm2. 

5.3.7 LEIS Methods 

5.3.7.1 LEIS: Background 
LEIS, sometimes called ISS, is a variant of Rutherford backscattering spectrometry (RBS). 

LEIS allows for measuring the atomic composition of the outer, topmost atomic layer of the 

sample. It provides depth information about the atomic distribution in the region 0-10 nm 

below the surface layer (depending on the ion energy used) allowing the analysis of thin 

layers atop a surface [327]. This makes LEIS a well-suited technique for the analysis of 

supported metal clusters. A drawback is that the surface is bombarded with keV ions which 

can lead to the sputtering of atoms from the surface layer, and thus the ion dose must be 

moderated in LEIS measurements [327]. 

In LEIS a sample is bombarded with 0.5 to 10 keV low energy ions (He+, Ne+, or Ar+). The 

ion beam is incident on the surface with angle α, and ions are backscattered at angle θ [327, 

328]. A schematic of this process is shown in Figure 5-2. Over 99% of He+ bombarding the 

surface is neutralised or implanted into the surface, and the remaining ions that backscatter 

with an angle θ are detected [327, 408]. The ions lose energy when backscattered, and the 

energy loss increases as the mass of the target atom being scattered from decreases. The 
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result of a LEIS measurement is a spectrum where surface peaks are present at specific 

locations related to the masses of the outer surface elements, except for H and He which 

cannot be measured. However, the analysis of only charged particles is thought to prevent 

the quantitative analysis of surface concentrations, and composition results from LEIS are 

treated as qualitative [327]. LEIS does not typically have matrix-effects, meaning the 

chemical nature of the surface atoms does not affect the LEIS results [328] except in rare 

cases [409]. 

 

Figure 5-2: Schematic of the ion scattering process for LEIS [328]. Two backscattering 
processes are shown: one from a surface atom, and one from a sub-surface atom ∆x 
below the surface. Reprinted with permission from Surface Science Reports [328]. 

Backscattering of ions from atoms below the topmost layer, such as the event shown with 

the ion backscattering from a depth of ∆x in Figure 5-2, is suppressed. This is due to a 

combination of shadowing (upper atoms shielding lower atoms from He+), blocking 

(backscattered He+ being shielded due to sample geometry), and the reduced ion survival 

probability due to the increased time of interaction between the projectile and sample. The 

latter gives LEIS its ability to distinguish between ions scattered from the topmost atomic 

layer and from sub-surface atoms [309]. A single monolayer (ML) of impurities can 

dramatically affect the results of a LEIS experiment [328]. Ions scattered from thin layers 

below the surface may still be detected, and feature shifted peak locations due to the 

stopping power of the sample material. A mix of surface and subsurface atoms results in a 

tail to lower energies, while a full overlayer will result in a shift in peak location [328]. The 

peak shift was used to determine the depth of thin layers on the surface; the stopping power 
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of the overlayer and the onset half-maximum energy of a sub-surface peak were compared 

to reference measurements for the target atom [328]. 

5.3.7.2 LEIS: Instrumentation and Methods 
LEIS measurements were performed on in situ samples at both Flinders University and the 

University of Utah. Both of the LEIS instruments used were set up with the same settings. 1 

keV He+ ions were produced using ion guns, which were incident on the sample at α = 45° 

and detected orthogonal to the sample where θ = 135° (see the ion geometry shown in 

Figure 5-2). The backscattered He+ ions were detected with the same HSA detectors which 

were used on each UHV system for XPS; namely a Phoibos 100 HSA (SPECS, Germany) 

at Flinders University and a Physical Electronics HSA at the University of Utah. Ion energies 

were measured in steps of 5 eV. Backscattered counts were plotted against the ratio E/E0, 

where E is the backscattered energy and E0 is the incident ion energy. Higher E/E0 values 

result from He+ scattering from heavier surface elements. 

The two LEIS measurement procedures used were “temperature-dependent LEIS” (TD-

LEIS), and “series LEIS”. TD-LEIS measurements were performed stepwise as the sample 

temperature was increased to determine the effects of heating (method described below), 

while series LEIS measurements were performed repeatedly on the same sample area 

without further modification, to determine the effects of the He+ beam on the sample. 

Each TD-LEIS measurement was performed on a unique sample, separate from those 

analysed using TD-XPS or ARXPS. Clusters were deposited as per the methods discussed 

in section 2.4 and LEIS was performed in situ. LEIS measurement was first performed at 

the deposition temperature. Following this, the He+ beam was stopped, and the sample was 

heated at 3 K/s to the next temperature. Heating was stopped as soon as the target 

temperature was reached, and another LEIS measurement was performed. This process 

was repeated for regular temperature intervals until 900 K. For each TD-LEIS sample, XPS 

was performed after the TD-LEIS measurements and used to determine Ru surface 

coverage (see section 3.6.1.3 for the calculation process). 

The reproducibility of results from the University of Utah LEIS was well known prior to this 

study because repeated experiments using the instrument had been performed on as-

deposited Pd20/alumina samples which indicated the instrument had high reproducibility 

[315], and the system had been used in numerous studies after this [6, 9, 60, 309-314]. 

Conversely, previous work had not been performed using LEIS at Flinders University. In 

testing the reproducibility of the spectra and consistency of the ion beam, RF-TiO2 was 



115 

scanned 20 times in one day and no differences in the results were found. To determine the 

locations of the most important peaks related to Ru, Ti, and O, blank RF-TiO2 and metallic 

Ru were measured which are shown in Figure 2-1. 

Due to the potential damaging nature of LEIS measurements on surfaces, ion doses were 

minimised by using the lowest scan time to achieve reasonable resolution and only 

bombarding the surface while scans were running. Additionally, ion doses were estimated 

for each sample to estimate the level of surface damage due to the He+ beam. The 

neutralisation current at the sample and scan times were used to determine the total ion 

doses for each sample. The neutralisation current was a good measurement for the number 

of incoming clusters because >99% of incoming He+ ions were neutralised [327, 408].  

5.3.7.3 LEIS: Data Analysis 
The surface peaks in LEIS spectra were integrated to determine cluster/substrate peak area 

ratios. These ratios, e.g. Ru/(Ti+O) for Ru clusters on TiO2, were used as a measure of the 

concentration of Ru accessible to LEIS. The uncertainty in Ru peak area ratios was 

estimated as ± 8% based on the data spread of a LEIS measurement of CS-Ru3/SiO2 which 

was repeated in series on the same cluster spot. For CVD-Ru3(CO)12/HDS-RF-TiO2 the 

penetration depth of clusters into the substrate was calculated based on TD-LEIS data. The 

calculation process is described in the relevant Results and Discussion, section 5.4.4.3. The 

stopping power of titania was needed to relate the energy loss of backscattered particles to 

substrate depth. This was calculated using the software package SRIM [410] for 1.10 keV 

He+ in TiO2 to be 29.74 eV/nm ± 2.97 eV/nm. SRIM calculations were according to Bragg’s 

rule [411], and thus any effect of the specific structure of RF-TiO2 on the stopping power 

was neglected.  

5.3.7.4 LEIS: Estimating Surface Damage 
For each TD-LEIS sample the total cumulative surface damage caused by the He+ beam 

was estimated using the percentage of Ru which was sputtered from the surface. It was 

assumed all Ru was on the topmost layer, and that the LEIS signal was directly proportional 

to the Ru surface coverage. The sputter rate of Ru from an SiO2 surface, R, was determined 

in the Results and Discussion section 5.4.3.3 to be R = -1.2 x 10-2 atoms/ion. This sputter 

rate was determined experimentally, and any instrumentation effects are included. The 

packing density of an Ru ML, D, was estimated in order to calculate the surface damage in 

terms of Ru MLs. Ru unit cells are close packed hexagonal, and if we slice the top off the 

unit cell (to make a surface layer) there are 2 Ru atoms per unit cell at the surface, and the 
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length of a hexagonal side is 0.27 nm [412]. Based on the area of a hexagon the area of the 

unit cell face was determined to be 1.89 x 10-15 cm2. The face features two atoms, and thus 

the estimated packing density, D, of an Ru ML was ~9.47 x 10-16 cm2/atom. 

The estimated surface damage was determined using the same method for all TD-LEIS 

measurements, and these are shown in Table 5-4 in the Results and Discussion. Here, an 

example calculation is provided for the CVD-Ru3(CO)12/HDS-RF-TiO2 sample. The 

cumulative Ru dose per area for this measurement was 5.95 x 1015 ions/cm2 (ion doses for 

each measurement are provided in Table 5-4). The ion dose per area was multiplied by R 

to determine the number of Ru atoms being removed per area; 7.14 x 1013 atoms/cm2 (this 

assumed a full ML of Ru was present).This was then found in terms of MLs of Ru removed, 

by multiplying by D; ~6.8 x 10-2 ML of Ru was sputtered by the beam, or 6.8% ML. Because 

all cluster depositions were < 1 ML, this result was treated as the estimated percentage of 

Ru sputtered from the surface. That is, if 6.8% of a Ru full ML were to be removed, 6.8% of 

a partial ML would also be removed (relative to the initial coverage of that partial ML). 
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5.4 Results and Discussion 

5.4.1 TD-XPS Results 

TD-XPS measurements were performed on 5 different Ru3-deposited samples, listed in 

Table 5-2. For each of the Ru3(CO)12 depositions, blank measurements were performed on 

the same substrates to determine the effects of the solution-based and CVD deposition 

procedures on the amount of surface Ti defects and adsorbed CO contamination. In this 

section the samples were first summarised with their TD-XPS temperature ranges and key 

XPS results related to the Ru clusters (see Table 5-2). The spectra and fitting of the Ru 3d/C 

1s and Ti 2p regions were then discussed and the main TD-XPS results were presented. 

5.4.1.1 TD-XPS Sample Summary 
Table 5-2 displays the Ru At% and estimated Ru surface coverage determined for each TD-

XPS sample. The TD-XPS temperature ranges are shown for each sample; measurements 

started at a lower temperature for CS-Ru3 than Ru3(CO)12 samples due to the clusters being 

deposited at reduced temperatures while the Ru3(CO)12 was deposited at room temperature 

in both methods. The as-deposited Ru 3d5/2 BE and heat-treated BE are shown for each 

sample. 

Table 5-2: Summary of Ru At% and Ru 3d5/2 BE for each TD-XPS cluster deposition. 
At% are averaged from all temperatures for each sample, and Ru surface coverages 
are determined according to the method in section 3.6.1.3. The as-deposited BE was 
at the deposition temperature, while the heat treated BE was at 723 K for SD and CVD 
samples, and 800 K for CS samples. Errors and uncertainties are discussed in section 
3.6.1.3. The fitting uncertainty for Ru At% is ~4%. The absolute error in Ru coverage 
is ~100%, while the relative uncertainty between the experiments is based on the Ru 
At% fitting uncertainty and is ~4%. Absolute errors in BE are ± 0.2 eV, while the 
relative uncertainty when comparing measurements of the same sample is ± 0.1 eV. 

Deposition Substrate Ru 
At% 
(%) 

Ru 
Surface 

Coverage 
(% ML) 

TD-XPS 
Range 

(K) 

As-
Deposited 

BE (eV) 

Heat-
Treated 
BE (eV) 

SD-Ru3(CO)12 HDS-RF-TiO2 0.44 3.2 298 - 723 282.0 280.5 

CVD-Ru3(CO)12 HDS-RF-TiO2 1.11 8.0 298 - 873 281.6 280.6 

CVD-Ru3(CO)12 TiO2(110) 2.41 17.2 298 - 873 281.2 280.5 

CS-Ru3 NS-RF-TiO2 0.44 3.2 190 - 800 280.3 280.5 

CS-Ru3 SiO2 0.51 3.7 190 - 800 280.7 280.7 
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The Ru surface coverages in Table 5-2 show that the coverage ranged from 3.2% ML to 

17.2 % ML. Since all samples were a small fraction of a ML, any cluster differences related 

to surface coverage (i.e. due to cluster-cluster interactions) were considered negligible. The 

rate of CVD deposition for Ru3(CO)12 was greater when depositing onto TiO2(110) than RF-

TiO2; approximately double the attached Ru surface coverage, although the deposition 

pressure was the same and deposition time was shorter (30 minutes compared to 120 

minutes for RF-TiO2). The RF-TiO2 deposition concentration was typical for this type of 

deposition, which provided evidence that Ru3(CO)12 bonded more readily to single crystal 

TiO2(110) than the nanoparticulate RF-TiO2.  

5.4.1.2 Fitting Ru 3d/C 1s Region 
Details on the assigning of the C 1s peaks were given in the Instrumentation and 

Methodologies section 3.6.1.3. Ru 3d5/2 peaks were used as the main reference for the Ru 

BE position because there is less peak overlap with C 1s features than Ru 3d3/2. The TD-

XPS results for the Ru3(CO)12 samples are shown in Figure 5-3. A minimum of 5 

temperatures were measured per sample, however for readability the results are only shown 

at room temperature, 373 K, and 723 K. 
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Figure 5-3: TD-XPS spectra of the Ru 3d/C 1s region for Ru3(CO)12 samples as-
deposited, at 373 K, and at 723 K. a) SD-Ru3(CO)12/HDS-RF-TiO2. b) CVD-
Ru3(CO)12/HDS-RF-TiO2. c) CVD-Ru3(CO)12/TiO2(110). 

For all spectra in Figure 5-3 the lower BE features were related to Ru 3d5/2 and the higher 

BE features were related to the overlap of Ru 3d3/2 and C 1s. The amount of C 1s was 

reduced by heating due to the desorption of adventitious hydrocarbons. This was most 

significant for the SD-Ru3(CO)12/HDS-RF-TiO2 sample, because this deposition was not 

performed in situ and thus more hydrocarbons had adsorbed to the surface. For each 

sample, heating to 373 K and 723 K successively reduced the BE of the Ru doublet. 

Examples of the XPS peak fitting for Ru3(CO)12-deposited TD-XPS samples are shown in 

Figure 5-4. Both asymmetrical and symmetrical line shapes were used for fitting the Ru 3d 

doublets depending on the state of the clusters which will be described below. 
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Figure 5-4: Example fittings of the Ru 3d/C 1s XPS region for the TD-XPS of CVD-
Ru3(CO)12/HDS-RF-TiO2. a) As-deposited at room temperature. b) Heated to 373 K. c) 
Heated to 723 K. The fitting procedure is identical for CVD-Ru3(CO)12/TiO2(110) and 
SD-Ru3(CO)12/HDS-RF-TiO2. 

Figure 5-4 shows that the Ru 3d doublet related to the Ru3(CO)12 clusters were fitted with a 

symmetrical line shape as-deposited (before heating), but the peak changed to an 

asymmetrical shape by heating to 423 K. At 373 K the Ru was transitioning between states, 

and both symmetrical and asymmetrical doublets were required for an accurate fitting in the 

model. An asymmetrical line shape is typical for the Ru 3d peak from bulk, metallic Ru [372]. 

Due to this, the change of line shape with heating provides evidence for a shift towards more 

metallic properties for the Ru, associated with the removal of the CO ligands due to heating. 

Clusters typically have non-metallic properties with discrete electron energies like that of 

molecules [13], and become more metallic entering then into the nano-particulate size 

regime as their size increases past approximately 300 atoms [11, 14-18]. Thus, it is notable 

that the small Ru clusters are most likely in a metallic state on the surface; this may be an 

intrinsic property of the Ru clusters, or due to the cluster-surface interaction. This is 
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examined in more detail in Chapter 6 where UPS and MIES were performed on Ru3/RF-

TiO2, and further details on the cluster valence electronic properties are discussed. 

The TD-XPS results for CS-deposited Ru3 samples are shown in Figure 5-5. For readability, 

the results are only shown at room temperature, 373 K, and 723 K for each sample. There 

was a slight shift towards higher Ru 3d5/2 BE due to heating, for CS-Ru3/NS-RF-TiO2, while 

there was very little change in BE for CS-Ru3/SiO2. Examples of the peak fitting for the CS-

deposited TD-XPS samples are shown in Figure 5-6, and the results are discussed further 

below. 

 

Figure 5-5: XPS Spectra of the Ru 3d/C 1s region for CS-Ru3 TD-XPS samples, as-
deposited, at 350 K, and at 700 K. a) CS-Ru3/NS-RF-TiO2. b) CS-Ru3/SiO2. 
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Figure 5-6: Example fitting of the Ru 3d/C 1s XPS region for CS-Ru3 TD-XPS samples. 
a) CS-Ru3/NS-RF-TiO2 as deposited. b) CS-Ru3/SiO2 as deposited. Asymmetrical Ru 
doublets are used at all temperatures for both samples. 

For CS-Ru3, the Ru peak shape was asymmetrical at all measured temperatures for both 

samples. This is in contrast to the ligated Ru3(CO)12 samples, where the Ru peak shape 

was symmetrical at room temperature. This aligns with the interpretation that the presence 

of CO ligands was influencing the asymmetry of the peaks. After heating, the Ru3(CO)12 

clusters had some or all of their ligands removed and were likely more similar in properties 

to the bare CS-deposited clusters. It is worth mentioning the asymmetrical line shape used 

was slightly different on CS-deposited and Ru3(CO)12-depsoited samples. This was due to 

the fact that the measurements were performed on different XPS instruments which featured 

slightly different line shapes. This change in line shape was discussed in the Instrumentation 

and Methodologies section 3.6.1.3, but did not significantly affect the results and was 

neglected in analyses. 

5.4.1.3 Fitting Ti 2p Region 
Three examples of fitted spectra are shown for the Ti 2p XPS region in Figure 5-7. These 

show the Ti 2p regions for CVD-Ru3(CO)12/HDS-RF-TiO2, CVD-Ru3(CO)12/TiO2(110), and 

CS-Ru3/NS-RF-TiO2, and were given as examples because they represent the three types 

of TiO2 substrates used in TD-XPS measurements. Peak fitting for all other measurements 

of the Ti 2p region followed these models. 
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Figure 5-7: Example Ti 2p XPS region fittings for substrates with as-deposited 
clusters. a) CVD-Ru3(CO)12/HDS-RF-TiO2. b) CVD-Ru3(CO)12/TiO2(110). c) CS-Ru3/NS-
RF-TiO2. (a) and (b) were measured with an Mg Kα excitation energy while (c) was 
measured with Al Kα. This resulted in different line shapes for the spectra (see section 
3.6.1.3 for discussion on this). There is a consistent under-fit between the Ti doublet 
peaks due to a changing background signal (this was discussed in Chapter 4, section 
4.3.5). 

There was a difference in Ti 2p fitting procedures between Figure 5-7a-b and Figure 5-7c. 

This difference was due to the slightly different line shapes for the Flinders University XPS 

(used for ligated samples) and the University of Utah XPS (used for CS-deposited samples). 

All TiO2 samples measured on the Flinders University XPS instrument had some signal 

present in the location of Ti2+ which was not visible at The University of Utah; the Ti2+ was 

most likely not actually present on the surface, and was just an artefact of the intrinsic line 

shape related to the detector. The differences between the systems were discussed in more 

detail in section 3.3, but suffice to say the key change was the difference between Mg Kα 

excitation and Al Kα excitation, which are known to effect the line shape [367]. 

Figure 5-7a and Figure 5-7b were fitted very similar to one another. Three unique Ti doublets 
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were modelled, corresponding to Ti4+, Ti3+, and Ti2+. The Ti 2p peaks were present at 459.6 

eV, 457.9 eV, and 546.8 eV, respectively. These show that the Ti 2p fitting procedure was 

identical for ligated Ru3(CO)12 depositions onto both RF-TiO2 and TiO2(100). For CS-Ru3 

depositions, the Ti 2p fitting procedure was performed according to Figure 5-7c; only two 

doublets were used corresponding to Ti4+ and Ti3+. For the purpose of this study Ti3+ and 

Ti2+ were summed and referred to as Tidefects. Due to the larger number of Ti defect peaks 

the relative concentration of defects may have been slightly increased when measuring on 

the Flinders University XPS. However, this only applied when comparing different samples; 

each individual sample was analysed consistently and the change in surface defect 

concentration due to heating could be followed using TD-XPS in each case. Thus, for these 

purposes the Ti 2p fitting differences are considered negligible to the result. 

5.4.1.4 TD-XPS Analysis and Discussion 
A range of peak fitting results provided different chemical information about the samples. 

The Ru At%, Ru 3d5/2 BE, CO/Ru atomic ratio, and TiDefect/TiTotal atomic ratio were all 

individually plotted against temperature to determine how they were affected. The Ru At% 

TD-XPS results are shown first in Figure 5-8. 

 

Figure 5-8: TD-XPS results for Ru At%. The uncertainty in Ru At% is ~4% which is 
shown in the error bars. Error bars are the same for all samples but are only displayed 
for one to prevent overlapping. 

Figure 5-8 shows that there was no overall Ru At% trend between all samples, as 

temperature was increased. The SD-Ru3(CO)12/HDS-RF-TiO2, CS-Ru3/NS-RF-TiO2, and 
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CS-Ru3/SiO2 samples featured no change in At%. From the CO-TPD results in Chapter 4 it 

was postulated that for CVD-Ru3(CO)12/HDS-RF-TiO2 the clusters may be encapsulated by 

substrate material when heat treated at 723 K, however there was no noticeable decrease 

in At% for Ru associated with heating; this sample had a slight increase in At% greater than 

the error bars at 873 K, perhaps related to a decrease in surface contamination due to 

heating. The lack of decrease in Ru At% means that if the clusters were indeed encapsulated 

by substrate material, the penetration into the substrate was only of a short scale (i.e. less 

than 1 nm), otherwise the XPS signal would have noticeably been attenuated. The CVD-

Ru3(CO)12/TiO2(110) sample did begin to decrease in Ru At% to an extent greater than the 

error bars starting at ~423 K. This may be an indicator of cluster encapsulation which was 

noticeable in XPS due to the higher Ru surface coverage on the TiO2(110) substrate. Cluster 

encapsulation is discussed in more detail in section 5.4.6. 

TD-XPS results for Ru 3d5/2 BE are shown in Figure 5-9. The results from Ru3(CO)12 

depositions and CS depositions cannot be directly compared; for Ru3(CO)12 there was a 

significant decrease in BE due to the removal of CO ligands with heating [74, 75] which did 

not occur for CS-Ru3 samples. Due to this the results were plotted separately in Figure 5-9a 

and Figure 5-9b. 
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Figure 5-9: TD-XPS results for Ru 3d5/2 BE. a) Ru3(CO)12 depositions. b) CS-Ru3 
depositions. Note the BE scale is smaller in (b) because the peak shifting occurs to a 
lesser extent. When fitting Ru3(CO)12 at the transition temperature, 373 K, the average 
of the two Ru 3d5/2 peak locations is shown. The absolute error in BE is ± 0.2 eV which 
is shown in the error bars, but the relative uncertainty is ± 0.1 eV for peak shifting of 
an individual sample. See section 3.6.1.3 for discussion on errors and uncertainties. 
Error bars are the same for all samples but are only displayed for one sample per 
figure to help readability. 

In Figure 5-9a the initial BE varied between the Ru3(CO)12 samples. As the temperature was 

increased there was a sharp decrease in BE followed by a shallower decrease; the change 

in slope occurred between 423 and 473 K. The initial sharp decrease in BE was due to the 

loss of CO ligands from the clusters. From this data alone, it was not clear whether the 

change in slope was due to the removal of all ligands, or the direct attachment of Ru clusters 

to the substrates following ligand removal. This will be discussed below with extra insight 

from CO/Ru atomic ratios given in Figure 5-10.  

In Figure 5-9b the TD-XPS of CS-Ru3/NS-RF-TiO2 showed a slight BE increase with heating 

which begins at 500 K. The peak shifted further with increased temperature until the total 

BE shift at 800 K was 0.2 eV ± 0.1 eV. This shift was most likely due to the oxidation of Ru 

clusters by the RF-TiO2 substrate, which was previously suggested in Chapter 4, section 

4.4.3.2. The increase in BE at 500 K indicated a temperature of at least 500 K was needed 

for oxidation to occur, which could not be determined in Chapter 4. However, similar to that 

chapter the exact stoichiometry of the oxidised Ru clusters on the substrates could not be 

determined. For CS-Ru3/SiO2 the BE was not greatly affected by the heating process. The 

measurement at 400 K increased in BE by ~0.1 eV, however this appeared to be a random 

error because the CS-Ru3/SiO2 has less BE consistency than the other samples. This was 

because the Ru 3d region signal-to-noise ratio was the lowest for CS-Ru3/SiO2 (see Figure 
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5-6b), but it was not clear why this occurred in the experiment. Comparing the two CS 

samples, the Ru 3d BE was higher for CS-Ru3/SiO2 both as-deposited (280.7 eV ± 0.2 eV) 

and after heat treatment (280.7 eV ± 0.2 eV). This indicated that the cluster-surface 

interaction between titania and Ru lowered the core Ru 3d BE of the clusters when 

compared to SiO2, which was most likely due to the greater extent of charge transfer 

between the clusters and substrate and/or the formation of an SMSI with RF-TiO2 [204]. 

In Figure 5-9b CS-Ru3/SiO2 showed no change in Ru BE larger than the uncertainty at any 

temperature between 190 K and 800 K. It was shown using CO-TPD in Chapter 4 section 

4.4.1.1 that heating to 800 K caused agglomeration for CS-Ru3/SiO2, which indicates that 

the cluster agglomeration is not effecting the XPS BE. This result differs from reports for 

other metal clusters such as Au, where the cluster size has affected core electron BE [66, 

72, 73, 102] and it has been possible to relate XPS BE to cluster size [73, 98, 102, 287, 

288]. 

Comparing the data from Figure 5-9a and b, the BEs for all Ru3 clusters supported on TiO2 

(both RF-TiO2 and TiO2(110)) were similar after heat treatment, varying only by ± 0.1 eV 

which was less than the uncertainty for comparing different samples. For TiO2-supported 

samples, the initial, as-deposited Ru 3d BE was different between the samples but the 

difference lessened as the temperature was increased. This suggests that the initial state of 

the clusters was noticeably affected by the deposition method and substrate type, but after 

heat treatment to 723-823 K the Ru chemical state became very similar between all TiO2-

supported samples (280.5 eV to 280.6 eV). This suggests the Ru3 had similar oxidation 

states after heating. This implies that for the use of Ru3 supported on TiO2 in catalysis, the 

particular deposition method is most likely not as important if a heat treatment process is 

applied. This could be considered if a sample were to be heated for industrial catalytic 

reactions; the solution submersion deposition method could be preferentially used due to its 

ease of scalability and the lack of difference in cluster oxidation state between the deposition 

methods after heating. 

Figure 5-10 displays the TD-XPS results for CO/Ru atomic ratios for each ligated Ru3(CO)12 

sample. This provided a representation of the CO ligands being removed by the heating 

procedures. The CO/Ru atomic ratio was determined at each temperature by calculating the 

ratio between the calibrated peak areas for CO 1s ligands and Ru 3d. For CO 1s, a 

background level of CO contamination was always present on the samples, even without 

clusters, and the pre-deposition CO area was subtracted in each case to reduce the effects 
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of contamination on the results. Also shown are blank, room temperature measurements for 

CO/Ru atomic ratios (discussed in section 5.3.4). 

 

Figure 5-10: TD-XPS Results - CO/Ru atomic ratios for Ru3(CO)12 depositions. Ratios 
are determined using XPS At%. For blank, room temperature measurements (marked 
by X’s) the CO/Ru atomic ratios are calculated using the Ru At% of the equivalent 
loaded depositions. The fitting uncertainty in CO/Ru atomic ratios is ~13% when 
comparing between samples, which is reflected in the error bars. The absolute error 
in the CO/Ru atomic ratio is estimated to be higher at ~0.5 (see section 3.6.1.3). Error 
bars are the same for all samples but are only displayed for one sample to increase 
readability. 

Figure 5-10 shows that the blank substrate measurements for the two CVD depositions had 

very little CO adsorbed onto the HDS-RF-TiO2 or TiO2(110) substrates after being exposed 

to CVD conditions with no clusters present. This indicated that the CO/Ru atomic ratios for 

the CVD-Ru3(CO)12 samples were not affected significantly by any contamination added 

during the deposition processes. Conversely, the SD blank measurement for HDS-RF-TiO2 

showed an equivalent ratio of CO/Ru = 5.4. This was greater than the maximum theoretical 

ratio of 4 for Ru3(CO)12 and indicated a significant amount of CO was adsorbed during the 

solution-based deposition process, due to both the ex situ nature of the process and the 

adsorption of dichloromethane solvent. 
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Observing the as-deposited Ru/CO atomic ratios for the cluster-loaded samples in Figure 

5-10, the initial CO/Ru atomic ratio for SD-Ru3(CO)12/HDS-RF-TiO2 was 6.7 ± ~0.5; this was 

greater than the maximum theoretical value of 4, and was indicative of CO contamination 

remaining on the surface from exposure to the atmosphere. Due to this the CO/Ru atomic 

ratio for the SD-Ru3(CO)12/HDS-RF-TiO2 was not a reliable indicator of the true CO/Ru 

atomic ratio. This issue was not present when using the in situ CVD deposition method. The 

initial CO/Ru atomic ratio was 2.1 ± ~0.5 for CVD-Ru3(CO)12/HDS-RF-TiO2, and 1.5 ± ~0.5 

for CVD-Ru3(CO)12/TiO2(110). This implied an approximate as-deposited chemical formulae 

of Ru3(CO)6.3 and Ru3(CO)3.0 for the clusters in each sample respectively, meaning some 

ligands were lost in the CVD-procedures. CVD-Ru3(CO)12/HDS-RF-TiO2 also had a higher 

Ru 3d BE than CVD-Ru3(CO)12/TiO2(110), which supported the interpretation that more 

ligands were lost on TiO2(110). This aligned with previous measurements by Zhao et al. 

[75], where it was found ligands were desorbed when depositing Ru3(CO)12 onto TiO2(110) 

by CVD at room temperature, where the average atomic ratio was Ru3(CO)10. There thus 

may be some mechanism for the removal of ligands by TiO2 at room temperature. 

The trends in CO/Ru atomic ratio for the 3 Ru3(CO)12 samples in Figure 5-10 were similar 

to one another, and also similar in shape to the trend in Ru 3d5/2 BE for the same 3 samples 

in Figure 5-9a. There was a sharp decrease upon heating as the ligands began to desorb, 

and then the slope decreased. It appears that for the CVD depositions the trend flattens 

between 423 K and 473 K, which matched the temperature where the BE trend flattened. 

The similarity of the trends between the CO/Ru atomic ratio TD-XPS and Ru 3d BE TD-XPS 

provides support for the interpretation that the initial large decrease in BE with heating, for 

ligated samples was due to the loss of CO ligands. For SD-Ru3(CO)12 the CO/Ru atomic 

ratio flattened at 373 K compared to 473 K for Ru 3d BE, which may have been due to 

experimental inconsistencies in the thermocouple measurement. By approximately 423 K 

the majority of CO ligands had desorbed regardless of the type of TiO2 substrate or 

deposition method. For the CVD depositions, at 423 K and above the CO/Ru flatlined to an 

average of ~0.27. This suggests the majority of the ligands had been removed, however it 

is difficult to confirm the complete deligation within the uncertainty (see error bars). The 

value of 0.27 may be related to the last ~1 or few ligands. This is supported by the literature 

where complete deligation has been reported for Ru3(CO)12 on different forms of TiO2 at 

between 700 K and 800 K depending on the nature of the substrate and deposition method 

[74, 75], implying 423 K is not a high enough temperature to remove all CO ligands. 

The TD-XPS results for TiDefect/TiTotal atomic ratio for each sample are shown in Figure 5-11. 
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Blank measurements for substrates without deposited clusters were also performed and are 

displayed on the same axes. These results only applied to the TiO2 substrates, and the CS-

Ru3/SiO2 data were not included due to the lack of Ti. 

 

Figure 5-11: TD-XPS Results - TiDefect/TiTotal atomic ratio. Ratios are determined using 
XPS At%. Blank measurements where no clusters were deposited are included for the 
solution-based and CVD depositions. The uncertainty in the fitting of Ti defect ratios 
is ± 10%, which is shown in the error bars (see section 3.6.1.3 for discussion on errors 
and uncertainties). Error bars are the same for all samples but are only displayed for 
one per figure to increase readability. 

Figure 5-11 shows that blank HDS-RF-TiO2 and blank TiO2(110) for CVD depositions 

featured small increases in surface defects due to heating, starting at 600 K. The blank 

measurement for SD-Ru3(CO)12 only featured 298 K and 723 K measurements, and also 

showed a small increase in defects due to heating. However, all Ru3(CO)12-loaded samples 

in Figure 5-11 increased in Ti defects to a greater extent, beyond the level of blank samples. 

For CVD-Ru3(CO)12 this started at 573 K on HDS-RF-TiO2 and at 473 K on TiO2(110), while 

for SD-Ru3(CO)12/HDS-RF-TiO2 this started at 373 K. The difference in Ti defect ratio 

between the loaded and blank samples after heat treatment was larger than the error bars 

for SD-Ru3(CO)12/HDS-RF-TiO2 and CVD-Ru3(CO)12/TiO2(110), but for CVD-Ru3(CO)12 the 
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defects increased beyond the blank but there was some overlap in error bars (not shown in 

the figure). Because there was still an increase, and the difference was above the error bars 

for the other two CVD-Ru3(CO)12 samples, it is assumed that the increase above the blank 

sample was significant for CVD-Ru3(CO)12/HDS-RF-TiO2 even with the overlapping error 

bars. 

The increase in Ti defects with temperature was at least partially due to heating of the 

substrate for the cluster-deposited samples; heating-induced defects for TiO2 under UHV 

are well-known and have been reported in previous studies [204, 207, 413]. However, 

because the sample defects increased even above the level of the blank samples, evidence 

is provided that the clusters were involved with the increase in surface defects by reducing 

the substrate (or conversely the substrate was oxidising the clusters). The SD-

Ru3(CO)12/HDS-RF-TiO2 and corresponding blank sample both had less total defects than 

either the CVD-blank or CVD-Ru3(CO)12/HDS-RF-TiO2 samples, even though the surface 

loading was less and there was thus less clusters present to passivate defects (see Table 

5-2). This was presumably because of the exposure to atmosphere and dichloromethane 

solvent passivating the surface defects before the sample was analysed. 

In the literature, Ti defects increasing for substrates loaded with clusters has previously been 

associated with clusters being oxidised or encapsulated [184-186, 203, 207, 210-212], and 

this lends support to the fact that cluster encapsulation and/or oxidation was occurring for 

the Ru3(CO)12 samples due to heating. Conversely, CS-Ru3/NS-RF-TiO2 did not have an 

increase in surface defects related to heating. From the CO-TPD and XPS results in Chapter 

4, CS-Ru3 was expected to be oxidised after heating, which would hypothetically increase 

the number of Ti defects in the surface as the substrate was reduced. Because no increase 

in TiO2 surface defects was detected for this sample, it is possible that the effect was too 

small to detect, perhaps due to a combination of lower Ru surface coverage of the CS-

Ru3/NS-RF-TiO2 compared to CVD-Ru3(CO)12/HDS-RF-TiO2 (see Table 5-2). 

5.4.2 ARXPS Results 

ARXPS measurements were performed on 2 samples; CVD-Ru3(CO)12/HDS-RF-TiO2 

(deposited in situ) and CS-Ru3/HDS-RF-TiO2 (deposited ex situ). In addition to the main 

ARXPS results, fitted Ru 3d/C 1s region XPS spectra are shown for each sample and the 

effect of the synchrotron X-ray beam on the clusters is discussed.  
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5.4.2.1 Ru 3d Peak Fitting and Estimating Surface Coverages 
The Ru surface coverage of the ARXPS samples were estimated according to the 

Instrumentation and Methodologies section 3.6.1.3, and are shown in Table 5-3. The Ru 

surface coverage for both samples was low (< 5% ML), and thus cluster-cluster interactions 

were considered negligible and the samples were directly comparable to one another in 

terms of Ru properties. 

Table 5-3: Ru At% and Ru surface coverages for ARXPS samples (see Instrumentation 
and Methodologies section 3.6.1.3 for details on data analysis and uncertainties). The 
fitting uncertainty for Ru At% is ~2%. The absolute error in Ru coverage is ~100%, 
while the relative uncertainty between the experiments is based on the Ru At% and is 
~2%. 

Deposition Substrate Ru At% (%) Ru Surface Coverage (% ML) 

CVD-Ru3(CO)12 HDS-RF-TiO2 0.77 4.0 

CS-Ru3 HDS-RF-TiO2 0.18 1.0 

 

The fitting procedure for Ru clusters varied slightly between ARXPS and the previous TD-

XPS measurements. The asymmetric line shape for Ru was changed to allow for accurate 

data fitting across the range of synchrotron XPS data. In Figure 5-12 three example spectra 

are shown with peak fitting for the Ru 3d/C 1s region: CVD-Ru3(CO)12 as-deposited, CS-

Ru3 as-deposited, and CVD-Ru3(CO)12 after heating to 723 K. These represent the peak 

fitting procedures used for all ARXPS measurements. 
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Figure 5-12: Example peak fitting of the Ru 3d/C 1s region. Measurements were at an 
observation angle of 0°. a) CVD-Ru3(CO)12/HDS-RF-TiO2, no treatment. b) CVD-
Ru3(CO)12/HDS-RF-TiO2, 723 K heating. c) CS-Ru3/HDS-RF-TiO2, no treatment. 

CVD-Ru3(CO)12/HDS-RF-TiO2 and CS-Ru3/HDS-RF-TiO2 were both fitted with identical Ru 

3d line shapes at all temperatures, except for as-deposited CVD-Ru3(CO)12/HDS-RF-TiO2; 

this Ru 3d doublet was less asymmetrical than all other ARXPS scans. The specific line 

shapes were detailed in section 5.3.5.3. The increase in Ru peak asymmetry after heating 

was most likely related to the clusters losing their CO ligands and becoming more metallic. 

The slight asymmetry of the as-deposited Ru 3d peak may indicate that Ru3(CO)12 had 

decomposed further than other samples during the deposition as a result of the increased 

deposition temperature for the ARXPS sample (313 K, compared to 298 K). This 

discrepancy did not greatly affect the results of the ARXPS fitting procedures. 

5.4.2.2 X-ray Beam Damage of Ru3(CO)12 
Preliminary measurements were performed to determine the effect of the synchrotron X-ray 

beam on the Ru clusters. It was found that the 720 eV synchrotron X-ray beam was 
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desorbing CO ligands from CVD-Ru3(CO)12. To investigate this, the same cluster spot was 

scanned repeatedly at room temperature to determine the change in the Ru 3d/C 1s region 

as the total beam dosed increased. This was performed on the ARXPS CVD-

Ru3(CO)12/HDS-RF-TiO2 sample, using a unique scan area which did not interfere with the 

main ARXPS measurement. The Ru 3d5/2 BE and CO/Ru atomic ratio were both plotted 

against the total X-ray beam flux, and the results are shown in Figure 5-13. 

 

Figure 5-13: CVD-Ru3(CO)12/HDS-RF-TiO2 - Beam damage vs. total beam flux of 720 
eV X-ray photons. The left and right vertical axes show the Ru 3d5/2 BE and CO/Ru 
atomic ratio, respectively. The uncertainty in the Ru BE is ± 0.05 eV. The fitting 
uncertainty in CO/Ru atomic ratio is ± 4%, while the absolute uncertainty is larger at 
± 10% (see section 5.3.5.3 for discussion on uncertainties). 

Figure 5-13 shows the results of XPS peak fitting for CVD-Ru3(CO)12/HDS-RF-TiO2 after 

being left under the X-ray beam. Results for the CO/Ru atomic ratio and Ru 3d5/2 BE are 

shown; the Ru 3d peak shifted towards lower BE and the CO/Ru atomic ratio decreased. 

Both findings align with the interpretation that the X-ray beam was stripping the CO ligands 

from the clusters over time. This effect was not unlike that of heating the clusters to remove 

the ligands, where the trend for the shape of the Ru 3d5/2 BE (Figure 5-9a) and CO/Ru 

atomic ratio (Figure 5-10) was similar. The initial Ru 3d5/2 BE of 281.0 ± 0.05 eV decreased 

by 0.4 eV to 280.6 eV ± 0.05 eV after a dose of 7.2 x 1018 photons/cm2. For the TD-XPS 
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measurement in section 5.4.1.1, the final BE after heating to 873 K was the same, at 280.6 

eV ± 0.2 eV. This indicated that the X-ray beam removed the ligands in a similar manner to 

the heat treatment, and the resulting chemical state of the clusters was similar.  

It was detected by XPS that the Ru At% was decreased by exposing the sample to the X-

ray beam (not shown in Figure 5-13). The initial Ru At% decreased by ~14% after a dose of 

4 x 1018 photons/cm2, after which the rate of loss decreased significantly. The loss of Ru 3d 

signal may be explained by the removal of some Ru atoms or clusters by the X-ray beam. 

The X-ray dose of this experiment was designed to test the surface damage and was far 

greater than the standard dose of ~2 x 1017 photons/cm2 used in a standard measurement. 

Due to this, the level of surface damage to the Ru atoms themselves was treated as 

negligible for the ARXPS experiment. 

Due to the findings in this section, the CVD-Ru3(CO)12/HDS-RF-TiO2 sample was moved in 

the X-ray beam spot to a fresh, non-overlapping sample area for each ARXPS scan. This 

avoided accumulating beam damage which may have affected the measurements by 

removing CO ligands, and was discussed in the Methodology section 5.3.5.2. This was 

possible because the CVD-Ru3(CO)12 covered the entire surface evenly. The CS-Ru3/HDS-

RF-TiO2 sample featured a single cluster spot 2 mm in diameter which was scanned 

repeatedly, but the extent of damage to the bare Ru clusters was deemed to be negligible 

for this experiment (discussed above). It must be mentioned that the CO ligand damage 

described in this section was not observed when performing laboratory-based XPS 

measurements (e.g. for TD-XPS). This was presumably because synchrotron radiation is 

typically 105-1012 times more intense than laboratory X-ray sources [414]. 

5.4.2.3 Main ARXPS Results and Analysis  
The ARXPS results for both CVD-Ru3(CO)12/HDS-RF-TiO2 and CS-Ru3/HDS-RF-TiO2 are 

shown in Figure 5-14. The results for Ru At% at each observation angle are shown first, 

followed by the estimated Ru depth profiles at each temperature. Finally, the differences 

between the measured Ru At% and those calculated by the depth profile model were plotted 

for each sample, angle, and temperature. ARXPS was also performed on the X-ray beam-

damaged spot (see section 5.4.2.2) after a dose of 4 x 1018 photons/cm2, to determine the 

effects of the X-ray beam on the Ru depth profile.  
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Figure 5-14: ARXPS data for CVD-Ru3(CO)12/HDS-RF-TiO2 and CS-Ru3/HDS-RF-TiO2. 
(a) and (b) show the data for Ru At% vs. observation angle for CVD-Ru3(CO)12 and CS-
Ru3, respectively. (c) and (d) show the ARXPS depth profiles for CVD-Ru3(CO)12 and 
CS-Ru3, respectively. These show the atomic concentration of Ru per layer for 
arbitrarily defined layers of the sample, as determined by the ARXPS model (see 
section 5.3.5.4). (e) and (f) plot the Model Difference Ratio at each observation angle 
and temperature (described in section 5.3.5.4). The uncertainty in Ru At% is ± 2%, 
while the uncertainty in the atomic ratio per layer is ± 20% (see section 5.3.5 for 
discussion on uncertainties).  
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Figure 5-14c shows that the depth profile of CVD-Ru3(CO)12 clusters on the surface changed 

between 423 K and 573 K. Between 298 K and 423 K all Ru was present on the top surface 

layer, defined in the calculation as the top 0.046 nm. At 573 K the depth profile changed, 

and clusters either penetrated into deeper layers of the substrate or were covered by a 

titania overlayer. The penetration extended deeper again at 648 K to a maximum penetration 

depth of 0.24 nm ± 0.03 nm. The depth profile shows that at 723 K there was approximately 

60% Ru with an overlayer, and 40% present on the surface layer. The X-ray beam-damaged 

spot featured a similar depth profile to the 573 K heat-treated ARXPS measurement. This 

indicated the cluster damage due to the X-ray beam also resulted in an overlayer forming 

above the clusters. However, because the X-ray beam also resulted in the loss of Ru surface 

atoms, the treatment of clusters with X-ray dosing is not recommended as an Ru3(CO)12 de-

ligation method for experiments. 

Figure 5-14d shows the depth profiles for CS-Ru3/HDS-RF-TiO2, which were more 

consistent with temperature than CVD-Ru3(CO)12/HDS-RF-TiO2. The main change was a 

small reduction in the total amount of Ru visible in XPS as the temperature increased. Unlike 

CVD-Ru3(CO)12 sub-surface Ru was present at 298 K (room temperature). However, the 

penetration was also less pronounced; the maximum penetration depth was approximately 

0.1 nm ± 0.03 nm. The ratio of surface to sub-surface Ru was consistent for all temperatures; 

there was ~66% surface and ~34% subsurface Ru3. 

The results discussed regarding Figure 5-14c and Figure 5-14d align with results presented 

in Chapter 4, where CO-TPD results showed that CVD-Ru3(CO)12/HDS-RF-TiO2 had no Ru-

CO binding sites remaining after a heating procedure to 800 K, while CS-Ru3/HDS-RF-TiO2 

did not have Ru-CO binding sites as-deposited which was interpreted as a lack of Ru on the 

surface layer. This was an inconsistency between the ARXPS and CO-TPD data; ARXPS 

indicated some clusters were still present on the topmost layer for both samples after 

penetration had occurred, while CO-TPD indicated that no Ru was left on the surface. This 

inconsistency was most likely due to inherent flaws in the ARXPS depth profile method for 

this type of sample, which were discussed below in section 5.4.5.2. 

Figure 5-14e-f shows the “Model Difference Ratios” plotted against observation angle at 

each temperature. A description of how this is calculated is given in section 5.3.5.4, and 

these values represent the error between the measured At% and the value from the ARXPS 

model, on a scale from 0 to 1. The ratios varied per measurement between a ratio of 0 and 

0.3. The greatest Model Difference Ratio for CVD-Ru3(CO)12/HDS-RF-TiO2 was for the X-
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ray dosed measurement at 0°, and for CS-Ru3/HDS-RF-TiO2 it was the 723 K measurement 

at 30°. The maximum Model Difference Ratio of 0.3 implied there may have been differences 

between the modelled depth profile and the true depth profile of the sample. The Model 

Difference Ratios were consistently higher for particular observation angles; this may imply 

that the roughness of the sputtered RF-TiO2 was an issue for the ARXPS, or that the 

samples were non-monotonic. Thus, the depth profiles alone were not considered 

quantitative representations of the Ru surface concentration per layer. However, ARXPS 

was used as an indication that CVD-Ru3(CO)12 clusters travelled deeper into the HDS-RF-

TiO2 as a response to heating, while the CS-Ru3 depth profile did not change due to heating 

and started with clusters covered by substrate material. The TD-LEIS measurements 

discussed below provided more depth information (see section 5.4.4), and the results from 

ARXPS and LEIS were compared and analysed in section 5.4.5. 

5.4.3 LEIS Preliminary Testing 

Preliminary testing was performed prior to the main LEIS measurements. The He+ beam 

size on the sample was estimated for each system, and spectra from blank RF-TiO2 and a 

metallic Ru reference sample were measured. The Ru sputter rate was estimated using a 

measurement of the TD-LEIS CS-Ru3/SiO2 sample. 

5.4.3.1 He+ Ion Beam Area 
The He+ ion beam area for each UHV system was estimated so that the total ion dosage per 

area could be determined quantitatively for each LEIS measurement. This was important for 

comparing measurements between the different LEIS instruments, and for estimating the 

extent of surface damage by the ion beam. On the University of Utah LEIS instrument the 

sample was moved horizontally through the He+ beam while ion current was measured. On 

this UHV system the substrate was spot welded to wires which held it in place such that 

there was no backing plate, and any detected ion current could be attributed to the He+ beam 

impacting the sample. Figure 5-15 shows the results of this measurement, which allowed 

for determination of the beam radius by finding the locations where the beam first overlapped 

with the sample (i.e. an increase in ion current noted) and where the entire beam was on 

the sample (i.e. maximum ion current reached). These are shown by vertical black lines, 

indicating the radius of the He+ beam was 5 mm. The true beam shape was unknown, so to 

calculate the area its shape was assumed to be circular, where 𝐴𝐴 = 𝜋𝜋. 𝑟𝑟2. Based on this, the 

total beam area was determined to be 79 mm2. 
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Figure 5-15: Sample position vs. He+ ion current measured on the University of Utah 
LEIS instrument. The positions are marked when the ion beam first reached the 
sample (4 mm) and when the entire ion beam was on the sample (14 mm). The 
difference indicates the diameter was 10 mm, and radius was 5 mm. 

At Flinders University the samples were mounted on a conductive Mo backing plate, and 

the method above could not be used to determine the beam area because the ion current 

could also be measured through the sample plate. As an alternative, to determine the He+ 

beam area an SiO2 substrate was sputtered using a very large dose of 1 keV He+ (0.188 µA 

for 16 hours) to induce visible surface damage, and an optical microscope was used to 

image the beam-damaged spot (Figure 5-16a). The damaged area was calculated using the 

program ImageJ. The pixels of the microscope image were calibrated to the scale bar, and 

the beam area was determined by creating a 2D shape which followed the edge of the 

damaged area. This is shown by the yellow outline in Figure 5-16b. The relationship between 

the extent of SiO2 surface damage and the sample discolouring was not known, and the 

yellow outline thus represents an estimation of the diameter for the full width half maximum 

(FWHM) of the dose. The beam area was measured to be 12.06 mm2 ± 0.15 mm2 (see 

section 5.3.6 for further details on the ImageJ calculations).  
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Figure 5-16: a) Optical microscope image of SiO2 damaged by 1 keV He+ using the 
Flinders University ion gun. The discoloured oval is a damaged area of the substrate 
and represents the area of He+ beam-damage. Multiple individual microscope images 
were combined to measure the full spot. b) ImageJ processed version of the image 
used to calculate the beam damaged area. The yellow outline shows the area being 
measured.  

5.4.3.2 LEIS of Blank Reference Materials 
A blank RF-TiO2 substrate and metallic Ru reference sample were measured with LEIS and 

the results are shown in Figure 5-17. From these reference measurements, it was found that 

the LEIS surface peak locations for the key elements of interest were E/E0 = 0.85 for Ru, 

0.73 for Ti, and 0.41 for O. These measurements were performed at Flinders University, but 

the peaks also occurred at the same locations on the University of Utah instrument. 

 

Figure 5-17: Reference LEIS measurements. a) RF-TiO2, after heating to 723 K. b) 
Metallic Ru, after heating to 1073 K and sputter cleaning with 3 keV Ar+. Some 
contaminants were present in low concentrations in the metallic Ru, which are visible 
as 3 smaller peaks a higher E/E0.  

a)  b)  
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5.4.3.3 Determination of Ru Sputter Rate 
To determine the sputter rate of Ru by the He+ beam in these measurements, and thus 

estimate the surface damage, a LEIS measurement was performed on 800 K heat-treated 

CS-Ru3/SiO2. This was the same sample used for TD-LEIS in section 5.4.4.2 below, and 

was performed after the main TD-LEIS so as to not affect the results. Repeated LEIS 

measurements were performed on a single cluster spot to determine how the dose affected 

the sample. The measured LEIS spectra (not shown) were comparable in features and 

shape to the CS-Ru3/SiO2 LEIS shown in the TD-LEIS measurement in Figure 5-19a below. 

Figure 5-18a shows the integrated ratios of Ru/(Si+O) vs. He+ ion dose. There was no 

noticeable decrease until ~1 x 1015 ions/cm2, after which the Ru peak size began to 

decrease. The lack of initial change in peak size was likely due to the presence of some 

carbonaceous contamination atop the Ru clusters which was sputtered off by the He+ beam, 

thus exposing the Ru. 

 

Figure 5-18: Series LEIS measurement of CS-Ru3/SiO2 after heating to 800 K. This was 
performed to determine the Ru sputter rate. a) Ru integrated peak ratios vs. 
cumulative ion dose. b) Calibrated graph of Ru surface coverage vs. cumulative ion 
dose. (b) was truncated to data points > 1 x 1015 ions/cm2 (discussed in text), and a 
linear fitting was produced and shown in the figure inset. Uncertainties in Ru peak 
ratios are ~8% (see section 5.3.7.3). 

Figure 5-18b shows the same LEIS measurement as Figure 5-18a. The data was truncated 

to data points >1 x 1015 ions/cm2 where Ru sputtering was occurring, and the integrated Ru 

peak area ratio was calibrated to determine the number of Ru atoms per area, which was 

plotted on the vertical axis. The calibration was based on the fact that 1.5 x 1014 Ru 

atoms/cm2 were initially deposited by the CS. However, this measurement was performed 
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after the main TD-LEIS measurement (shown in Figure 5-19), and the TD-LEIS showed that 

after heating to 800 K, the Ru peak area ratio and therefore number of surface atoms had 

decreased to 0.43 times the initial value due to agglomeration (see section 5.4.4.2 below for 

more details). This meant that 0.43 times the initial, as-deposited surface concentration was 

present for the sputter rate measurement. The integrated peak area ratio was calibrated 

linearly based on this known starting value to determine the surface concentration at each 

sputter dose. In LEIS there may be changes in the surface peak due to structure changes 

as well as concentration changes [309, 328], but for the purpose of surface damage 

estimation this was neglected and it was reasonably assumed that the cluster structure did 

not drastically change with agglomeration. 

The linear fitting for Ru surface coverage vs. ion dose produced in Figure 5-18b had a slope 

of -1.2 x 10-2 atoms/ion, and an offset of 8.1 x 1013 atoms/cm2. The offset was related to the 

initial surface concentration of Ru atoms. The negative slope gave the sputter rate for Ru 

atoms by 1 keV He+, where an average of 1.2 x 10-2 Ru atoms were removed by each He+. 

This sputter rate was used in calculations of the surface Ru damage for each TD-LEIS 

measurement, which are shown in Table 5-4 (see section 5.3.7.4 for an example 

calculation). 

5.4.4 LEIS Results 

TD-LEIS measurements were performed on CS-Ru3/SiO2, CVD-Ru3(CO)12/HDS-RF-TiO2, 

and CS-Ru3 on RF-TiO2 with 3 different sputtering doses. Further LEIS measurements were 

also performed to assist with the interpretation of the CS-Ru3/RF-TiO2 results. 

5.4.4.1 Ru Surface Coverage and Ion Dosage for TD-LEIS Samples 
XPS was performed on each of the TD-LEIS samples after the TD-LEIS measurements were 

completed, in order to estimate Ru surface coverage. These XPS results are given in Table 

5-4. The ratio of total carbon atoms to Ru atoms was calculated and provides a measure of 

the level of contamination on each sample. In addition, the total ion dose for each 

measurement is shown, along with the estimated sputter percentage of Ru which was used 

as a measurement for the level of Ru cluster surface damage due to LEIS. Between all TD-

LEIS samples, the percentage of Ru sputtered from the surface during a measurement was 

an average of 2.9%, and a maximum of 6.8%. These values were cumulative over the TD-

LEIS measurements at all temperatures, and this level of surface damage was small enough 

that He+ beam damage was neglected as a justification for any changes to Ru peaks in TD-

LEIS spectra. 
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Table 5-4: Ru At %, Ru surface coverage, C/Ru ratio, total He+ dose, and total 
sputtered Ru for all TD-LEIS samples. Measurements were after TD-LEIS, and the 
samples were heated to 800 K (CS-Ru3 depositions on RF-TiO2) or 900 K (CVD-
Ru3(CO)12/HDS-RF-TiO2 and CS-Ru3/SiO2). An example calculation for estimation of 
the sputtered Ru is given in section 5.3.7.4. The CVD-Ru3(CO)12 values in the table are 
averages from two identical depositions and measurements, referred to as TD-LEIS 
A and TD-LEIS B. The fitting uncertainties for Ru At% and C/Ru atomic ratios are ~4%. 
The absolute error in Ru surface coverage is ~100%, while the relative uncertainty 
between the experiments is based on the Ru At% and is ~4%. Uncertainties and errors 
for XPS were discussed in discussed in section 3.6.1.3. 

Deposition Substrate Ru 
At% 
(%) 

Ru Surface 
Coverage 

(% ML) 

C/Ru 
Atomic 
Ratio 

Total Ion 
Dose 

(ions/cm2) 

Total Ru 
Sputtered 

(%) 

CS-Ru3 SiO2 0.5 3.3 5.4 1.2 x 1015 1.3 

CVD-
Ru3(CO)12 

HDS-RF-TiO2 1.5 10.7 1.5 6.0 x 1015 6.8 

CS-Ru3 NS-RF-TiO2 0.4 2.6 12.4 1.8 x 1015 2.1 

CS-Ru3 LDS-RF-TiO2 0.3 2.3 13.9 1.9 x 1015 2.1 

CS-Ru3 HDS-RF-TiO2 0.3 2.2 8.4 1.8 x 1015 2.0 

5.4.4.2 TD-LEIS of CS-Ru3/SiO2 

A TD-LEIS measurement was performed on CS-Ru3/SiO2. The lowest and highest 

temperature spectra are shown in Figure 5-19a, with peaks labelled for Ru, Si, and O. The 

spectra were integrated, and the peak ratio of Ru/(Si+O) was determined at each 

temperature, shown in Figure 5-19b. 
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Figure 5-19: TD-LEIS of CS-Ru3/SiO2. a) LEIS spectra for initial and final temperature 
measurements. b) integrated Ru/(Si+O) peak ratio vs. temperature. Uncertainties in 
the Ru peak area ratios are ~8% (see section 5.3.7.3). 

In Figure 5-19a the total count rate of the LEIS spectrum increased when heated to 900 K. 

This was indicative of surface contaminants such as adventitious carbon being removed. 

Figure 5-19b showed a decrease in the relative amount of Ru in the LEIS-accessible layer 

as the temperature of the sample was increased. The downward trend with temperature 

continued until 900 K where the LEIS peak ratio was 0.43 times the initial value. Due to the 

surface-sensitivity of LEIS, this indicated the amount of Ru in the topmost layer (i.e. not 

covered by other species) had decreased. This was most likely due to cluster agglomeration, 

where the number of surface Ru atoms in the system had reduced due to Ru forming 

multilayer structures. This was supported by a previous study by Kane et al., where it was 

shown for Pdn clusters that as cluster size increased, the change from single to multilayer 

clusters attenuated the LEIS signal [315]. The agglomeration of Ru clusters on SiO2 when 

heated to 800 K was also supported by results in Chapter 4, as previously discussed. 

5.4.4.3 TD-LEIS of CVD-Ru3(CO)12/HDS- RF-TiO2 

The full TD-LEIS measurement of CVD-Ru3(CO)12/HDS-RF-TiO2 was performed 2 times on 

separate samples, including the substrate preparation, cluster deposition, and 

measurement. This was to confirm the reliability of the results, and these were named TD-

LEIS A and TD-LEIS B. Figure 5-20 shows the measured TD-LEIS results for one of these 

measurements (TD-LEIS A), and the analysed data for both measurements. 
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Figure 5-20: TD-LEIS of CVD-Ru3(CO)12/HDS-RF-TiO2. Separate depositions and TD-
LEIS measurements were performed on 2 samples. (a) and (b) show spectra from TD-
LEIS A, while (c) and (d) show collated data from both TD-LEIS measurements. a) LEIS 
spectra at all measured temperatures. b) Selected temperatures zoomed in to the Ru 
peak region. c) Integrated Ru/(Ti+O) peak ratios vs. temperature. The data point 
marked with a cross has a lower ratio than expected because the sample was left in 
the vacuum chamber for longer after heating due to an equipment issue, which 
allowed some adventitious carbon to adsorb atop the clusters. This data point is 
plotted for completion but is treated as an outlier. Uncertainties in Ru integrated peak 
ratios are ~8% (see section 5.3.7.3 for discussion on uncertainties). d) Half-maximum 
peak onset for Ru vs. temperature, in terms of backscattered He+ energy in eV. The 
black dashed line at 923 eV represents the Ru half-maximum onset for a metallic Ru 
reference sample. The error bars are ± 2.5 eV. 

Figure 5-20a shows LEIS at all temperatures measured for CVD-Ru3(CO)12/HDS-RF-TiO2. 

The overall signal strength increased with increasing temperature, which was indicative of 

surface contamination being sputtered. Figure 5-20b displays the Ru peak region. The onset 

slope of the Ru peak (on the right) decreased at 650-700 K, and decreased further as the 

temperature was increased to 850 K. The shape then remained constant when heated to 

900 K. Starting at 650-700 K, the counts at ~0.79 E/E0 increased and the peak location of 
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Ru was shifted to lower E/E0 values. The peak shifting was indicative of the clusters being 

covered by an overlayer. For LEIS measurements, if there is material covering the species 

of interest the peak shifts to lower E/E0. This is because the He+ projectiles lose energy 

penetrating through the upper layer before and after backscattering [328, 403]. In Chapter 

4 it was proposed that CVD-Ru3(CO)12/HDS-RF-TiO2 may be encapsulated by the HDS-RF-

TiO2 substrate when heated, based on the loss of all Ru-CO binding sites after heating the 

sample to 723 K. This result aligns with the finding in TD-LEIS, and together presents a 

strong argument that the clusters were encapsulated by the substrate.  

In Figure 5-20c the integrated Ru peak ratios are shown vs. temperature, where the 

integration included both the high and low energy regions of the Ru peak (for surface and 

sub-surface species). The relative Ru LEIS peak size decreased with increasing 

temperature; this decrease was most likely related to the encapsulation of the clusters, 

possibly combined with an amount of Ru sputtering by the He+ beam. Comparing the two 

LEIS measurements, the results were similar. TD-LEIS B had a higher Ru/(Ti+O) ratio than 

TD-LEIS A at all temperatures, however both depositions were performed identically, and 

the difference in Ru peak ratios was because TD-LEIS B featured a higher background count 

rate. No background correction was performed for the peak integration, which comparatively 

made the Ru peaks larger. 

Figure 18d shows the onset half-maximum energy determined from the high E/E0 side of the 

Ru peaks in each TD-LEIS spectrum. This is the energy where the Ru peak reached half its 

maximum height. For TD-LEIS A, the onset half-maximum energy was at approximately the 

metallic Ru value (indicated by the black dotted line) until 750 K, where the onset half-

maximum energy shifted to a lower energy. After 750 K the peak energy decreased slightly 

with heating to 900 K. For TD-LEIS B, the shift to a lower Ru onset half-maximum energy 

occurred slightly earlier at 575 K, and there did not appear to be a further decrease with 

heating. These differences may be due to thermocouple calibration differences between the 

measurements (this can be affected by the spot weld joint between the sample and 

thermocouple). The large shift in onset half-maximum energy which occurred in both spectra 

corresponded to the complete loss of the surface peak and was treated as an indicator of 

the clusters being covered by a substrate overlayer. The average temperature for this to 

occur was 660 K ± 120 K. In TD-LEIS B the as-deposited (298 K) measurement had a lower 

onset half-maximum energy than expected, likely due to the presence of some hydrocarbon 

contaminants. Additionally, the 825 K measurement appears to be an outlier, being present 

at a higher energy than expected.  
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From the results in Figure 18d the depth of the titania layer covering the clusters was 

calculated. A similar method was used in a study by Belsey et al., where Au nanoparticles 

were covered with an organic layer and the shifting of the LEIS onset half-maximum energy 

for the Au peak compared to a clean Au reference was used to determine the overlayer 

thickness, based on the stopping power of the organic layer [403]. For each TD-LEIS 

measurement the onset half-maximum energies were averaged before and after the onset 

half-maximum energy of encapsulation, and the shift was calculated to determine the loss 

of He+ energy due to the stopping power of the overlayer, ∆E (this did not include the 

backscattering energy loss). Disregarding the mentioned outliers, ∆E was determined to be 

29.9 eV ± 5.3 eV and 19.7 eV ± 5.2 eV for TD-LEIS A and B respectively, where the average 

was 24.8 eV ± 5.3 eV. 

∆E was divided by the stopping power of the overlayer to give the total length of titania which 

the He+ projectiles travelled through, L. This relationship is shown in Equation 5-1. 

 L =
∆𝐸𝐸

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
 5-1 

Because the projectiles travelled into and out of the titania overlayer, L was equal to the sum 

of the incoming length H, and outgoing length D. The beam impact angle was 45° and the 

angle to the detector was 90°; D thus represented the titania overlayer depth. The 

relationship between D and L was determined using right-angle trigonometry, so that the 

titania depth could be determined. The calculations in Equations 5-2 to 5-4 below 

determined the relationship between D and L, and an expression for D was found by 

substituting in Equation 5-1. 

 cos(45°) =
𝐷𝐷
𝐻𝐻

 5-2 

 L = D + H =𝐷𝐷(1 +
1

sin(45°)) 5-3 

 𝐷𝐷 = 0.4142 L =
0.4142 ∗ ∆𝐸𝐸

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
 5-4 

SRIM was used to calculate the stopping power of He+ ions in TiO2; 29.74 eV/nm ± 2.97 

eV/nm (see section 5.3.7.3 for details). Incorporating the average ∆E and stopping power 

into Equation 5-4, it was determined that D = 0.35 nm ± 0.08 nm. This represented the 

average overlayer depth, and this result was analysed further and compared to the depth 
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information gained from ARXPS in section 5.4.5.  

5.4.4.4 LEIS of CS-Ru3/RF-TiO2 
TD-LEIS was performed on CS-Ru3 with 3 different substrate preparation methods: NS-, 

LDS-, and HDS-RF-TiO2, and the results are shown in Figure 5-21. The Ru peak was not 

clearly visible in the LEIS spectra, which is discussed below. 

 

Figure 5-21: TD-LEIS of CS-Ru3 on NS-, LDS-, and HDS-RF-TiO2. Scanned at 14 
temperatures between 180 K and 800 K. Selected temperature spectra are shown. a) 
CS-Ru3/NS-RF-TiO2. b) CS-Ru3/LDS-RF-TiO2. c) CS-Ru3/HDS-RF-TiO2. d) 450 K and 500 
K spectra for CS-Ru3/HDS-RF-TiO2, zoomed in to the Ru peak region. 

In each of Figure 5-21a-c the total count rate increased after heating which was indicative 

of surface contaminants being removed. Figure 5-21a and Figure 5-21b both showed no 

clear Ru peak. The measurement in Figure 5-21a was repeated with a separate sample to 

check the reliability, and the results were identical. Figure 5-21c featured a small Ru peak 
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at intermediate temperatures, from 400 K to 700 K. These peaks were smaller than 

expected, for example, when compared to the TD-LEIS of CS-Ru3/SiO2 in Figure 5-19a. The 

Ru peak was much larger when supported on SiO2, but this was not due to the Ru surface 

coverage which was comparable between the samples (see Table 5-4). The fact that CS-

Ru3 peaks were generally not visible in LEIS on the RF-TiO2 substrates was different to the 

behaviour of CVD-Ru3(CO)12/HDS-RF-TiO2 (Figure 5-20a), where the clusters were covered 

by the substrate but the Ru peak was still visible in the LEIS spectrum at reduced E/E0. From 

the CO-TPD results in Chapter 4 it was expected that CS-Ru3 supported on NS-RF-TiO2 

would be on the topmost layer as-deposited, but the clusters may be encapsulated by LDS- 

or HDS-RF-TiO2 as-deposited. This did not match what was seen in the TD-LEIS data; no 

CS-Ru3 clusters were visible on any RF-TiO2 substrate as-deposited. However, because an 

Ru peak was still visible for CVD-Ru3(CO)12/HDS-RF-TiO2 after encapsulation, this was not 

likely to be the mechanism for the lack of visible peaks for CS-Ru3. 

It is most likely that the level of carbon contamination present on the samples was affecting 

the results. In Table 5-4, the C/Ru atomic ratio was 12.4, 13.9, and 8.4 for the NS-, LDS-, 

and HDS-RF-TiO2 respectively. These were based on XPS measurements performed after 

heating to 800 K for TD-LEIS, and thus represent the level of contamination still present 

after heat-treatment. CS-Ru3/HDS-RF-TiO2 had the lowest C/Ru ratio, and the most visible 

Ru peaks of the CS-Ru3/RF-TiO2 samples (from 400 K to 700 K). Additionally, Ru was most 

easily visible in the LEIS for CS-Ru3/SiO2, where the same amount of Ru was deposited, 

and the C/Ru ratio was 5.4. Because the CS-Ru3 samples with lower C/Ru ratios had larger 

peaks, this points towards an interpretation that the Ru cluster peaks were being affected 

by carbonaceous contamination on the surface which attenuated the He+ beam before it 

reached the Ru material. In order to support this interpretation, two additional series LEIS 

measurements were performed to determine the effects of the He+ ion dose on the resulting 

spectra. This was performed for two separate CS-Ru3/NS-RF-TiO2 samples: as-deposited, 

and after heating to 800 K. The results for these measurements are shown in Figure 5-22. 



150 

 

Figure 5-22: Series LEIS measurements, zoomed into the Ru peak region. a) CS-
Ru3/NS-RF-TiO2, as-deposited. b) CS-Ru3/NS-RF-TiO2, after heating to 800 K. 
Cumulative doses for the presented scans are given in the legends. Separate samples 
were used in (a) and (b). 

In Figure 5-22a the Ru region had no peak in the earlier measurements (see the lowest dose 

scan), but after a dose of 3.25 x 1015 ions/cm2 a small Ru peak is apparent. The Ru peak 

size did not increase significantly after further sputtering. This indicated that the LEIS He+ 

beam had sputtered off a covering layer which was blocking the He+ from reaching the Ru. 

In Figure 5-22b an Ru peak also became visible after a similar dosage of 3.45 x 1015 

ions/cm2. This once again indicated that the He+ blocking occurred similarly whether the 

sample had been heated to 800 K or not. Because a small Ru peak was made visible after 

sputtering the samples with 1 keV He+, the Ru must have still been close to the surface 

layer. This conclusion supports the interpretation that carbonaceous contamination was 

attenuating the LEIS signal and obscuring the Ru peaks. As a note, in Chapter 4 it was 

argued that CS-Ru3 was oxidised by heating to 800 K on NS-RF-TiO2; thus, for the post-

heating measurement in Figure 5-22b the covering species blocking the He+ beam may be 

a combination of carbon contamination and oxides on the clusters. Due to the contamination, 

the CS-Ru3/RF-TiO2 TD-LEIS measurements could not be used to provide depth information 

about the clusters. This kind of LEIS signal attenuation by contamination has been seen in 

previous studies; an example by Brongersma [327] showed that an untreated Au sample 

which was exposed to atmosphere featured so much adsorbed hydrocarbons that no Au 

surface peak was present, even when XPS showed that the sample was high-purity with 

only minor carbon contamination.  

The TD-LEIS measurements of CS-Ru3 on RF-TiO2 could not be repeated with a new RF-
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TiO2 wafer featuring less contamination; because the collaborative overseas trip was time 

constrained, with only a limited time was available for experiments at The University of Utah. 

However, if the experiments were to be repeated using a wafer with less contamination, 

there is an expectation that a Ru peak would likely be visible in LEIS. As an alternative, the 

clusters may be easier to measure in LEIS on a different type of TiO2 substrate such as 

TiO2(110), which would feature a purer structure with less carbon contamination and a flatter 

surface. Lastly, if a higher Ru surface coverage was used it may have been easier to identify 

the Ru peaks in LEIS. 

5.4.5 Depth Information from ARXPS and LEIS 

Both ARXPS and LEIS showed that for CVD-Ru3(CO)12/HDS-RF-TiO2, the clusters were 

covered by a substrate overlayer due to heat treatment of the sample. Figure 5-23 shows a 

diagram of an Ru cluster with a substrate overlayer, which showing that the overlayer depth 

is the distance between the top of the surface and top of the Ru clusters. ARXPS further 

showed that CS-Ru3/HDS-RF-TiO2 was covered by an overlayer as-deposited, and the 

depth of penetration did not change by additional heating. In this section the number of 

titania overlayers in each case was estimated, and the surface depth information gained 

from ARXPS and LEIS was compared and discussed. 

 

Figure 5-23: Diagram showing the overlayer depth of an Ru cluster which has been 
covered by a substrate overlayer. He+ or X-rays must travel through this overlayer 
before reaching the Ru in TD-LEIS and ARXPS measurements, respectively.  
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5.4.5.1 Number of Titania Overlayers 
Based on the estimated penetration depth of Ru into the titania substrate for each sample, 

the number of titania overlayers atop the clusters was estimated in units of monolayers, or 

ML. An assumption was made that the thickness of a ML of RF-TiO2 could be estimated by 

the apical Ti-O bond length of the rutile TiO2 crystal. This has been measured to be 1.98 Å 

± 0.0009 Å [415], which is in agreement with a separate study using DFT calculations [416]. 

For each sample, the estimated penetration depth was divided by the ML thickness to 

determine the number of titania overlayers atop the clusters, which is given in Equation 5-5. 

 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 (𝑀𝑀𝑀𝑀) =
𝐷𝐷

(𝑇𝑇𝑇𝑇 − 𝑂𝑂 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿ℎ)
 5-5 

The number of titania overlayers was determined based on the LEIS and ARXPS results for 

D, in cases where the penetration depth could be estimated. The results of this are 

summarised in Table 5-5. The number of overlayers represent averages, and the number of 

overlayers atop a particular cluster may have varied across the sample surface. For ARXPS 

results, the depth profiles showed some Ru present on the surfaces even when overlayers 

were detected; for these measurements, the maximum penetration depth was used in the 

calculations. The reliability of these results was discussed and compared in section 5.4.5.2 

below. 

Table 5-5: Estimated number of titania monolayers atop Ru clusters, based on TD-
LEIS and ARXPS results. Results are for the samples post-heat treatment. Numbers 
of overlayers represent averages which may have varied across each sample surface. 

Deposition Substrate Technique Ru Depth (nm) Number of 
Overlayers (ML) 

CVD-Ru3(CO)12 HDS-RF-TiO2 LEIS 0.35 ± 0.08  1.74 ± 0.41 

CVD-Ru3(CO)12 HDS-RF-TiO2 ARXPS 0.24 ± 0.03 1.21 ± 0.15 

CS-Ru3 HDS-RF-TiO2 ARXPS 0.10 ± 0.03 0.51 ± 0.15 

 

Table 5-5 shows that CVD-Ru3(CO)12/HDS-RF-TiO2 was covered by 1.21 ML ± 0.15 ML 

titania according to ARXPS, but 1.74 ML ± 0.41 ML according to LEIS. The results were 

between 1 and 2 ML for both cases, and it is likely that there were typically 1 or 2 ML of 

titania covering the Ru clusters in both cases, which may not have been consistent for all 

areas of the samples at all temperatures. The CS-Ru3/HDS-RF-TiO2 depth profile was only 

determined using ARXPS, and a maximum penetration of 0.51 ML ± 0.15 ML was 

determined. The calculated value being <1 ML implies that not all of the clusters were 
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covered, however from Chapter 4 the results suggested that the clusters were most likely 

completely encapsulated as-deposited in a measurement of the same system (based on the 

lack of Ru-CO sites). This inconsistency was most likely due to the accuracy of the ARXPS 

measurements, which is discussed below.  

5.4.5.2 Comparing ARXPS and LEIS Results 
Both ARXPS and LEIS were successfully used to determine depth information for CVD-

Ru3(CO)12/HDS-RF-TiO2. A key difference between the ARXPS and LEIS results was the 

extent to which Ru was covered by the titania substrate; in the ARXPS results, the depth 

profile showed ~40% of the Ru was not covered by the substrate, while LEIS showed that 

there was no Ru left in the surface layer after heat treatment. ARXPS also showed that 

~66% of Ru was present on the surface layer for CS-Ru3/HDS-RF-TiO2, which contradicted 

results from Chapter 4 showing there was most likely no clusters on the surface layer as-

deposited. Thus, a question presents itself as to which technique is more reliable for this 

system. 

One of the advantages of LEIS is its extreme surface sensitivity [309]. Thus, for CVD-

Ru3(CO)12/HDS-RF-TiO2 the lack of an Ru surface peak in LEIS after heat-treatment reliably 

indicated that no Ru was remaining in the surface layer. LEIS has been used in similar ways 

previously [403]. Conversely, ARXPS is known to be non-reliable for surfaces which do not 

have a monotonic concentration depth profile, and do not have smooth depth profiles [400]. 

The fact that the Ru clusters were close to the surface when encapsulated meant the Ru 

concentration depth profile increased then decreased with depth, and the depth profile was 

thus non-monotonic. Also, RF-TiO2 had a rough surface due to its nanoparticulate structure 

[357], which further complicated the ARXPS results because the measured XPS intensity 

may have been affected by the XPS observation angle as well as the surface roughness 

[400]. No such change in observation angle is required for LEIS. Additionally, the fact that a 

model and calculation was needed to determine depth information with ARXPS is a 

disadvantage compared to LEIS. 

Due to the reasons listed above, the LEIS results were interpreted as being more reliable 

than ARXPS, and only the Ru depth information from LEIS was treated as quantitatively 

accurate. Because the LEIS was most likely more reliable, the ARXPS depth profiles shown 

in Figure 5-14c-d were deemed to not be completely accurate in shape, and the presence 

of surface clusters in the depth profiles after encapsulation was most likely a product of the 

model calculation procedure. Because of this, the ARXPS depth profiles were treated as 
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qualitative only. While the shapes of the ARXPS depth profiles most likely did not represent 

the true depth profiles, the qualitative evidence was sufficiently reliable such that for CVD-

Ru3(CO)12/HDS-RF-TiO2 the clusters were on the surface as-deposited but covered after 

heating, while for CS-Ru3/HDS-RF-TiO2 clusters were covered from room temperature. This 

interpretation aligns with the CO-TPD results in Chapter 4 as discussed earlier, providing 

further evidence for these qualitative results. 

5.4.6 Cluster Encapsulation 

5.4.6.1 Encapsulation by Substrate 
In Chapter 4, CO-TPD and XPS data provided evidence that Ru-CO binding sites were being 

blocked for Ru3 on sputtered RF-TiO2 substrates, and it was argued that this may be due to 

encapsulation. The results in this chapter provide strong evidence for this encapsulation 

reaction. Importantly, CVD-Ru3(CO)12 was directly shown to be covered by HDS-RF-TiO2 

substrate material as a result of heat treatment using TD-LEIS. This was the first direct 

measurement of the migration of Ru clusters below the surface layer of HDS-RF-TiO2; the 

interpretations in Chapter 4 were based on changes in the Ru-CO binding sites available on 

the surface, rather than measuring the presence of Ru on the surface layer. The ARXPS 

results suggested that CS-Ru3/HDS-RF-TiO2 was covered by substrate material as-

deposited, which also matched CO-TPD results in Chapter 4 which indicated that no Ru-CO 

binding sites were available for this system as-deposited. TD-LEIS results indicated cluster 

encapsulation did not occur for CS-Ru3/SiO2, and instead the Ru3 clusters agglomerated on 

the surface. Diagrams summarising the results regarding encapsulation for these three 

sample types before and after heat treatment are shown in Figure 5-24. 
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Figure 5-24: Summary of results regarding cluster encapsulation for CVD-Ru3(CO)12/ 
HDS-RF-TiO2 (top), CS-Ru3/HDS-RF-TiO2 (middle), and CS-Ru3/SiO2 (bottom). Each 
sample is shown before and after heat treatment (see individual results sections for 
heat treatment temperatures). 

The penetration of Ru clusters into the substrate for CVD-Ru3(CO)12/HDS-RF-TiO2 was 

quantitatively measured to be 0.35 nm, ± 0.08 nm. This reported encapsulation depth was 

comparable to previously reported results in a study by Fu et al. [203], where 3 samples of 

Pd nanoparticles supported on TiO2(110) were analysed, and using the shift in the RBS high 

energy edges of Pd compared to uncovered particles it was estimated that the samples had 

TiOx overlayers with thicknesses of 0.13 nm, 0.14 nm, and 0.27 nm. These were of a 

comparable overlayer depth to the measurements in this study, and the fact that very few 

MLs of titania were covering the clusters was the same in both studies. 
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The encapsulation of bare, as-deposited Ru clusters was not expected when compared to 

other examples of cluster encapsulation in the literature. For example, Ovari et al. [308] used 

LEIS to show that Rh clusters were present on a TiO2(110) surface layer until 700 K, 

however after heating to 900 K the clusters were encapsulated. Similarly, in another 

example for Pd clusters on TiO2(110) the encapsulation started at ~553 K and reached a 

maximum at ~773 K [185]. In the Pd cluster study, the authors suggested that the activation 

of defect mobility due to heating was required for encapsulation to occur. Because no 

heating was required for the encapsulation of Ru, this implied the reaction mechanism was 

most likely different in the case of Ru clusters on sputtered RF-TiO2. 

The possible mechanisms behind cluster encapsulation by RF-TiO2 were previously 

discussed in section 4.4.3.3 of Chapter 4, where several possible mechanisms were put 

forward which accounted for the cluster encapsulation at room temperature. These included: 

1) a possible increased RF-TiO2 mobility at low temperatures when it was sputtered, and 2) 

pre-deposition sputtering creating small, oxygen deficient pores for the clusters to enter and 

pin to [186]. Both of these interpretations, however, had inconsistencies; RF-TiO2 mobility is 

typically only shown at elevated temperatures [185, 204, 394], and based on the availability 

of Ru-CO binding sites on the surface in Chapter 4, if there were indeed pores causing the 

lack of surface Ru clusters there must have also been a mechanism for the pores to close 

at without heating, because no Ru-CO sites were available to CO when dosed under UHV. 

Information in this chapter did not provide further evidence to elucidate the true 

encapsulation mechanism. 

The results in this chapter did not provide information about the structure of the Ru clusters 

underneath the overlayers, and it was not clear whether the clusters were encapsulated as 

bare Ru3, agglomerated particles, or decomposed Ru atoms. The agglomeration of Ru 

clusters on SiO2 did not result in a significant shift in the Ru 3d XPS peak, and thus in this 

study TD-XPS could not be used as a measurement for agglomeration as is the case for 

some other metal clusters such as Au, where peak shifting relationships between cluster 

size and XPS core BE have been shown [73, 98, 102, 287, 288]. Furthermore, the ARXPS 

and LEIS depth profiling were not able to provide information on the size of the clusters. It 

is possible that the structure of the clusters could be measured using a scanning 

transmission electron microscope (STEM) if the sample was sliced with a focused ion beam, 

but this may also change the sample due to the method causing local heating. 

To the best knowledge of the author, this type of titania encapsulation of Ru clusters has not 
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been previously reported in the literature. In fact, there is a previous measurement of 

Ru3(CO)12 supported on TiO2(110) where the surface was heat treated under UHV and 

encapsulation did not occur, as evidenced by the availability of Ru-CO binding sites [75]. 

Additionally, the encapsulation of bare CS Ru clusters as-deposited was unique from other 

cluster studies [185, 308], as previously described. The differences between this study and 

other literature can be attributed to the differences between the titania substrates; TiO2(110) 

was used in the other studies [185, 308], which did not have the same surface properties as 

the HDS-RF-TiO2 used in this study. Encapsulation is typically based on the minimisation of 

surface energy [185, 203, 210, 213], and the nature of encapsulation varying per system of 

metal and substrate is well known in the literature [184, 185, 210, 417, 418]. 

5.4.6.2 Composition of Substrate Overlayer 
TD-LEIS and ARXPS both showed that heat treatment caused cluster encapsulation for 

CVD-Ru3(CO)12/HDS-RF-TiO2, and this allowed for monitoring the differences in surface 

composition due to encapsulation. The TD-XPS results for the Ti defect ratio in Figure 5-11 

showed that when heat-treated the level of titania defects in the upper, XPS-accessible 

layers of the surface of CVD-Ru3(CO)12/HDS-RF-TiO2 increased beyond the level of a blank 

sample. This provided evidence that an encapsulation reaction was occurring where the 

clusters were being covered by reduced titania; TiOx, where x < 2. Increases in Ti defects 

such as this have been used previously in the literature as evidence for metal particle 

encapsulation by a layer of reduced titania for a range of other TiO2-supported systems, 

including Pd/TiO2 [185, 213], Pt/TiO2 [207, 210], and Rh/TiO2 [186, 211, 212]. However, an 

increase in Ti defects alone is not evidence that reduced TiOx is atop the clusters; for 

example, an increase in defects may still be visible in XPS if the defects were the clusters. 

Based on the TD-XPS Ti defect results in addition to the prevalence of reduced titania 

overlayers for encapsulation in the literature, it was assumed the overlayers were reduced 

TiOx. This is further discussed in Chapter 6 based on MIES results. In other studies, the 

reduced nature of the overlayer has also been confirmed using microscopy for systems 

involving larger supported particles [208, 216, 386]. 

5.4.6.3 De-ligation and Encapsulation for CVD-Ru3(CO)12 
For CVD-Ru3(CO)12/HDS-RF-TiO2, both the de-ligation of CO and encapsulation of the 

clusters occurred due to heating. This naturally presents a question about how the ligand 

removal is related to encapsulation, and whether there is a temperature range in which bare 

CVD-deposited clusters could exist on the surface. In the TD-XPS results, Ru 3d BE and 

CO/Ru atomic ratios indicated the majority of CO ligands were removed by heating to 423 
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K, but there may have still been ~1 or a few ligands attached until higher temperatures such 

as 700 K to 800 K [74, 75]. In the synchrotron ARXPS depth profile (Figure 5-14c), the 

clusters were all on the surface layer at 423 K, but encapsulation began upon heating to 523 

K and reached the full depth at 648 K. TD-LEIS similarly showed encapsulation was 

completed (i.e. no Ru in the surface layer) at 660 K ± 120 K. Because ARXPS showed 

encapsulation starts at ~523 K, it is concluded that the majority of ligands need to be 

removed for encapsulation, but complete ligand removal is not required. Therefore, there is 

not an existing temperature range where fully bare Ru clusters can exist on the surface layer 

without encapsulation. This outcome must be kept in mind when considering catalytic 

applications, because it is often it is desired to remove the ligands to expose bare clusters 

for catalysis [3, 5, 74, 75]. 

5.4.6.4 Application for Catalysis 
For catalytic applications, encapsulation of supported metal catalysts by the substrate 

material is generally not desirable because the catalytic properties can be effected by either 

the change in properties of the metal, or the steric hindrance of reactant molecules being 

blocked from the metal catalyst [185, 186, 213]. However, in some cases overlayers have 

been found to be of benefit to small metal clusters. As was mentioned in the Introduction of 

this chapter, Negishi et al. [4] have produced photocatalytic Au25-loaded BaLa4Ti4O15, where 

the clusters were covered by a chromium oxide overlayer. This system had a dual benefit 

for catalysis of decreasing the rate of the O2 photoreduction back-reaction, as well as 

decreasing the level of UV irradiation-induced cluster agglomeration which occurred for Aun 

clusters [4, 146]. Using HRTEM they showed the clusters were ~1 nm in diameter and the 

Cd2O3 overlayer was 0.8-0.9 nm thick [4]. 

In light of the study by Negishi et al. [4], the effect of the reduced titania overlayer on the 

catalytic and photocatalytic activity of the Ru clusters in this study needs to be tested 

explicitly for reactions such as catalytic CO hydrogenation and photocatalytic water splitting 

to determine its viability. There is potential for the overlayer to increase the stability of the 

clusters without suppressing the catalytic reaction. The estimated overlayer depth in the 

study by Negishi [4] was ~3 times thicker than the 0.35 nm ± 0.08 nm overlayer depth for 

Ru in this study, but the clusters were used for efficient photocatalysis, indicating this 

overlayer depth is not so large so as to suppress all reactions. Given the catalytic potential 

for supported Ru clusters [43-47, 49-51, 53, 54], these encapsulated Ru clusters are a 

strong candidate for studies on encapsulated catalysts. Furthermore, in a future study the 

catalytic and/or photocatalytic activity of supported Ru clusters could be compared between 
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ligated clusters (below ~423 K) and the de-ligated, encapsulated clusters (complete 

encapsulation occurs at ~648-660 K). Such a course of work is warranted as a study has 

been conducted showing the catalytic activity of partially ligated clusters, where the 

presence of ligands increased the reaction selectivity [236]. 
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5.5 Conclusions 

Ru3 clusters were deposited by both solution-based and CVD depositions of Ru3(CO)12, as 

well as CS depositions of bare Ru3 onto SiO2 and a variety of different forms of TiO2 

substrates. TD-LEIS results supported CO-TPD evidence from Chapter 4 that CS Ru 

clusters were agglomerated due to heat treatment when supported on SiO2. TD-XPS 

showed that the oxidation state of Ru on TiO2 varied for as-deposited clusters depending on 

the deposition method and type of TiO2 substrate (RF-TiO2 or TiO2(110)), but after heat 

treating to 723-873 K the oxidation state for Ru became identical, within experimental 

accuracy, for all the analysed TiO2 systems. The result indicates that the specific deposition 

process is not of importance to the oxidation state if the clusters are to be heated. 

TD-LEIS results provided a direct measurement for the encapsulation of CVD-deposited Ru3 

by a layer of substrate material when supported on HDS-RF-TiO2, showing that no Ru was 

left on the topmost layer after heat treatment to 660 K ± 120 K. The overlayer thickness was 

measured by TD-LEIS to be 0.35 nm ± 0.08 nm for CVD-Ru3(CO)12/HDS-RF-TiO2, 

equivalent to an average of 1.74 ML ± 0.41 ML of titania. ARXPS showed encapsulation 

starting between 423-573 K, reaching a maximum by 648 K. Combined with TD-XPS results 

this suggests that the majority of the CO ligands need to be removed for encapsulation, but 

complete de-ligation is not required. ARXPS provided evidence that bare CS-Ru3 on HDS-

RF-TiO2 was encapsulated as-deposited. The evidence for cluster encapsulation explains 

the mechanism behind the complete Ru-CO binding site blocking for Ru3 on sputter-treated 

RF-TiO2 found using CO-TPD in Chapter 4. Cluster encapsulation may provide an 

advantage for catalysis or photocatalysis based on recent studies [4]. 

Information about the valence electronic DOS of the supported clusters, and how the 

clusters affect the DOS of the RF-TiO2 substrates is not known and this would be crucial for 

photocatalysis applications. In Chapter 6, MIES and UPS were used together to determine 

how the surface electronic DOS was modified by the deposition of Ru3 clusters. MIES 

measured the topmost layer only while UPS averaged over the top several layers, making 

the combination of techniques a perfect candidate for studying the system of clusters and 

overlayers.  
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Chapter 6 Valence spectroscopy of size-selected Ru3 and 
Pt3 clusters supported on RF-deposited TiO2  

6.1 Abstract 

In this study, 3-atom Ru3 and Pt3 clusters were deposited onto radio frequency (RF)-sputter 

deposited TiO2 (RF-TiO2). RF-TiO2 surfaces were treated with Ar+ ion sputtering prior to 

cluster depositions. Ru3 was deposited using Ru3(CO)12 by solution submersion as well as 

chemical vapor deposition, while Pt3 was deposited under ultra-high vacuum using a cluster 

source. The valence electronic density of states (DOS) of the deposited clusters were 

analysed after sample heat treatment using ultraviolet photoelectron spectroscopy (UPS) 

and metastable impact electron spectroscopy (MIES), where UPS measures the top several 

layers while MIES measured only the top atomic layer. Further details on the surface 

coverage and surface properties of the clusters were provided by XPS. The work is 

motivated by the potential use for titania-supported small Pt and Ru clusters as catalysts 

and cocatalysts. 

UPS and MIES difference spectra were determined due to the deposition of Ru3 and Pt3 

clusters onto titania. UPS showed that supported Ru3 clusters have metallic properties while 

supported Pt3 clusters have non-metallic properties. MIES measurements provided 

evidence that Ru3 was encapsulated by a reduced titania layer with a bonding structure such 

as Ru-Ti-O atop the clusters. This measurement highlighted the benefit of performing both 

MIES and UPS experiments together, where MIES measured the titania atop the clusters 

and UPS measured the clusters themselves. The results showed the deposition method 

does not have a significant effect on the cluster DOS for Ru3, indicating the CO ligand-

removal by heating most likely has a greater effect on the final cluster-substrate interaction 

that the initial cluster deposition. For Pt3 clusters the UPS and MIES results provided 

evidence that Pt was available on the topmost layer, and encapsulation did not occur. The 

reason for encapsulation of Ru3, but not Pt3, points to the fact that there may be an energetic 

benefit for Ru encapsulation in terms of the minimisation of surface energy. 
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6.2 Introduction 

The concept of metal clusters, and their uses, was introduced in the Literature Review 

(Chapter 2), as well as the Introduction sections of Chapter 4 and Chapter 5. In brief, metal 

clusters are generally defined as groups of metal atoms with sizes less than ~300 atoms 

[11, 14-18]. They often possess unique electronic and catalytic and/or photocatalytic 

properties, where the addition or subtraction of a single atom to a small cluster can influence 

whether it functions as a catalyst [56]. For this reason, experiments often focus on a single 

cluster size. The type of supporting material used can further influence the catalytic 

properties of the supported clusters [177, 194-196]. For transition metal clusters supported 

on metal oxide surfaces such as titania (TiO2), the clusters can in some cases undergo a 

strong metal-support interaction (SMSI). The SMSI can involve oxidisation or charge transfer 

[185, 201, 202], as well as encapsulation by the substrate itself, typically after high 

temperature reduction [184-186, 198, 199, 207-215]. The occurrence of the SMSI depends 

on factors such as the particular metal adsorbate/substrate combination [184, 185, 210, 417, 

418], adsorbate particle size [39], and surface pre-treatment such as sputtering [185, 186]. 

Importantly, two different transition metals will therefore not necessarily have the same 

interaction when supported on the same type of substrate. 

TiO2 is a photocatalytically active substrate [204] and is a common choice as a substrate 

material for catalysis and photocatalysis, and for the deposition of clusters [6, 26, 38, 60, 

66, 74, 75, 103, 184-190]. In typical surface science experiments, the rutile TiO2(110) single 

crystal is the most commonly used form of TiO2, but in this study RF-sputter deposited TiO2 

(RF-TiO2) was used as the substrate. It is a nanoparticulate form of TiO2 made by RF-

sputtering a ceramic TiO2 wafer under UHV onto a substrate, in the present case Si(100). 

This process produces a dense, uniform, stoichiometry-controlled layer of TiO2 more 

cheaply and readily than the TiO2(110) single crystal [357]. Furthermore, the substrates 

were treated with Ar+ ion sputtering prior to the deposition of clusters. This has been shown, 

in some cases, to stabilise clusters against agglomeration by anchoring them to defect sites 

[5, 222], and in other studies has it been shown to promote the SMSI and encapsulation of 

metal adsorbates [185, 186]. In studies where encapsulation is reported due to SMSI with 

TiO2, the overlayer of titania is typically reported to be a reduced form of titania [185, 186, 

207, 208, 210-213, 216, 386]. 

Small metal clusters supported on photocatalytic substrates such as TiO2 can act as 

cocatalysts, increasing the efficiency of photochemical reactions [4, 10, 419]. Cocatalysts 

are used with semiconductors to suppress the recombination of charge carriers and 
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accelerate reaction kinetics [420-422]. A common, well-studied photocatalytic reaction is 

water splitting, which has been considered as a method to produce hydrogen fuel in a 

sustainable way [423, 424]. Both small Ru and Pt adsorbates have been used as co-

catalysts for photochemical reactions [28, 419, 425-430]. There is a push for cocatalysts 

towards smaller sizes including small clusters and the single atom limit, as only surface 

atoms are involved as active sites allowing for an increase in catalytic efficiency per material 

for small particle sizes [431]. Pt often has high performance as a cocatalyst for TiO2 and 

other substrates due to its large work function and capability of efficient electron migration 

[432, 433], but its practical applications are limited by the high cost of Pt. Ru is a cheaper 

cocatalyst material, although typically has less satisfactory results as a cocatalyst [422, 434]. 

Efficient Ru/TiO2 photocatalysts have been produced; by way of example a study prepared 

isolated Ru atoms on multi-edged TiO2 sphere catalysts, which had a hydrogen evolution 

rate of 7.2 mmol.g-1.hour-1, higher than that of typical Pt-based cocatalyst systems [419]. 

Aside from use as a cocatalyst, Ru clusters have otherwise been shown to be among the 

most active catalysts for industry and environment-relevant reactions such as CO and CO2 

hydrogenation [43-47, 49-51, 53, 54]. 

The concept of valence electronic density of states (DOS) and its measurement was 

previously introduced in section 2.2.2. Metal clusters typically feature discrete electron 

energy levels similar to molecules, rather than energy bands which would be expected of a 

bulk counterpart [13]. The catalytic and photocatalytic abilities of a cluster (or other surface 

adsorbates) are related to their electronic properties, and thus their valence electronic DOS 

[17, 57, 435]. Because of this, the measurement of the DOS for small metal clusters 

supported on semiconductors provides vital experimental evidence that enables the 

understanding of photocatalytic reactions at cluster surfaces. 

Two techniques which can be used to measure the valence DOS of a surface are UPS and 

MIES; the use of these techniques for measuring small, supported clusters was discussed 

in the Literature Review, section 2.7.1. UPS uses ultraviolet light to probe surface electrons, 

while MIES uses metastable helium atoms (He*). In a MIES procedure He* does not 

penetrate into the surface, and only interacts at a distance of 2-4 angstroms [298]. Thus 

MIES provides sensitivity to only the topmost layer of the surface of a sample, while UPS 

offers an information depth of approximately 2-3 nm [284]. When used in tandem these 

techniques give more complete information on the DOS of the surface. As an example of 

the benefit of combining UPS and MIES, a previous study by Chamber et al. [436] used 

UPS/MIES to analyse the valence structure of double-walled carbon nanotubes, and it was 
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shown that UPS measures the DOS across the whole nanotube while MIES only measured 

the DOS of the outer nanotube layer, which is responsible for the attachment of functional 

groups. Previous studies using MIES on supported metal clusters are limited. Several MIES 

studies by Andersson et al. [3, 5, 104] have been performed on small, TiO2-supported Au 

clusters, where the surface sensitivity of MIES was utilised measuring clusters on the 

topmost layer. To the best knowledge of the author, there are no previous studies which 

have used MIES on supported Ru or Pt clusters, however some UPS experiments have 

been performed for small, size-selected Ptn clusters on various substrates [57, 437]. 

Two of the main ways to deposit clusters onto substrates is through the preparation of bare 

clusters under ultra-high vacuum (UHV) using a cluster source (CS), or through depositing 

ligand-stabilised clusters such as Ru3(CO)12 using chemical vapor deposition (CVD) [74, 75, 

135-137] or a solution deposition (SD) involving submersion of the substrate into a cluster 

solution [332]. These techniques were introduced in detail in the Literature Review, section 

2.4. Each method has different advantages with respect to experimental and industrial 

applications, which are discussed in section 2.4 and the Introduction of Chapter 5. When 

depositing ligand-stabilised clutters, extra post-deposition surface treatments such as 

heating are needed to remove the ligands to enable contact between the cluster core and 

the surface. In Chapter 5, SD and CVD-Ru3(CO)12 were compared as-deposited using 

temperature-dependent XPS (TD-XPS), and the estimated average stoichiometric ratios 

were Ru3(CO)6.3 and Ru3(CO)3.0 respectively; this showed for both deposition methods some 

ligands were lost, and CVD results in a larger fraction of ligand loss. However, after heat-

treatment the BEs converged and both cluster types were shown to have similar oxidation 

states. Very few other studies have previously compared the cluster properties of identically 

sized clusters resulting from different deposition methods [74].  

In the present work we use UPS and MIES to measure the valence DOS of small, supported 

Ru3 and Pt3 clusters deposited onto Ar+ ion sputter-treated RF-TiO2. Ru3 was deposited in 

situ using Ru3(CO)12 (both SD and CVD depositions were performed), while Pt3 was 

deposited under UHV using a size-selected laser vaporisation (LaVa) CS. XPS provided 

additional information about the cluster surface coverage and chemical properties for each 

sample. The main aims of the work were to determine the DOS of the RF-TiO2-supported 

Ru3 and Pt3 clusters and determine how the unique cluster-surface interactions of the two 

transition metal clusters with the RF-TiO2 substrates differed. Such DOS measurements are 

challenging in cases such as this when low cluster surface coverages are used to avoid 

agglomeration. Thus, for each cluster type multiple samples were measured with varied 
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cluster loadings; this was done to determine the effect of the cluster depositions on the 

surface DOS with suitable reliability. The work is motivated by the potential use for small Pt 

and Ru clusters as cocatalysts when supported on titania; because the electronic and 

catalytic properties of supported clusters are related [57], these experimental measurements 

will help with the designing of future efficient catalysts and cocatalysts. 
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6.3 Methodology 

6.3.1 Substrates 

The substrates for all cluster depositions were RF-sputter deposited TiO2 onto Si(100) 

wafers (shortened to RF-TiO2). See section 3.1 in the Instrumentation and Methodologies 

for information on preparation of RF-TiO2. For all cluster-deposited samples, RF-TiO2 was 

treated prior to cluster deposition or UPS/MIES measurements by heating to 723 K for 10 

minutes and sputtering with 6 x 1014 Ar+ ions/cm2, to remove surface contamination and 

induce surface defects. This is the same as the treatment of the substrate dubbed “HDS-

RF-TiO2” in Chapter 4 and Chapter 5, however this longer name is not used in this chapter 

because the same treatment was used for all samples. 

6.3.2 Instrumentation 

MIES, UPS, and XPS analysis were performed on the Flinders University UHV system. 

Solution-based and CVD cluster depositions were performed in situ with the spectroscopy 

measurements, while CS depositions (and the corresponding substrate treatment) were 

performed ex situ on the University of Utah system. With regards to Ar+ ion sputtering, 

Flinders University experiments used 3 keV impact energy while the University of Utah 

experiments used 2 keV. The effects of this have been discussed previously (section 3.4) 

and was deemed to not be of critical importance for this experiment. 

6.3.3 Cluster Depositions 

6.3.3.1 Solution Submersion 
The solution submersion procedure (also referred to as a solution-based deposition) is 

described in the Instrumentation and Methodologies section 3.5.2. Ru3(CO)12 was 

necessarily deposited ex situ (as this method cannot be used in situ). Clusters which were 

solution-deposited (SD) are referred to with a prefix of “SD” in this chapter. For the deposition 

series, six samples and a blank were prepared. The solution was Ru3(CO)12 in 

dichloromethane. Concentrations were varied from 0.002 mM to 0.2 mM to produce a range 

in surface coverages of clusters on the substrates. Prior to removing each substrate from 

UHV to perform the solution-based deposition, RF-TiO2 samples were heated under UHV 

to 723 K for 10 minutes, then Ar+ ion sputtered with 6 x 1014 ions/cm2. Solution submersion 

coated the whole surface with an approximately even layer of clusters.  

6.3.3.2 Chemical Vapor Deposition 
CVD of Ru3(CO)12 was performed in situ at Flinders University, with a series of 5 loaded 

samples and a blank. The CVD procedure followed the method described in the 
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Instrumentation and Methodologies section 3.5.1. Deposition times were varied from 1 

minute to 90 minutes to produce a variation in cluster loading for the samples. The deposited 

clusters covered the entire sample areas in an approximately even manner. 

6.3.3.3 Cluster Source 
CS depositions were performed ex situ (in a different UHV system to UPS/MIES) by a LaVa 

CS. The instrument details and standard deposition procedure are given in the 

Instrumentation and Methodologies, section 3.5.3. A retarding potential was used for ~1 

eV/atom deposition energy to prevent fragmentation [157]. Cluster spots were 2 mm in 

diameter. For CS-deposited Pt3 samples, 7 individual circular Pt3 cluster spots were 

deposited per sample without overlapping to increase the analysis area for UPS and MIES. 

In addition to a blank, 2 Pt3 sampled were prepared, with cluster spot coverages of nominally 

3 x 1013 atoms/cm2 and 4.5 x 1013 atoms/cm2, respectively (based on the measured 

neutralisation current during depositions). These values only include the cluster-deposited 

areas, not the blank substrate area in between. While the full sample area was analysed 

with UPS, MIES, and XPS, the cluster-covered area ratio of the analysis area was 

approximately 0.22. Regarding CS-deposited Ru3, several different deposition series were 

performed using various cluster coverages but UPS and MIES could not be used to separate 

a DOS component due to the cluster depositions. This is discussed in section 6.4.3.5. 

6.3.4 Samples and Procedures 

For each UPS/MIES series there is one changing variable (i.e. surface sputtering or cluster 

surface coverage), which helps to separate the UPS and MIES signal due to the substrate 

and the changing factor. Table 6-1 shows a list of the 5 UPS/MIES series measured, and 

the variable surface treatment which was changed for each. Each UPS/MIES series was 

given a shortened name, which are shown in the table.  

Table 6-1: List of UPS/MIES series, with series names and variables changed in the 
series. 

UPS/MIES Series Name Cluster Deposition Series Variable 

Defect-TiO2 None Substrate Ar+ sputter dosage 

SD-Ru3 SD - Ru3(CO)12 Cluster coverage 

CVD-Ru3 CVD - Ru3(CO)12 Cluster coverage 

CS-Pt3 CS - Pt3 Cluster coverage 
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When performing measurements, UPS and MIES were first performed together (see below) 

followed by XPS. For Defect-TiO2, a single RF-TiO2 substrate was measured repeatedly as 

increasing Ar+ ions were applied to the sample, with a maximum of 3.6 x 1015 ions/cm2. For 

the cluster-deposited UPS/MIES series, each series featured one blank and multiple unique 

cluster-deposited samples. UPS, MIES, and XPS were first performed on the samples with 

clusters as-deposited. Samples were then heated for 10 minutes before re-analysing with 

UPS, MIES, and XPS. Lower temperatures such as 423 K were trialled for UPS/MIES 

measurements, but it was found that the temperature needed to be increased to 723 K for 

Ru3 samples and 573 K for Pt3 samples to achieve suitable inter-sample spectrum 

consistency to determine UPS and MIES difference spectra. The MIES and UPS results 

shown are after heating to these temperatures. At the lower temperatures, the inter-sample 

variation precluded the determination of difference spectra which was presumably due to 

the removal of hydrocarbon contamination (and also CO ligands for ligated Ru3 clusters).  

For each cluster UPS/MIES series, multiple samples were measured. The lowest number 

was a blank and two cluster-loaded samples (for CS-Pt3), while the highest was a blank and 

6 loaded samples (SD-Ru3). Thus, the repeatability of the UPS and MIES measurements is 

built into the measurement procedure. The shape of the resultant UPS and MIES spectra is 

the important factor, and this was shown to be reproducible in these experiments. In addition 

to the cluster UPS/MIES series, a blank titania series was measured with a varying Ar+ ion 

dosage (Defect-TiO2). 

A metallic Ru reference sample was also measured with UPS/MIES, which was from a single 

sample and was not related to a UPS/MIES series. The Ru reference sample was taken 

from a 99.9% pure metallic Ru sample cut to 1 cm x 1 cm to accommodate the sample 

mounting plate. The sample was heat treated by heating to 1073 K for 10 minutes and 

sputtering with 3 keV Ar+ ions for 1 hour to remove the surface Ru oxide layer and any 

hydrocarbon contamination, which was confirmed by XPS. 

6.3.5 XPS 

The experimental and data analysis procedures for XPS measurements are given in section 

3.6.1. All XPS were performed using the Flinders University XPS instrument with a Mg kα 

X-ray anode. For analysing XPS spectra the binding energy (BE) scale was calibrated to 

adventitious C 1s = 285.0 eV. Details on the XPS peak fitting procedure, including extensive 

details on fitting the Ru 3d/C 1s region, are given in section 3.6.1.3. Regarding Pt3 clusters, 

the Pt 4f region was scanned and fitted with 3 peaks, relating to the Pt 4f doublet as well as 
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an energy loss (E loss) peak in the same region which was also present for the blank 

substrate. The fitting procedure for the blank was used as a template for the peak location 

and full width half maximum (FWHM) of the E loss peak when fitting the Pt 4f region for 

clusters. Surface coverages of clusters were calculated according to the method in section 

3.6.1.3, and represent the coverage of Ru or Pt atoms on the surface in units of percentage 

of a monolayer (% ML). For Pt3 measurements a scaling factor based on the ratio of the 

analysed surface covered by clusters (discussed above) was used when calculating surface 

coverages. Details about errors and uncertainties in the XPS measurements are given in 

section 3.6.1.3. The uncertainty in BE positions are ± 0.1 eV. This is lower than the value of 

0.2 eV given in section 3.6.1.3, and is because in this study the BEs reported represent an 

average based on repeats of the same type of cluster sample, and it was determined for the 

samples measured the weighted average standard deviation for the cluster peak location 

(for Ru 3d and Pt 4f) was ± 0.1 eV. 

6.3.6 UPS and MIES 

The experimental, data analysis, and error analysis procedures for UPS and MIES 

measurements are given in section 3.6.2. UPS and MIES spectra were measured under 

UHV simultaneously. In the measured spectra for titania substrates, 0 eV BE corresponds 

to the Fermi level of the titania. For each UPS/MIES measurement a series of samples were 

prepared and analysed, where for each series there is a changing surface treatment such 

as cluster surface coverage. These are hereafter referred to as a UPS/MIES series. For 

each UPS/MIES series, “difference spectra” are determined for UPS and MIES which are 

related to the change in DOS due to the to the deposition of metal clusters or surface 

treatment. Once difference spectra were determined, for each series linear combinations of 

the blank titania spectrum and difference spectrum were fitted to the measured spectra to 

determine substrate and deposition-related weighting factors for the measured spectra; 

these were normalised to determine weighting factor ratios so that the sum of weighting 

factors were unity, i.e. A(C) + B(C) = 1. For CS-Pt3 the ratio of cluster-covered substrate in 

the Pt3 analysis area (discussed above) was factored into the reported weighting factors by 

dividing the Pt3 cluster weighting factors by 0.22 and adjusting the titania ratio accordingly 

to normalise the results.  
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6.4 Results 

The companion XPS results for all UPS/MIES series are collated in section 6.4.1. UPS/MIES 

results are shown in individual sub-sections of section 6.4.2 for each sample. 

6.4.1 XPS 

6.4.1.1 XPS Spectra 
The XPS spectra were measured for the same set of samples which were measured using 

UPS/MIES. This allows for the measurement of the sample composition, which cannot be 

done with UPS and MIES alone. For Ru3 the results are very similar to the XPS results 

presented in Chapter 4 and Chapter 5, which confirms that while the samples are not 

identical, the UPS/MIES samples are directly comparable in terms of composition to those 

in the previous chapters. Conversely, Pt3 XPS results are presented in this chapter for the 

first time, and thus XPS is used to confirm the deposition of Pt, measure the sample 

compositions, and determine oxidation properties for the clusters. 

Figure 6-1 shows relevant overlayed XPS spectra for the different UPS/MIES series. For all 

samples, the Ru 3d/C 1s region, Ti 2p region, and O 1s region were scanned, and for Pt3 

samples the Pt 4f region was also scanned. For Defect-TiO2, the Ti 2p region is shown to 

highlight the increasing peak size of Ti3+ with increasing ion sputter dosage as the lower BE 

shoulder of the main Ti 2p3/2 peak increases in size. For Ru3 and Pt3 cluster samples, the 

Ru 3d/C 1s region and Pt 4f region are shown, respectively. Each cluster type has a range 

of surface coverages within each UPS/MIES series, which is reflected in the changes in Ru 

3d and Pt 4f peak sizes seen in Figure 6-1. To achieve this, for SD-Ru3 the solution 

concentration was varied while for CVD-Ru3 and CS-Pt3 the deposition time was varied (see 

section 5.3.3 for details). The spectra in Figure 6-1 were fitted for analysis to determine core 

BE locations for Ru3 and Pt3 clusters, as well as the cluster surface coverages for each 

sample. Examples of the peak fitting procedures used in the Ti 2p, Ru 3d, and Pt 4f regions 

are shown in Figure 6-2. Important features of the peak fitting results are described. 
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Figure 6-1: XPS results - spectra from the same UPS/MIES series are overlayed for 
comparison. a) Ti 2p region, Defect-TiO2. b) Ru 3d region, SD-Ru3 as-deposited. c) 
Same samples as (b) after 723 K heat-treatment. d) Ru 3d region, CVD-Ru3 as-
deposited. e) Same sampled as (d) after 723 K heat-treatment. f) Pt 4f region, CS-Pt3 
at room temperature. g) Same samples as (f) after 573 K heat-treatment.  
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Figure 6-2: a) Ti 2p peak fitting for RF-TiO2, heated to 723 K with no Ar+ sputtering. b) 
Ti 2p peak fitting for RF-TiO2 after 6 x 1014 Ar+ ions/cm2. c) Ru 3d/C 1s peak fitting for 
RF-TiO2 after heating to 723 K and 6 x 1014 Ar+ ions/cm2 (this shows the Ru 3d/C 1s 
region with no Ru clusters present). d) Ru 3d/C 1s peak fitting, SD-Ru3 as-deposited 
- from 0.1 mM sample at room temperature. e) Ru 3d/C 1s peak fitting, CVD-Ru3 - from 
30 min CVD deposition room temperature. f) Pt 4f region fitting, 0% ML loading at 
room temperature (this shows the Pt 4f region with no clusters). g) Pt 4f region fitting, 
highest surface coverage CS-Pt3 sample at room temperature.  
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6.4.1.2 XPS Analysis 
Figure 6-2 a and b show the Ti 2p region for RF-TiO2 before and after sputtering with 6 x 

1014 Ar+ ions/cm2, respectively. The titania regions have been fit with three doublets relating 

to Ti4+, Ti3+, and Ti2+. Ti4+ was located at 459.6 eV ± 0.1 eV, and Ti3+ and Ti2+ were shifted 

from this by -1.7 eV ± 0.1 eV and -2.7 eV ± 0.1 eV, respectively. Ti4+ is related to 

stoichiometric titania, while Ti3+ and Ti2+ relate to defects in the structure. As described in 

Chapter 4, section 4.4.2.2, the Ti 2p region has a changing background. This causes a 

discrepancy where the fitted spectra have a signal lower than the measured spectra 

between the peaks of the Ti 2p doublet. It was also noted that a Ti2+ doublet is also present 

for non-sputtered RF-TiO2; the presence of this doublet is also likely a result of fitting the 

peaks on a changing background. The ratios of Ti3+ and Ti2+ peaks to the total summed Ti 

peak signals, TiDefect/TiTotal, are used as a measurement for the level of defects in the titania 

and are referred to as the Ti defect ratio. From the XPS peak analysis, the sputter dosage 

used to prepare cluster-loaded samples (6 x 1014 Ar+ ions/cm2) resulted in 24% ± 15% 

surface defects (TiDefect/TiTotal) in the RF-TiO2 substrate. The level of surface defects was 

calculated in this manner for each sputter dosage in the Defect-TiO2 UPS/MIES series, for 

comparison to the UPS/MIES weighting factors of blank RF-TiO2 and sputtered RF-TiO2 

(see Figure 6-4g in section 6.4.3.1). The ~15% uncertainty was estimated and is discussed 

in section 3.6.1.3. 

Figure 6-2c-e show the Ru 3d/C 1s region for blank RF-TiO2 and 2 Ru3 cluster-loaded 

samples. Three peaks are needed to fit for carbon, which are related to surface 

contamination and attributed to adventitious carbon (285.0 ± 0.1 eV), C-O (287.0 eV ± 0.1 

eV), and C=O (289.4 eV ± 0.1 eV) [370]. For Ru 3d peaks, one asymmetrical doublet peak 

was used per spectrum according to the method in section 3.6.1.3. This doublet shifts to 

lower BEs when heated due to the loss of ligands (see previous analysis in section 4.4.2.3 

for more details). 

Figure 6-2f-g show the Pt 4f region for blank RF-TiO2 and Pt3-loaded RF-TiO2, respectively. 

An E loss peak was present at ~75 eV on both the blank and Pt3-loaded samples. For Figure 

6-2g three peaks were used to fit the Pt 4f region; in addition to the E loss peak there was a 

Pt 4f7/2 and 4f5/2 doublet associated with Pt3. The Pt peaks were fit with symmetrical peak 

shapes. Th XPS fitting procedure is discussed in section 6.3.5. 

The results of the XPS peak fitting procedures are summarised in Table 6-2 and Table 6-3. 

These show the atomic concentration (At%) and calculated cluster surface coverages for 



174 

each of the UPS/MIES samples (Table 6-2), and the average core BEs for the metal clusters 

(Table 6-3). At% was determined for as-deposited cluster samples at room temperature and 

represents the atomic concentration of Ru or Pt atoms detectable by XPS. The surface 

coverage of clusters was calculated in units of % ML (see section 3.6.1.3 for details). The 

BEs presented are averages of the BE found for each UPS/MIES series for each sample 

type. This process assumes that in the range of surface coverages used the BE will not be 

affected by loading; this was assumed to be reasonable as the surface coverages were all 

a small fraction of a monolayer, which minimised cluster-cluster interactions. The number of 

samples analysed per UPS/MIES series was not consistent; each series had a blank, while 

for cluster-loaded samples SD-Ru3 had 6, CVD-Ru3 had 5, and CS-Pt3 had 2. Ideally a 

higher number of repeat samples would have been desirable for the CS-Pt3 series to be 

consistent with the other series, but this was somewhat less repeatable due to the nature of 

preparing the clusters in a different UHV system at The University of Utah. However, in this 

case 3 samples, including a blank, was found to be sufficient for determining the DOS due 

to the addition of Pt3 clusters using UPS and MIES. 
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Table 6-2: XPS results for all samples, including the At% and surface coverages for 
clusters. Fitting uncertainties in Ru and Pt XPS peaks give an At% uncertainty of ± 
4%. The absolute error in the surface coverage is ~100%, while the relative uncertainty 
when comparing samples is based only on the Ru and Pt At% and is also ± 4%. 

UPS/MIES Series Sample Cluster At% Surface Coverage (% ML) 

SD-Ru3 SD-Blank 0.00 0.0 

 SD-Ru3-1 0.02 0.1 

 SD-Ru3-2 0.11 0.8 

 SD-Ru3-3 0.51 3.7 

 SD-Ru3-4 0.98 7.1 

 SD-Ru3-5 1.42 10.2 

 SD-Ru3-6 1.52 11.0 

CVD-Ru3 CVD-Blank 0.00 0.0 

 CVD-Ru3-1 0.15 1.1 

 CVD-Ru3-2 0.20 1.5 

 CVD-Ru3-3 0.41 3.0 

 CVD-Ru3-4 0.51 3.7 

 CVD-Ru3-5 0.57 4.1 

CS-Pt3 CS-Blank 0.00 0.0 

 CS-Pt-1 0.10 3.2 

 CS-Pt-2 0.15 4.8 

 

Table 6-3: XPS core electron BEs for Ru 3d5/2 and Pt 4f7/2. XPS was measured as-
deposited and after heat-treatment (723 K for Ru3 and 573 K for Pt3). The BE shift is 
the difference in BE due to the heating procedure. The uncertainty in BE is ± 0.1 eV. 

UPS/MIES Series Peak Initial BE (eV) Heat-Treated BE (eV) BE Shift (eV) 

SD-Ru3 Ru 3d5/2 282.6 280.7 -1.9 

CVD-Ru3 Ru 3d5/2 281.4 280.8 -0.6 

CS-Pt3 Pt 4f7/2 73.0 72.5 -0.5 

 
Table 6-3 shows that the SD-Ru3 clusters have a higher BE than CVD deposited before heat 

treatment, but after heat treatment both types of Ru3 cluster samples shifted lower in BE to 

280.7 eV ± 0.1 eV and 280.8 eV ± 0.1 eV, respectively. These BEs are aligned with earlier 

results reported for the TD-XPS of SD and CVD deposited Ru3(CO)12 onto RF-TiO2 in 

Chapter 5. Further discussion on the peak shifting due to heating can be found in section 

5.4.1.4 of that chapter. The reported BE after heating is higher than bulk Ru, which was 
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previously determined to have a BE of 279.7 eV ± 0.2 eV (see Chapter 4, section 4.4.2.1). 

The BE shifting of -1.9 ± 0.1 eV for SD-Ru3, and -0.6 eV ± 0.1 eV for CVD-Ru3, are 

predominantly due to the removal of CO ligands from the clusters [74, 75]. The BE shift is 

larger for the SD and CVD because some ligands are lost in the CVD deposition; this partial 

de-ligation has also been previously shown by Zhao et al. [75], and was seen on an RF-TiO2 

substrate as per the TD-XPS results of Chapter 5.  

Table 6-3 shows that the Pt 4f7/2 peak for CS-Pt3 was present at 73.0 eV ± 0.1 eV at room 

temperature and shifted -0.5 eV to 72.5 eV ± 0.1 eV after heating to 573 K. These values 

are higher than the typically reported bulk Pt 4f7/2 BE, 71.2 eV [367, 438], and are outside 

the range of typically reported bulk Pt BEs; 70.9 to 71.3 eV [439]. This higher BE is not 

related to fully oxidised Pt clusters, because the BE is lower than that of PtO, which is 

reported with an average of ~74.0 eV [439]. The Pt 4f7/2 BE for small Pt clusters being 

greater than that of bulk Pt aligns with previous studies [9, 57, 60, 289, 292, 315, 352]. The 

greater BE may be due to a final state effect related to the small cluster size, because there 

is a trend for increasing core level BE with decreasing cluster size, due to less final state 

stabilisation by screening and charge delocalisation [60, 292, 317]. The reported BE here is 

somewhat higher than has been reported in previous XPS studies of the similarly-sized 

Pt3/TiO2(110), 71.9 eV [352], and Pt2/SiO2, 71.8 eV [9]. The surface coverages used were 

5-10%, which are similar to this study, so differences in cluster-cluster interactions do not 

account for the BE differences between the studies. Thus, the higher Pt 4f BE for CS-Pt3 in 

this study may be related to a unique cluster-surface interaction of Pt3 on RF-TiO2. The -0.5 

eV ± 0.1 eV BE shift after heating is discussed more in section 6.5.2. 

6.4.2 UPS/MIES: Metallic Reference Material 

A UPS/MIES measurement was performed on a sample of bulk, metallic Ru, and is shown 

in Figure 6-3. This was not a measurement series like other UPS/MIES measurements in 

this study, but a single reference measurement for comparison purposes. The Ru sample 

was heated and sputtered to remove any hydrocarbons and oxide layer on the sample. 
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Figure 6-3: Reference valence electron spectra for bulk, metallic Ru. a) UPS results, 
b) MIES results. 

The UPS spectrum for metallic Ru (Figure 6-3a) shows an onset at the Fermi level, which is 

expected for a bulk metallic sample [61, 437, 440-442], and features present at 0.3 eV and 

2.0 eV. The MIES spectrum (Figure 6-3b) has no such distinct features, and features a 

broad, increasing background. This is because the MIES spectrum was the result of Auger 

neutralisation (AN) and resonance ionisation (RI), which is typical for metallic samples. This 

type of He* de-excitation results in a spectrum which is broadened and smeared compared 

to the true valence DOS [298]. See section 3.6.2 for more details on the MIES technique. 

Note that the BE axis of Figure 6-3b strictly does not show the true BE with regards to the 

DOS due to the mentioned broadening, but the BE axis is retained for consistency. 

A bulk, high purity metallic Pt reference material was not available for analysis with UPS and 

MIES in this study. A reference UPS measurement of the Pt(111) surface is available in a 

study by Crowell et al. [443], where the onset of the spectrum was at the fermi level as per 

the Ru UPS reference above, and there were 3 distinct d-band peaks between 0 and 6 eV. 

No previous Pt reference measurement using MIES has been published, but it is expected 

the spectrum would look similar to the Ru MIES spectrum above, because the metallic 

nature of the surface would promote AN+RI de-excitation. 

6.4.3 UPS/MIES Series 

6.4.3.1 Defect-TiO2 
The Defect-TiO2 UPS/MIES series was performed on a single RF-TiO2 sample, by 

performing consecutive Ar+ doses while measuring UPS and MIES spectra after each dose. 

This was used to determine how the Ar+-induced defects effect the UPS and MIES spectra 
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of the RF-TiO2 surface. These are used as reference measurements aiding in the 

interpretation of the UPS and MIES spectra related to the depositions of metal clusters in 

the Discussions section. Figure 6-4 shows all measured UPS and MIES data for Defect-

TiO2, as well as the difference spectra and the weighting factors of the difference spectra. 

The difference spectra were multiplied by a scaling factor for ease of comparison to the 

substrate spectra. 
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Figure 6-4: UPS/MIES results for Defect-TiO2. a) Measured UP spectra. b) Measured 
MIE spectra. c) UPS Defect-TiO2 difference spectrum, and the blank substrate. D) 
Spectra from (c), zoomed into the low-BE region. e) MIES Defect-TiO2 difference 
spectrum due to surface defects, and the blank substrate. f) Spectra from (e), zoomed 
into the low-BE region. g) UPS/MIES weighting factors for the Defect-TiO2 difference 
spectrum and blank substrate, as a function of Ti defect ratio. The uncertainty in the 
weighting factor ratios is ± 0.05, and the uncertainty in Ti defect ratio is ± 15%.  
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The shape of the Defect-TiO2 spectra for UPS and MIES in Figure 6-4a-d changed as the 

sputter dose was increased, with the most dramatic change being for the 3.6 x 1015 ions/cm2 

spectrum. The main features are the same for all UPS spectra (Figure 6-4a), and before 

sputtering are present at 0.8 eV, 5.0 eV and 8.0 eV. The 0.8 eV feature in the band gap is 

most prominent after higher sputter doses; this peak is related to Ti3+ defects [60, 204]. The 

other peaks are related mostly to O 2p levels and are part of the titania valence band, which 

here spans from ~3 to 9 eV. After 3.6 x 1015 ions/cm2 the 8.0 eV BE peak had shifted lower 

by 0.8 eV. It has been previously reported that this peak is from O 2p states in the oxygen 

plan of the titania [444, 445], and it is possible that the defects cause the shifting of this 

peak. The MIES spectra (Figure 6-4b) features broader features at 3.2 eV and 6.0 eV, which 

appear to be shifted versions of the two higher energy UPS features. Due to the surface 

sensitivity of MIES, these are likely modified O 2p states due to the surface defects. No Ti3+ 

feature at ~0.8 eV is seen in MIES, most likely because AN is favoured at the associated 

orbitals [298]. 

The weighting factors for the Defect-TiO2 spectra in UPS and MIES increase approximately 

linearly with TiDefect/TiTotal as shown in Figure 6-4g. This provides evidence that the 

determined UPS/MIES difference spectra for Defect-TiO2 are related to the Ar+ sputter 

treatment, and thus most likely represent the UPS/MIES signal from substrate defects. The 

main features seen in the Defect-TiO2 UPS difference spectrum (Figure 6-4c) are peaks at 

0.8, 3.0, 5.0, 6.8 eV. As the 0.8 eV peak is related to titania defects, it is unsurprising this 

peak appears in the difference spectrum. The other peaks are most likely related to oxygen 

states. The shape of the UPS difference spectrum for titania surface defects matches 

previous experiments which have been performed on amorphous Ti3+-doped TiO2 

nanoparticles [446]. For the MIES difference spectrum there are peaks present at 3.5 and 

6.6 eV (the ~0.8 eV defect state is missing in MEIS as described above). 

6.4.3.2 SD-Ru3 
The SD-Ru3 UPS/MIES series was performed using a range of a solution concentrations to 

control the surface coverage of Ru. Samples were heated to 723 K prior to analysis with 

UPS/MIES. Figure 6-5 shows all UPS and MIES data for SD-Ru3, as well as the difference 

spectra and the weighting factors ratios. 
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Figure 6-5 UPS/MIES results for the SD-Ru3 UPS/MIES series. a) Measured UPS 
spectra. b) Measured MIES spectra. c) UPS of SD-Ru3 difference spectrum and blank 
substrate. d) Spectra from (c), zoomed into low-BE region. e) MIES of SD-Ru3 
difference spectrum and blank substrate. f) Spectra from (e), zoomed into low-BE 
region. g) UPS/MIES weighting factor ratios for the SD-Ru3 difference spectrum and 
blank substrate, as a function of Ru surface coverage. The uncertainty in the 
weighting factor ratios is ± 0.05. The absolute error in the surface coverage is ~100% 
while the relative uncertainty is based on the Ru At% and is only ± 4% (discussed in 
section 3.6.1.3).  
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When compared to the RF-TiO2 blank sample, the cluster depositions made visible 

differences to the measured UPS and MIES spectra shown in Figure 6-5a-b. The main 

feature for the SD-Ru3 UPS difference spectrum (Figure 6-5c) is an asymmetrical energy 

band from 0 eV to 4.0 eV, with a peak located at 3.1 eV. For MIES (Figure 6-5e), the SD-

Ru3 difference spectrum has a feature at approximately 3.3 eV, but the peak is weak and 

somewhat obscured by the secondary electron background. 

The SD-Ru3 UPS and MIES weighting factors increase approximately with Ru surface 

coverage (Figure 6-5g), providing evidence that the calculated SD-Ru3 difference spectra 

are related to the cluster depositions. The weighting factor for UPS increases with Ru 

surface coverage as expected, except for the 7.1% ML sample which was lower than the 

trend and appears to be an outlier. The MIES weighting factor for SD-Ru3 increased from 0 

to 0.63 for the lowest surface concentration compared to the blank, and then appears to 

increase with surface concentration. The large initial increase is most likely due to the high 

surface sensitivity of MIES, where the surface layer is being changed more dramatically than 

for UPS due to the presence of the clusters. 

6.4.3.3 CVD-Ru3 
A UPS/MIES series, shortened to CVD-Ru3, was performed on CVD-deposited Ru3 on RF-

TiO2 using a range of a deposition times. Samples were heated to 723 K prior to analysis 

with UPS/MIES. Figure 6-6 shows all UPS and MIES data for CVD-Ru3, as well as the 

difference spectra and the weighting factors ratios.  
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Figure 6-6: UPS/MIES results for the CVD-Ru3 UPS/MIES series. a) Measured UPS 
spectra. b) Measured MIES spectra. c) UPS spectra of the CVD-Ru3 difference 
spectrum and blank substrate. d) Spectra from (c), zoomed into the low-BE region. e) 
MIES spectra of the CVD-Ru3 difference spectrum and blank substrate. g) Spectra 
from (e), zoomed into the low-BE region. g) UPS/MIES weighting factor ratios for the 
CVD-Ru3 difference spectrum and blank substrate, as a function of Ru surface 
coverage. The uncertainty in the weighting factor ratios is ± 0.05. The absolute error 
in the surface coverage is ~100% while the relative uncertainty is based on the Ru 
At% and is ± 4%.  
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The CVD-Ru3 depositions made a visible difference to the measured UPS and MIES spectra 

(see Figure 6-6a-b). The main feature for the CVD-Ru3 UPS difference spectrum (Figure 

6-6c) is an asymmetrical energy band from 0 eV to 4.1 eV, with a peak at 2.7 eV. For MIES 

(Figure 6-6e), the CVD-Ru3 difference spectrum has a feature at approximately 3.6 eV. The 

UPS and MIES difference spectra are very similar between SD-Ru3 and CVD-Ru3; this will 

be disused in section 6.5.1. 

The weighting factor ratios for the UPS CVD-Ru3 difference spectrum increase 

approximately linearly with Ru surface coverage, as expected. The 1.1% ML measurement 

sample (1 minute CVD deposition) appears to be an outlier with a higher than expected 

weighting factor. The MIES weighting factor ratios for the CVD-Ru3 difference spectrum 

increased from 0 to 0.62 for the lowest surface concentration compared to the blank, and 

then approximately linearly increases with surface concentration at increasing 

concentrations, similar to what was seen for the MIES of SD-Ru3 (Figure 6-5g). The increase 

in weighting factors is sufficient evidence that the determined UPS and MIES spectra for 

CVD-Ru3 are related to the CVD depositions.  

6.4.3.4 CS-Pt3 
The CS-Pt3 UPS/MIES series was performed using a range of Pt surface loadings. CS-Pt3 

samples were not deposited in situ, and samples were heated to 573 K prior to UPS/MIES 

measurements to remove any surface hydrocarbons that can interfere with surface-sensitive 

MIES measurements. Figure 6-7 shows all measured UPS and MIES data for CS-Pt3, as 

well as the difference spectra and weighting factor ratios. 

  



185 

 

Figure 6-7: UPS/MIES results for the CS-Pt3 UPS/MIES series. a) Measured UPS 
spectra. b) Measured MIES spectra. c) UPS of the CS-Pt3 difference spectrum and 
blank substrate. d) Spectra from (c), zoomed into the low-BE region. e) MIES of the 
CS-Pt3 difference spectrum and the blank substrate. f) Spectra from (e), zoomed into 
the low-BE region. g) UPS/MIES weighting factor ratios for the CS-Pt3 difference 
spectrum and blank substrate, and as a function of Pt surface coverage. The 
uncertainty in the weighting factor ratios is ± 0.05. The absolute error in the surface 
coverage is ~100% while the relative uncertainty is based on the Pt At% and is ± 4%.  
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The CS-Pt3 cluster depositions had a visible effect on the measured UPS and MIES seen in 

Figure 6-7a-b, when compared to the blank substrate. The main feature of the CS-Pt3 UPS 

difference spectrum in Figure 6-7c is a d-band peak spanning from 3.3 eV to 6.3 eV, with a 

peak location at 4.7 eV. There does not appear to be any other peaks in the spectrum, and 

there is no signal below or above this peak (besides a signal at higher BEs related to the 

ejection of secondary electrons). In the MIES difference spectrum (Figure 6-7e) there is a 

single peak spanning 2.0 eV to 6.7 eV, with a maximum at 4.3 eV. The peak is similar to 

that of UPS but shifted by -0.4 eV and broadened (discussed further in section 6.5.2). The 

CS-Pt3 UPS/MIES weighting factors in Figure 6-7g increase with Pt surface coverage, which 

provides evidence the CS-Pt3 spectrum is related to the deposition of Pt3 clusters. The MIES 

weighting factor ratio for CS-Pt3 increases from the blank (0% loading) to the 3.2% ML 

sample, but then decreases slightly for the 4.8% ML sample; this is deemed acceptable 

within the ± 0.05 uncertainty for the weighting factor ratios. 

6.4.3.5 CS-Ru3 
Several attempts were made to determine UPS/MIES difference spectra due to CS-Ru3 on 

RF-TiO2. Due to equipment limitations, the experiment could not be performed in situ (see 

Methodology). 4 separate experiments were performed featuring a range of cluster surface 

loadings, but the Ru3 cluster difference spectra could not be determined. Measurements 

were attempted after heating samples to both 473 K and 723 K. In some experiments there 

was too much inter-sample difference in valence structure, and in one case the substrates 

were more consistent but the cluster-loaded UPS/MIES spectra were identical to the blank 

substrate spectra, meaning the difference between loaded and unloaded samples could not 

be seen within the given resolution. 

In Chapter 4 it was shown that CS-Ru3 has no available Ru-CO states when deposited on 

sputtered RF-TiO2; this means there were most likely no Ru3 clusters present on the topmost 

layer. This accounts for the lack of visible Ru in MIES (due to the surface sensitivity) but 

does not account for the lack of UPS difference spectra. Considering difference spectra 

could be determined earlier in the Results for both SD-Ru3 and CVD-Ru3, it is possible the 

exposure of CS-Ru3 clusters to atmosphere caused an interaction which obscured or 

changed the DOS of the clusters. This did not appear to be the case for CS-Pt3 (above), 

which was also analysed ex situ in the same way, which is possibly because Pt is known to 

be particularly chemically inert [447]. If the experiment were to be repeated as part of some 

future work, depositing the clusters in situ may therefore resolve the potential issue of the 

Ru3 clusters interacting with atmosphere. However, this would involve the modification of 
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the UHV system used such that both a CS and UPS/MIES are available in the same 

instrument. 

6.4.4 UPS/MIES Difference Spectra Comparison 

The UPS/MIES difference spectra for RF-TiO2 defects, SD-Ru3, CVD-Ru3, and CS-Pt3 were 

overlayed on one set of axes each for UPS and MIES, shown in Figure 6-8. The difference 

spectrum for each UPS/MIES series was multiplied by a linear scaling factor for ease of 

comparison between the results (due to differing count rates), which means the absolute 

intensities of the spectra cannot be directly compared. Regarding the cluster difference 

spectra, it was noted that there was a possibility for the cluster deposition to change the 

DOS of the TiO2 substrate, due to charge transfer, bond formation, or changes in the work 

function [448-450]. In this study the clusters had a low surface coverage, where the highest 

coverage was ~11.0 % ML (see Table 6-2), and thus it was not expected that large changes 

in the substrate DOS would be detected in the difference spectra for UPS. However, due to 

its surface sensitivity, changes in the substrate DOS may be more noticeable with MIES 

spectra. 
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Figure 6-8: Overlayed UPS (a) and MIES (b) spectra for SD-Ru3, CVD-Ru3, and CS-Pt3, 
and Defect-TiO2 substrate.  
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6.5 Discussions 

6.5.1 Ru3 Analysis 

The Ru3 clusters from both SD-Ru3 and CVD-Ru3 have very similar UPS and MIES spectra 

to each another. The UPS spectra (Figure 6-8a) have the same features and are almost 

identical. For MIES (Figure 6-8b), the SD-Ru3 and CVD-Ru3 spectra are very similar but a 

key difference is that the SD-Ru3 signal has a larger contribution from the secondary electron 

background. Within the accuracy of the measurement it can be assumed the difference 

spectra for SD-Ru3 and CVD-Ru3 are identical in UPS and MIES. The XPS results in Table 

6-3 showed that for these two samples the Ru 3d BE of SD-Ru3 was 1.2 eV higher as-

deposited, but after heating the BE was the same within the ± 0.1 eV resolution. This 

provides evidence that between SD and CVD depositions the method of depositing Ru3 onto 

RF-TiO2 does not have a large effect on the DOS of the clusters after heating to 723 K. The 

heating procedure involves complete or near-complete ligand removal (see previous 

analysis in section 5.4.1, Chapter 5), which suggests that the ligand-removal step has the 

greatest effect on the final cluster-substrate interactions, and not the deposition step. As 

such, the deposition method could be chosen on a per case basis, based on the intended 

application without concerns for differences in cluster properties after removing ligands. That 

is, SD depositions have a greater ability to scale up for industrial purposes [66, 72, 99, 104] 

and can deposit onto the inside surfaces of porous substrates such as mesoporous silica 

[76, 77], while CVD can be performed in situ for fundamental studies [74, 75]. 

For the metallic Ru reference MIES (see Figure 6-3b) there were no distinct MIES features. 

However, for the MIES difference spectra (Figure 6-8b), the SD-Ru3 and CVD-Ru3 spectra 

both look very similar to the Defect-TiO2 spectrum. All three spectra feature a peak in the 

3.0 to 3.5 eV region. For the Defect-TiO2 difference spectrum this was assigned to defect-

modified O 2p sites (see section 6.4.3.1 above). The similarity between this and the Ru3 

difference spectra suggests that the SD-Ru3 and CVD-Ru3 MIES difference spectra are in 

fact related to an increase in titania defect-related O 2p sites compared to the blank 

substrate, as a result of the deposition of Ru3 clusters. This suggests that reduced titania 

has encapsulated the Ru3. This is consistent based on previously reported data in Chapter 

5; TD-LEIS results showed that after heating the substrate to an average of 660 K ± 120 K, 

Ru3 clusters deposited by CVD were encapsulated by a layer of substrate material, ~0.35 

nm ± 0.08 nm in thickness. The reduced nature of the titania overlayer agrees with previously 

reported XPS and microscopy studies on metal encapsulation by titania [185, 186, 207, 208, 

210-213, 216, 386]. The SD-Ru3 and CVD-Ru3 MIES spectra provide a direct measurement 
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of the reduced titania covering the clusters. Because the MIES spectra for SD-Ru3 and CVD-

Ru3 feature O 2p sites, this suggests a bonding structure such as Ru-Ti-O at the topmost 

layer, where the O 2p sites are available for probing by He* but Ru is not. 

Conversely, for the UPS difference spectra (Figure 6-8a) the Defect-TiO2 spectrum was 

unique, and not similar to SD-Ru3 or CVD-Ru3. The Defect-TiO2 UPS features a much 

narrower energy band than Ru3, just above the Fermi level. This provides evidence that the 

UPS difference spectra determined for SD-Ru3 or CVD-Ru3 represent the valence DOS due 

to the deposited Ru3 clusters, and do not represent surface titania defects as was the case 

for the MIES results. The extra analysis depth of UPS over MIES allowed for the detection 

of the encapsulated Ru3 clusters, given the probing depth of UPS is 2-3 nm [284], larger 

than the overlayer thickness of ~0.35 nm ± 0.08 nm. Any effects from the substrate-cluster 

interaction on the cluster and/or substrate DOS may also be included in these difference 

spectra, which is discussed in further detail below. These results highlight the benefits of 

combining MIES and UPS experiments; MIES measured the DOS due to the uppermost 

layer, assigned to defected titania O 2p states, while UPS measured the DOS due to the 

covered Ru3 clusters. To the best knowledge of the author this is the first explicit 

measurement of the valence structure of an encapsulating layer covering clusters using a 

surface-sensitive technique such as MIES. 

6.5.2 Pt3 Analysis 

Table 6-3 shows that there was a -0.5 eV ± 0.1 eV shift in the Pt 4f BE for the clusters after 

heating to 523 K. XPS was also measured at 423 K for Pt3 and the -0.5 eV ± 0.1 eV shift 

also occurred at this temperature, with no further shifting between 423 K and 573 K (results 

not shown). Because the Pt3 clusters were deposited ex situ and exposed to atmosphere 

before analysis, it is likely the -0.5 eV ± 0.1 eV peak shift upon heating was related to the 

removal of contamination from the surface of the clusters, which was affecting the core 

electron distribution. It is also possible that the peak shift was related to some amount of 

cluster agglomeration, because previous studies on size-selected, small Pt clusters on oxide 

substrates have shown depositing larger clusters decreased the BE towards the bulk Pt 

value [9, 352]. However, if cluster agglomeration occurred for Pt, it must have been minimal 

because the BE of Pt 4f7/2 at 523 K was 72.5 eV ± 0.1 eV, above the range of typical bulk Pt 

BEs. Additionally, the sputter-induced defects on the surface are likely to pin the Pt3 clusters 

and minimise the agglomeration; this has been shown previously for Au clusters on titania 

[5, 222].  



191 

The shape of the CS-Pt3 difference spectra are unique compared to all other UPS/MIES 

spectra in Figure 6-8. Furthermore, UPS and MIES spectra are very similar to each other; 

the only difference is an effect of peak broadening towards the Fermi level in MIES, with a -

0.4 eV shift of the overall peak location. The similarity between UPS and MIES spectra 

shows that He* de-excitation in MIES was predominantly by the Auger de-excitation (AD) 

mechanism [298]. Furthermore, this provides evidence that the Pt3 clusters were present on 

the topmost layer after heating to 573 K, because the difference spectra determined for the 

topmost layer (MIES) and top several layers (UPS) were very similar, unlike for the Ru3 UPS 

and MIES difference spectra. The presence of Pt on the topmost layer is most likely a benefit 

for photocatalysis, because photocatalytic reactions typically occur at active sites on the 

topmost surface layer [431]. 

The CS-Pt3 MIES onset is at a similar location to the Defect-TiO2 MIES onset. Thus, the 

peak broadening towards the Fermi level for the CS-Pt3 MIES may be due to a contribution 

of titania surface defects to the CS-Pt3 MIES spectrum. The broadening may additionally be 

contributed to by the interaction of He* with the surface, and the fact that during AD de-

excitation electron density is sampled 2 to 4 angstroms above the outer-most surface layer, 

which can affect the measured DOS [298]. 

Several previous studies have been performed analysing the DOS of small, size-selected 

Ptn clusters using UPS [57, 437], but this is the first study performed using RF-TiO2 as a 

substrate. Comparisons between this study and previous studies are therefore important to 

determine how the substrate effects the DOS. Note that there are not previous studies such 

as this for size-selected Ru clusters in the same size range, so the Ru3 DOS cannot be 

compared to previous literature in this way. 

The UPS/MIES difference spectra for Pt3 are comparable to the UPS difference spectrum 

determined in a study by Eberhardt et al. [437] for CS-deposited, size-selected Pt3/SiO2; this 

study found two peaks present at ~4.9 eV and ~8.5 eV, with an overall onset at ~2.0 eV. 

The 4.9 eV peak appears to be the same feature as the 4.7 eV peak in the UPS for CS-Pt3. 

The second, higher BE feature was not present in this study, which may be due to 

differences between the cluster-surface interaction in the studies, or due to the effect of 

variations in secondary electron contributions on the difference spectra. Interestingly, in a 

different study by Roberts et al. [57] the onset energy of the d-band for small, size-selected 

Ptn clusters (n = 1, 2, 4, 7, 10, 14, 18) supported on Al2O3 (~10% ML coverage) was found 

to be between 0.3 (n ≥ 9) and 0.7 eV (n = 2) [57]. Compared to an onset of ~3.3 eV for the 
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Pt3 UPS difference spectrum in this study (Figure 6-8), and ~2.0 eV for Pt3/SiO2 [437], this 

was much closer to the Fermi level. The difference in DOS onset between this study and 

those with Ptn supported on SiO2 and Al2O3 is likely due to the unique cluster-surface 

interactions of Pt with the different oxide substrates. The higher onset for Pt3 supported on 

RF-TiO2 than either Pt3/SiO2 or Ptn/Al2O3 may be partially due to the Ar+ ion sputtering 

treatment prior to cluster depositions influencing the cluster DOS [3]. This has been shown 

with UPS and XPS measurements for larger, 3D Pt nucleates on TiO2(110) [417, 451]. It 

would be beneficial to perform future DFT calculations to determine the DOS of Pt3 clusters 

supported on sputter-treated RF-TiO2 for comparison to the results of this study. 

The cluster shapes may also be influenced by the defects, thus also influencing the DOS. 

DFT studies on cluster shape have shown Ptn clusters (n = 1 - 4) on stoichiometric TiO2(110) 

have atomic structures similar to the gas-phase minimum-energy structures, but have 

distorted atomic structures when on reduced titania with oxygen vacancies [452]. The XPS 

and UPS/MIES results in this chapter do not provide evidence about the shape of the Pt 

clusters. Previous experimental evidence for Ptn/TiO2(110) [352, 453] and DFT studies for 

non-supported Ptn [454] both suggested that Pt3 clusters have planar structures, however 

as mentioned due to the presence of surface defects the cluster structures in this study may 

be distorted.  

6.5.3 Cluster Metallicity 

The blank metallic Ru reference UPS in Figure 6-3a features an onset at the Fermi level. 

For both SD-Ru3 and CVD-Ru3 the UPS DOS onset is also at the Fermi level (Figure 6-8a). 

This onset indicates the clusters have metallic states [61, 437, 440-442]. This is interesting 

because metal clusters are generally known for their molecule-like discrete electron levels 

and lack of typical metallic properties [13]. In Chapter 4 the Ru 3d BEs showed that Ru3 

clusters deposited using either a CS or CVD are both partially oxidised after heating to 800 

K on RF-TiO2, although the exact stoichiometry was not known. Note that in the current 

chapter the presence of the CO ligands on the clusters obscures the oxidation-related BE 

shift after heating (see section 6.4.1.2). Evidence from TD-LEIS in Chapter 5 further showed 

that Ru3 clusters deposited by CVD were encapsulated by sputtered RF-TiO2 after heating 

to 660 K ± 120 K. The oxidation and encapsulation of the Ru3 clusters are both evidence of 

the SMSI, and it is possible this is resulting in the metallisation of the Ru3 clusters on RF-

TiO2. 

Conversely, for CS-Pt3 the DOS onset was at 3.3 eV for UPS and 2 eV for MIES. Considering 



193 

the top region of the Pt3 DOS is not close in energy to the Fermi level and does not exhibit 

the modified step function characteristic of a metallic Fermi level, this suggests that the 

supported Pt3 clusters have non-metallic properties (unlike the Ru3 clusters) [437, 440-442]. 

Such a conclusion is supported by previously reported Ptn cluster UPS results [57, 437], and 

is in contrast to bulk forms of Pt such as Pt(111) where the UP onset is present at the Fermi 

level [443]. The non-metallic properties of the Pt3 clusters are further supported by the Pt 4f 

XPS results in section 6.4.1.2, which featured symmetrical Pt doublet peak shapes, 

contrasting bulk Pt where the 4f doublet typically has asymmetrical peak shapes [352]. A 

previous study by Isomura et al. [352] has similarly shown symmetrical Pt 4f peak shapes 

for small, mass-selected Ptn clusters. Lastly, further evidence Pt3 is non-metallic comes from 

MIES and UPS; the spectra look very similar for CS-Pt3, suggesting AD de-excitation in 

MIES related to a non-metal [298]. 

This notion of small, non-metallic Ptn clusters has been previously supported in the literature. 

In the previous mentioned studies of Ptn clusters on SiO2 [437] and Al2O3 [57] the Pt UPS 

spectra had band gaps similar to that of CS-Pt3 seen in this study. A size-dependent UPS 

study of Ptn (n = 1-15) on Ag(111) showed that small Pt clusters featured an onset which 

shifts closer to the Fermi level as cluster size increases [455], showing that there is a trend 

towards the Fermi level as the clusters become more bulk-like. A DFT study of Ptn (n = 1-4) 

on TiO2(110) also supports this idea, calculating that no metallisation of the clusters had 

occurred [452].  

6.5.4 Cluster Encapsulation 

As discussed above, SD-Ru3 and CVD-Ru3 deposited onto sputtered RF-TiO2 were 

encapsulated by a layer of reduced titania after heating. Previous literature on the 

encapsulation of Ru by TiO2 has been discussed in detail in Chapter 5, section 5.4.6. 

However, CS-Pt3 was not encapsulated, evidenced by the availability of Pt3 clusters on the 

topmost layer to He* in MIES. This suggests that the SMSI is occurring for Ru3 clusters, but 

not for Pt3 clusters on sputtered RF-TiO2. Figure 6-9 shows diagrams summarising these 

encapsulation results for both Ru3 and Pt3 on sputtered RF-TiO2. Previous studies in the 

literature which have shown Pt adsorbates being encapsulated by TiO2(110) after heating 

are typically for larger Pt nanoparticles (not small clusters) and/or much higher surface 

coverages than those used in this study [39, 207, 208]. In a study by Wu et al., it was 

evidenced using TPD that supported Pt clusters on TiO2(110) were not encapsulated, while 

larger supported nanoparticles were encapsulated and underwent the SMSI (this study was 

not on atomically size-selected clusters, but the results are still comparable) [39]. This study 
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puts forward the idea that the encapsulation of Pt adsorbates by titania is promoted by larger 

Pt particle sizes, which is supported by the results in this chapter which show Pt3 clusters 

are not encapsulated. This is further supported by a study on ultrafine Pt nanoparticles (~1 

nm) on TiO2 powder, which were not encapsulated after to heating at 723 K under UHV 

[456]. Considering there are previous studies which show that sputtering can promote 

encapsulation on titania [185, 186], this suggests the Pt3 clusters are quite stable to 

encapsulation on RF-TiO2. 

 

Figure 6-9: Summary of the results regarding encapsulation and metallicity for SD-
Ru3, CVD-Ru3 and CS-Pt3 clusters supported on sputtered RF-TiO2 substrates. These 
images represent the surfaces after 723 K heat treatment. Only one image is shown 
for Ru3 clusters because the same results were found for both cluster types. 

The mechanism for the encapsulation of Ru3 (but not Pt3) on RF-TiO2 substrates is most 

likely related to the minimisation of surface energy in each of the systems [185, 203, 210, 

213]. The surface free energy for Ru (~2.7 J.m-2) is higher than that of Pt (~2.2 J.m-2), which 

is consistent with the logic used herein as Pt will be favoured to remain on the surface [457]. 

Experimental evidence for this has been shown by Galhenage et al. [326], where bimetallic 

Pt-Ru clusters were grown on HOPG surfaces by vapor deposition. In this study, 

approximately even coverages of Pt and Ru were deposited and after heating to 403 K the 

surface composition increased to 98–99% Pt, indicating that Pt has the higher surface 

affinity [326]. 

In Chapter 4 it was shown that CS-Ru3 clusters were encapsulated by sputtered RF-TiO2 

even without heating the substrate, but this does not occur when the surface is not Ar+ ion 

sputtered prior to depositing clusters. Thus, it must be considered that the surface defects 

play a key role in the encapsulation process. In light of this, another possible mechanism for 

encapsulation may be that the Ru3 clusters dissociate on the surface due to the interaction 

with the defect-rich, reduced titania. This is possible because Ru-Ru has a lower bond 

dissociation energy than Pt-Pt; 193.0 ± 19.3 kJ/mol for Ru-Ru [458] compared to 307 ± 2 

kJ/mol for Pt-Pt [392, 459]. If the Ru3 clusters were dissociated this may promote 
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encapsulation because less TiO2 must be displaced by encapsulating a single atom. 

Additionally, single atoms are typically more mobile on surfaces than small clusters, which 

would further promote encapsulation. The increased mobility of single atoms at room 

temperature has been shown for isolated Ag, Cu, and Pd atoms on oxide supports [70]. It is 

difficult to provide evidence for or against this mechanism because the structure of the small 

clusters underneath a reduced titania covering layer would need to be determined. Thus, to 

provide stronger evidence for or against this, DFT studies of Ru3 on reduced titania will be 

needed to compare to experimental results.  
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6.6 Conclusions 

In this study UPS and MIES were performed on samples after heat treatment, and difference 

spectra were determined due to the deposition of Ru3 (SD and CVD depositions) and Pt3 

(CS depositions) onto Ar+ ion sputter-treated RF-TiO2. Further details on the surface 

coverage and properties of the clusters was provided by XPS. Comparing SD-Ru3 to CVD-

Ru3, it was determined based on the similarity of the UPS/MIES results that the method of 

depositing Ru3(CO)12 onto the surfaces does not have a significant effect on the DOS of the 

Ru3 clusters after heating. Thus, it is likely that that the heating-based CO ligand-removal 

has a greater effect on the final cluster-substrate interaction that the initial deposition step.  

Based on their UPS/MIES difference spectra, Ru3 clusters were found to have metallic 

properties while Pt3 clusters had non-metallic properties. For Ru3 clusters, the UPS 

measured the clusters while the MIES spectrum was in fact a measurement of defected 

titania atop of the clusters, due to encapsulation by the substrate. Conversely, for Pt3 

clusters the UPS and MIES spectra were very similar, which provides evidence that Pt3 

clusters were present on the topmost surface layer after heating to 523 K, which is most 

likely a benefit for catalysis. The fact that Ru3 was encapsulated but Pt3 was not is possibly 

due to an energetic benefit for Ru encapsulation, related to the minimisation of surface 

energy. However, such a possibility does not exclude other, more complicated mechanisms 

related to the induced surface defects on the substrate. 
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Chapter 7 Investigations into H4Ru4(CO)12 supported on 
RF-deposited TiO2 

7.1 Abstract 

Size-selected 4-atom Ru4 clusters were deposited onto radio frequency (RF)-sputter 

deposited TiO2 (RF-TiO2). RF-TiO2 surfaces were treated by Ar+ ion sputtering prior to 

cluster depositions, and Ru4 was deposited by chemical vapor deposition of H4Ru4(CO)12. 

This work compares results to previous studies which used Ru3(CO)12 and is motivated by 

the potential use of titania-supported Ru clusters as cocatalysts for reactions such as 

photocatalytic water splitting. Supported Ru4 samples were prepared for analysis using 

temperature-dependent XPS (TD-XPS), temperature programmed desorption (TPD), and 

ultraviolet photoelectron spectroscopy (UPS). The CO-TPD results indicated that after 

heating to 723 K all Ru-CO binding sites on the surface layer were blocked, caused by the 

encapsulation of clusters by substrate material. UPS provided evidence that the 

encapsulated clusters have metallic properties. Comparing to previous studies on 

Ru3(CO)12, TD-XPS shows that H4Ru4(CO)12 begins to lose CO at a slightly lower 

temperature. However, after heat treatment the valence electronic structures of both cluster 

types are similar, suggesting that encapsulated Ru4 has the same potential catalytic benefits 

as Ru3. 
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7.2 Introduction 

In this chapter, studies from the previous chapters on ligated Ru clusters are expanded upon 

by using a larger cluster size, namely H4Ru4(CO)12. Most concepts which are relevant to this 

study have been introduced in previous chapters, including the dependence of cluster 

properties on; size, the effect of the supporting material on clusters, the strong metal-support 

interaction (SMSI), chemical vapor deposition (CVD), and the applications of supported 

clusters in catalysis and photocatalysis. Therefore, in this introduction only the most relevant 

concepts will be re-summarised. In addition, other studies on size-dependent cluster effects, 

and in particular H4Ru4(CO)12, are discussed. 

Small, size-selected metal clusters often possess unique electronic and catalytic properties 

which are highly dependent on cluster size [11, 14-18, 57, 292, 315, 460-462]. A specific 

range of cluster sizes may result in lower energy reaction pathways or altered reactivity for 

catalysis. Due to their size-sensitivity, the addition or subtraction of just one atom to a small 

cluster can influence whether the cluster functions as a catalyst [56]. By way of example, 

Sanchez et al. [56] showed for the catalytic oxidation of CO, gold Au8 clusters catalysed the 

reaction effectively, but clusters with 7 or less atoms ceased to be catalytically active. This 

dependence of catalytic activity on cluster size also extends to other supported clusters [57, 

154, 229, 314, 398]. Furthermore, the catalytic activity of the clusters is related to the cluster 

density of states (DOS) [17, 435]. It is therefore important, for catalytic purposes, to measure 

the size-effects on the DOS of supported clusters. This is because the DOS has been 

experimentally shown to depend on cluster size for clusters deposited using a size-selected 

cluster source (CS); including Pdn/TiO2 [6, 60, 292], Aun/MgO [177], Ptn/SiO2 [9], Ptn/Al2O3 

[57], and Pt, Pd, and Ni clusters on Ag single crystals [463]. However, there are relatively 

fewer studies focussing on substrate-supported, ligand protected clusters [3, 5, 464]. 

A common way to deposit metal clusters onto substrates is by depositing ligand-stabilised 

clusters using CVD (described in section 2.4.1.2) [74, 75, 135-137]. Metal carbonyls 

including Ru3(CO)12 and H4Ru4(CO)12 are the most common class of clusters deposited 

using this method [75, 138-143]. H4Ru4(CO)12 features supporting H ligands bridging the 

metal-metal bonds, while the metal-metal bonding in Ru3(CO)12 is unsupported [105]. There 

are only a few studies previously performed on supported H4Ru4(CO)12 [250] compared to 

those using Ru3(CO)12. A number of H4Ru4(CO)12 catalysis studies have been performed 

[91, 93, 105, 250, 465, 466] but the clusters were not TiO2-supported and the electronic 

structure of the clusters was not measured. These studies showed the homogeneous 

catalytic abilities of H4Ru4(CO)12 and H4Ru4(CO)12-based catalysts for the; hydrogenation of 



199 

ethylene [91, 93], hydrogenation and isomerisation of cyclic dienes [465], and hydrogenation 

of pentynes [466]. In addition, solid-gas catalysis was shown by H4Ru4(CO)12/glass reacting 

with 1,4-cyclohexadiene, or hex-3-yne and dihydrogen to produce monoenes [105]. In a rare 

study on metal oxide-supported H4Ru4(CO)12, Pierantozzi et al. [250] showed that 

H4Ru4(CO)12 supported on Al2O3 and MgO had significant oxygenate yields from the 

catalytic reaction of CO + H2. 

To the best knowledge of the author there are no previous size-dependent, experimental 

studies of small, metal-oxide supported Ru clusters. Previous DFT calculations have shown 

the importance of the supporting substrate, arguing that the adsorption behaviour of Run (n 

= 1 – 4) onto Al2O3 effected cluster electronic structures, and was dependent on both the 

cluster size and metal-oxide surface structure [467, 468]. While this study was for bare 

clusters on Al2O3, similar differences in cluster adsorption may be expected for clusters of 

differing sizes deposited by CVD onto RF-TiO2. 

The present study was designed to investigate the effect of a small change in Ru cluster 

size on the resulting properties when the clusters were supported on Ar+ ion sputter-treated 

RF-TiO2. The surface properties of CVD-deposited Ru4/RF-TiO2, were measured using 

temperature-dependent XPS (TD-XPS), TPD, and UPS. The main aim of the work was to 

compare the properties of supported Ru4 to previously reported results for supported Ru3 

(Chapter 4 to Chapter 6), because it is not yet known whether the encapsulation depends 

on cluster size. The Ar+ ion sputter treatment of the substrate is consistent with the previous 

studies herein, and was shown to cause encapsulation of Ru3 clusters by titania (Chapter 

4). The work is motivated by the potential use for small Ru clusters supported on TiO2 in 

efficient catalytic and/or photocatalytic reactions, in addition to the strong dependence of 

cluster properties on size [11, 14-18, 57, 292, 315, 460-462]. Understanding how the Ru 

cluster size effects its DOS and stability to heating is vital for the full comprehension of 

catalysis involving small Ru clusters. 
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7.3 Methodology 

7.3.1 Substrates 

Substrates were RF-sputter deposited TiO2 on Si(100) wafers (shortened to RF-TiO2). See 

section 3.1 in the Instrumentation and Methodologies for complete details on the preparation 

of RF-TiO2. Substrates were treated prior to cluster depositions by heating to 723 K for 10 

minutes, and 3 keV Ar+ ion sputtering with 6 x 1014 ions/cm2 to remove surface contamination 

and induce surface defects. This is the same procedure as for the treatment of “high-defect 

sputtered RF-TiO2” (HDS-RF-TiO2) in Chapter 4 and Chapter 5, however this longer 

nomenclature is not needed or used in this chapter as only one substrate type was utilised. 

7.3.2 Instrumentation 

Two separate ultra-high vacuum (UHV) systems were used. Sample treatment, cluster 

depositions, XPS, UPS, and MIES were performed on the Flinders University system, while 

TPD was performed on the University of Utah system. These systems are described in detail 

in section 3.3.  

7.3.3 CVD 

CVD of H4Ru4(CO)12 was performed in situ at Flinders University. The CVD procedure was 

described in the Instrumentation and Methodologies section 3.5.1. Deposition times were 

varied from 30 minutes to 90 minutes to produce a variation in cluster loading for the UPS 

samples. Separate samples were prepared for TD-XPS and CO-TPD, by depositing clusters 

for 60 minutes. The deposited clusters covered the entire sample areas in an approximately 

even manner. A notable difference in the CVD procedure of H4Ru4(CO)12 compared to the 

CVD of Ru3(CO)12 in earlier chapters is that the clusters and substrate were heated to 353 

K during deposition to increase the deposition speed, due to the lower vapor pressure of the 

clusters. 

7.3.4 Samples and Procedures 

In this chapter nomenclature of samples of CVD-deposited H4Ru4(CO)12 on sputtered RF-

TiO2 will be shortened to “Ru4/RF-TiO2”. 5 separate Ru4/RF-TiO2 samples were prepared, 

as well as 1 blank substrate. XPS was measured for all samples immediately following CVD 

to determine the Ru surface coverage (detailed below). For TD-XPS and CO-TPD there 

were unique samples per measurement, and for UPS/MIES there were 3 Ru4/RF-TiO2 

samples and 1 blank substrate. XPS, TD-XPS, UPS, and MIES were performed in situ. The 

CO-TPD sample was removed from vacuum after CVD and XPS and was moved to the 

University of Utah system for analysis. 
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7.3.5 XPS and TD-XPS 

The instrumentation, measurement procedures, and data analysis procedures for XPS 

measurements are detailed in section 3.6.1. XPS was performed using the Flinders 

University XPS instrument with a Mg kα X-ray anode. For analysing XPS spectra the binding 

energy (BE) scale was calibrated to adventitious C 1s = 285.0 eV. Details on the XPS peak 

fitting procedure, including extensive details on fitting the Ru 3d/C 1s region, are given in 

section 3.6.1.3. For H4Ru4(CO)12 the peak fitting procedure of the Ru 3d XPS region as well 

as the method for calculating the Ru surface coverage was the same as for CVD-deposited 

Ru3(CO)12 in earlier chapters. Details about the TD-XPS procedure are given in section 

3.6.1.4. For TD-XPS of Ru4/RF-TIO2, 8 temperatures were measured from 298 K to 827 K. 

Details about errors and uncertainties in the XPS measurements are given in section 3.6.1.3. 

The uncertainty in BEs when comparing between samples is ± 0.2 eV, uncertainty in BEs 

shifted due to sample treatment is ± 0.1 eV, uncertainty in Ru At% is ± 4%, and uncertainty 

in CO At% is ± 9%. The absolute error in Ru surface coverages is estimated to be ~100%, 

while the relative uncertainty is based on the Ru At% and is ± 4%. 

7.3.6 CO-TPD 

Details on the CO-TPD instrumentation and measurement procedures are provided in 

section 3.6.3. CO-TPD measurements were performed ex situ; clusters were deposited in 

the Flinders University UHV system and then transferred for analysis in the University of 

Utah UHV system. The CO-TPD process was performed with the same procedure as was 

used for the CO-TPD of CVD-deposited Ru3(CO)12 in Chapter 4. For the 1st cycle the heating 

was ramped to 723 K, while for the 2nd and 3rd cycles the heating was ramped to 800 K. As 

discussed in section 3.6.3.2, 13CO was dosed for the 2nd and 3rd TPD cycles, but on the 1st 

cycle 13CO was not dosed and only the desorption of the 12CO ligands from H4Ru4(CO)12 

was detected. This was because the CO binding sites of the clusters are saturated by the 

ligands prior to heat treatment. During the 1st cycle the mass-28 TPD channel (for 12CO 

ligands) was saturated by the signal, exceeding the maximum detectable limit during 

measurement, and causing 12CO to overflow into the mass-29 channel. The same situation 

also occurred for CVD-deposited Ru3(CO)12 in Chapter 4, and this was corrected for in the 

data analysis (discussed in section 3.6.3.3). 

7.3.7 UPS and MIES 

Details of the UPS and MIES instrumentation, measurement procedures, and data analysis 

are provided in section 3.6.2. The measurements and data analysis were performed with 

the same procedure as for CVD Ru3(CO)12 on RF-TiO2 in Chapter 6. A series of 1 blank 
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substrate sample and 3 Ru4-loaded samples was analysed with UPS and MIES. The 

Ru4/TiO2 samples were heated to 723 K for 10 minutes before analysis. Chapter 5 and 

Chapter 6 showed that heating to this temperature resulted in cluster encapsulation by the 

substrate material, for Ru3 clusters on sputter-treated RF-TiO2. This serves to remove the 

ligands as well as any adventitious carbon contamination resulting from the CVD procedure. 

For this chapter only UPS results are presented and not MIES results. Based on the series 

of UPS and MIES measurements, an “Ru4 difference spectrum” was determined for the UPS 

spectra but this could not be determined for MIES (discussed further in section 7.4.5). The 

difference spectrum is a calculated spectrum related to the contribution of the Ru4 

depositions to the measured valence spectra of the substrate. Weighting factors for the Ru4 

difference spectrum and blank substrate spectrum were determined for each sample. The 

uncertainty in weighting factors is estimated to be ± 0.05. Conclusions will be drawn from 

the weighting factors based on the trend rather than specific values. For this measurement, 

the 3 individual cluster-loaded samples needed consistent valence spectrum features to 

determine a viable Ru4 difference spectrum. Thus, the repeatability of the UPS 

measurements is built into the measurement procedure. 
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7.4 Results 

Throughout this chapter, results for CVD-deposited Ru3(CO)12 on sputtered RF-TiO2 are 

referred to from Chapter 4 to Chapter 6 for comparative purposes. These samples will be 

referred to as “Ru3/TiO2” for naming consistency within this chapter, and the results are 

shown in dotted lines in relevant figures. 

7.4.1 Ru Surface Coverage 

XPS was measured for each sample to determine the relative atomic % (At%) of Ru on the 

surfaces. At% was measured after heating to 723 K for all samples, except for the CO-TPD 

sample which was measured before heating. All spectra were peak fitted and Ru surface 

coverages were determined using the same procedures described in section 3.6.1.3, and 

results are shown in Table 7-1. The range of Ru surface coverages for UPS was 2.1% ML 

to 5.6% ML, where the variation in coverage assists with the UPS data analysis. The Ru 

surface coverage was similar between the TD-XPS sample (3.1%) and CO-TPD sample 

(2.9%), which helps when comparing the results between samples. Additionally, having only 

a small fraction of a surface monolayer covered helps reduce the probability of cluster 

agglomeration, which can interfere with size-selected cluster properties. 

Table 7-1: XPS results for Ru surface concentrations. Ru surface coverages were 
calculated based on At% (see section 3.6.1.3 for details). The uncertainty in Ru At% 
is ± 4%. The absolute error in the Ru surface coverage is estimated to be ~100%, while 
the relative uncertainty is based on the Ru At% and is ± 4%. Errors and uncertainties 
are discussed in section 3.6.1.3. 

Measurement Sample XPS At% Ru Surface 
Coverage (% ML) 

TD-XPS Ru4/RF-TiO2 0.43 3.1 

CO-TPD Ru4/RF-TiO2 0.40 2.9 

UPS (1) Blank RF-TiO2 0.00 0.0 

UPS (2) Ru4/RF-TiO2 0.29 2.1 

UPS (3) Ru4/RF-TiO2 0.30 2.2 

UPS (4) Ru4/RF-TiO2 0.77 5.6 

7.4.2 TD-XPS Results 

For TD-XPS, Ru4/TiO2 was measured with XPS at 8 temperatures from 298 K to 873 K. Ru 

3d/C 1s, Ti 2p, and O 1s regions were measured. Three examples of Ru 3d/C 1s peak fitting 

results are given in Figure 7-1. Figure 7-1a shows an example fitting at 298 K (room 

temperature), where the sample has not been heated and excess ligands have not been 



204 

removed. For this sample, the Ru doublet peak shapes are symmetrical. Figure 7-1b shows 

an example fitting after heating to 323 K; temperatures between 323 K and 373 K (lightly 

heated) are in a transition range of temperatures, where Ru 3d fitting requires one 

symmetrical doublet and one asymmetrical doublet. Figure 7-1c shows an example fitting 

after heating to 723 K; at 423 K and above the Ru doublet has asymmetrical line shapes 

(see section 3.6.1.3 for line shape details). The Ti 2p and O 1s regions were fitted according 

to the procedure described in 3.6.1.3 but are not shown in this results section because they 

were only used for determining the At% of Ru. 

 
Figure 7-1: Peak fitting results from the TD-XPS of Ru4/RF-TiO2. 3 difference 
temperatures are shown as examples. A) 298 K – symmetrical Ru doublet. B) 323 K – 
1 symmetrical Ru doublet and 1 asymmetrical Ru doublet (transition temperature). C) 
723 K – asymmetrical Ru doublet. 

The Ru 3d BE can give information about the chemical state of the clusters, and the CO/Ru 

atomic ratio can be used as a measure of the extent of cluster de-ligation. Note that the H 

bridging ligands cannot be detected using XPS. The analysed TD-XPS results for Ru 3d5/2 

BE and CO/Ru atomic ratio are shown in Figure 7-2, where they are compared to Ru3/RF-

TiO2 results from Chapter 5 (dotted lines). A baseline CO signal was removed before 



205 

determining CO/Ru atomic ratios. 

 
Figure 7-2: TD-XPS results for Ru4/RF-TiO2. Ru3/RF-TiO2 results from Chapter 5 are 
shown in dotted lines for comparison. a) Ru 3d5/2 BE. For transition states with both 
symmetrical and asymmetrical Ru doublets, the average BE is used. Error bars 
represent the ± 0.2 eV uncertainty in Ru 3d5/2 BE when comparing different samples 
but note that the uncertainty is lower at ± 0.1 eV when comparing temperature-
induced BE shifting for the same sample. b) CO/Ru atomic ratio vs. temperature. The 
absolute uncertainty in CO/Ru is estimated to be ± 0.5.  

Figure 7-2a shows that the Ru 3d5/2 BE for Ru4/RF-TiO2 decreases upon heating, starting at 

281.4 eV ± 0.2 eV (as-deposited) and ending at 280.3 ± 0.2 eV (after heating to 873 K). This 

decrease in BE is related to the removal of the ligands from the Ru cluster core [75]. There 

is a sharp decrease, followed by an “elbow point” at 423 K, after which the decrease is less 

steep. The BE trend for Ru3/RF-TiO2 follows the same shape. However, the BE decreases 

more dramatically during the first heating step to 323 K for Ru4/RF-TiO2 than for Ru3/RF-

TiO2. It is also noted that Ru4/RF-TiO2 entered the transition temperature range at 323 K, 

while for Ru3 this occurred at 373 K. This suggests the ligands were being removed at a 

lower temperature (323 K) for Ru4, however the CO/Ru atomic ratio does not have a strong 

decrease until 373 K (Figure 7-2b). This may suggest the initial decrease in BE for Ru4 is 

related to the loss of H bridging ligands. At 423 K and above, there is a difference in BE of 

<0.2 eV between the Ru4/RF-TiO2 and Ru3/RF-TiO2, indicating there was no detectable 

difference between the samples within the resolution of the XPS instrument. The as-

deposited Ru 3d5/2 BE for Ru4/RF-TiO2 was 0.2 eV lower than Ru3/RF-TiO2, which provides 

some evidence that the Ru4/RF-TiO2 has a lower number of ligands per Ru atom when 

deposited by CVD, but it must be noted that this is on the edge of the ± 0.2 eV resolution of 

the instrument. 



206 

The CO/Ru atomic ratio for Ru4/RF-TiO2 in Figure 7-2b decreases as the temperature 

increases, then evens off at an “elbow point” before decreasing to approximately 0 at ~873 

K. The Ru3/RF-TiO2 spectrum shares a similar trend, but the CO/Ru atomic ratio decreases 

to the elbow point at a higher temperature; 373 K for Ru4/RF-TiO2 and 423 K for Ru3/RF-

TiO2. This suggests that the lowest energy Ru-CO binding sites are easier to desorb for 

H4Ru4(CO)12 than for Ru3(CO)12. The CO/Ru atomic ratio for Ru4/RF-TiO2 at room 

temperature (298 K) is 3.9 ± ~0.5, while for Ru3/RF-TiO2 it is 2.1 ± ~0.5. This difference is 

greater than the ~0.5 absolute error. If no ligands were lost in the deposition processes, 

Ru3/RF-TiO2 would hypothetically have a CO/Ru atomic ratio of 4, while Ru4/RF-TiO2 would 

have a ratio of 3. Therefore, the result for Ru4/RF-TiO2 is unreasonably high and greater 

than the maximum ratio. This result points towards a level of CO contamination occurring 

during the CVD deposition of Ru4, possibly due to the heating process promoting the 

desorption of contaminants from the sample holder and other chamber components. Due to 

this, further commentary cannot be made on the CO/Ru atomic ratio of Ru4/RF-TiO2 prior to 

heating.  

7.4.3 CO-TPD Results 

Figure 7-3 shows the CO-TPD results. The data for the 1st CO-TPD cycle was measuring 

only the desorbing 12CO ligands present on the clusters. For the 2nd and 3rd TPD cycles, 
13CO was dosed onto the sample at 180 K prior to the CO-TPD temperature ramping, and it 

is these isotopically-tagged ligands which were detected. The 1st cycle of CO-TPD for 

Ru3/RF-TiO2 from Chapter 4 is shown for comparison. 
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Figure 7-3: CO-TPD results for Ru4/RF-TiO2. 3 CO-TPD cycles were performed. 12CO 

was measured the 1st cycle and 13CO was measured on the 2nd and 3rd cycles (see 
section 7.3.6 for details). Peaks were identified at 300 K (1), 410 K (2), and 690 K (3) 
for the 1st cycle, and a broad desorption feature (4) was identified for the 2nd and 3rd 
cycles. The 1st cycle CO-TPD results for Ru3/RF-TiO2 are shown for comparison as a 
dotted line (data from Chapter 4). 

In Figure 7-3, the 1st cycle CO-TPD spectrum of Ru4/RF-TiO2 has a low-temperature peak 

at 300 K, medium-temperature peak at 410 K, and high-temperature peak at 690 K. The 2nd 

and 3rd heating cycles show vastly different spectra to the 1st, where none of the original Ru-

CO sites are remaining and there is a broad, featureless CO desorption trace. The 2nd cycle 

has a feature at ~780 K which is most likely related to the removal of some ligands which 

were not removed in the 1st cycle, due to the flash-heating nature of the CO-TPD 

measurements where temperatures are ramped at 3 K/s. Because no Ru-CO sites are 

present in the 2nd or 3rd cycles, this indicates that there are no Ru-CO sites available on the 

surface of Ru4/RF-TiO2 after heating to 723 K (1st cycle). This result where Ru-CO sites are 

blocked due to heating also occurred for the 2nd and 3rd cycles of Ru3/RF-TiO2 (not shown 

in Figure 7-3, refer to Chapter 4). 

Comparing the CO desorption of the 1st CO-TPD cycle for Ru4/RF-TiO2 and Ru3/RF-TiO2 
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indicated that the spectra were very similar. There is a low-temperature desorption peak at 

300 K for both cluster sizes, and the high-temperature peak is similar but present at 690 K 

for Ru4 instead of 620 K for Ru3. One difference is that the medium-temperature peak; for 

Ru3/RF-TiO2 may be present in this location but the feature is difficult to distinguish from the 

high temperature peak. In Chapter 4, this was interpreted as part of the onset of the high 

temperature peak, rather than a feature in its own right. However, for Ru4/RF-TiO2 a 410 K 

feature is prominent, and more clearly defined as a peak. This is discussed further in section 

7.5.1. 

7.4.4 UPS Results 

For UPS, 3 unique Ru4/RF-TiO2 samples and 1 blank RF-TiO2 sample were prepared. As 

per Table 7-1, the samples were loaded with 0, 2.1, 2.2, and 5.6% ML of Ru4 clusters. The 

blank sample underwent the same treatment procedure as the cluster-deposited samples, 

except no clusters were added to the deposition vial. This process helped with consistency 

in the valence electron spectra. UPS measurements were performed after heating the 

Ru4/RF-TiO2 samples to 723 K for 10 minutes. This allowed for a direct comparison between 

the Ru4/RF-TiO2 results and the results for Ru3/RF-TiO2 in Chapter 6. At this temperature, 

the CO/Ru atomic ratio was ~0.1 (see TD-XPS results, Figure 7-2b), indicating all (or almost 

all) of the ligands were removed from H4Ru4(CO)12. Figure 7-4 shows the measured UPS 

spectra, Ru4 difference spectrum, and UPS weighting factors. Results for Ru3/RF-TiO2 from 

Chapter 6 are included as dotted lines for comparison. 
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Figure 7-4: UPS results for the Ru4/RF-TiO2 deposition series. a) Measured UPS 
spectra. b) Ru4 difference spectrum compared to blank RF-TiO2 spectrum. The Ru3 
difference spectrum from Ru3/RF-TiO2 is shown as a dotted line for comparison (data 
from Chapter 6). c) UPS data from (b), zoomed in to the low BE region. d) UPS 
weighting factor ratios for the Ru4 difference spectrum and blank substrate spectrum, 
plotted against Ru surface coverage. The uncertainty in the weighting factor ratios is 
± 0.05. 

The measured UPS spectra in Figure 7-4a are dominated by the RF-TiO2 substrate signal, 

but distinct changes can be observed between the blank and cluster-loaded samples due to 

the modification of the substrates by the Ru4 depositions. Figure 7-4b and Figure 7-4c show 

the Ru4 difference spectrum, which features an energy band starting at 0 eV and ending at 

~3.9 eV. There is also a broad feature from 4.0 to 9.0 eV, which is most likely due to 

secondary electron contributions. Figure 7-4d shows that the weighting factor ratio of the 

Ru4 difference spectrum increases with Ru surface coverage, which provides evidence that 

the determined Ru4 difference spectrum is related to the deposition of Ru4 clusters. 
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The low BE energy band of the Ru4 difference spectrum has a slightly different shape than 

Ru3. The peak is at 1.8 eV for Ru4 and 2.7 eV for Ru3, and the energy band is slightly 

narrower for Ru4 at ~3.9 eV wide compared to ~4.2 eV for Ru3. Although the difference in 

peak position may appear significant, it seems most likely related to a slight change in band 

shape rather than a true shifted feature. The main differences between Ru4 and Ru3 

difference spectra are in the higher BE region >6 eV, which is less reliable due to secondary 

electron effects. The differences between the 2 difference spectra are small, and possibly 

related to the accuracy inherent in determining the cluster difference spectra from a series 

of measured spectra which are dominated by the substrate signal. 

7.4.5 MIES Results 

In this study, UPS and MIES measurements were performed simultaneously. This was 

possible due to a 2000 Hz chopper in the path of a He* source and UV light (detailed in 

section 3.6.2.2). However, a MIES difference spectrum could not be determined for Ru4, and 

thus the results are not shown. This was due to inter-sample differences in the MIES spectra 

where some samples had extra features not present on others. This is likely due to some 

degree of surface contamination being present, which appears strongly in MIES due to its 

sensitivity to only the topmost layer. In Chapter 6, a MIES Ru3 difference spectrum was 

determined, where the success was due to better MIES spectrum consistency for Ru3. 
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7.5 Discussions 

7.5.1 Ru-CO Binding Sites 

In the TD-XPS results (Figure 7-2), Ru4/RF-TiO2 is shown to have a large shift in both BE 

and CO/Ru ratio at lower temperatures than Ru3/RF-TiO2. Furthermore, Ru4/RF-TiO2 

entered the transition temperature range where both symmetrical and asymmetrical peak 

doublets are needed for peak fitting at 323 K, while for Ru3 this occurred at 373 K. This 

points towards H4Ru4(CO)12 beginning de-ligation at a lower temperature, which may be due 

to the nature of the clusters or due to H4Ru4(CO)12 being decomposed by heating to 353 K 

during the deposition. This implies that for the CO-TPD the low-temperature onset for CO 

desorption should be at a lower temperature for Ru4/RF-TiO2, but this not seen in the 

spectrum (Figure 7-3). This discrepancy may be due to the continuous temperature ramping 

of CO-TPD, compared to TD-XPS where distinct measurements were performed after 

heating for 10 minutes at each temperature. Due to this, the TD-XPS results are taken as 

being reliable in this case. 

The 1st cycle CO-TPD spectra for Ru4/RF-TiO2 and Ru3/RF-TiO2 (Figure 7-3) are very 

similar, which implies that the Ru-CO binding sites are similar for both H4Ru4(CO)12 and 

Ru3(CO)12 when supported on RF-TiO2. However, some notable differences are that for 

Ru4/RF-TiO2 the medium-temperature peak is significantly more prominent, and the high-

temperature peak has been shifted to a higher temperature by 70 K. This shifting indicates 

that the bonding for the high-temperature site is more stable for Ru4, as more energy is 

required for desorption. In Chapter 4, section 4.4.3.1 it was argued that the low temperature 

feature in the 1st CO-TPD cycle for Ru3 at was most likely from on-top binding positions (with 

µ1 and/or µ2 bond structures) while the high temperature feature was from µ2 cluster-

substrate bridging sites. Similar peak assigning can be applied to the 1st cycle CO-TPD for 

Ru4/RF-TiO2, where there are 300 K, 410 K, and 690 K peaks. Based on the previous 

arguments (see section 4.4.3.1) the 690 K peak was assigned to µ2 cluster-substrate 

bridging sites. The medium temperature peak was significantly less prominent for Ru3 and 

was not assigned. Considering the similarity in desorption temperature, both the 300 K and 

410 K peaks for Ru4 are assigned to on-top CO binding positions, where it is a possibility 

that the 300 K peak is related to µ1 bonding and the 410 K peak is related to µ2 bonding, 

where µ2 requires more energy for bond dissociation [128]. This is proposed as the most 

likely bonding structure for the three binding sites, and a diagram showing examples of each 

of the binding sites is shown in Figure 7-5. 
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Figure 7-5: Diagram showing the most likely binding site candidates associated with 
the 3 desorption peaks seen in the CO-TPD spectrum of Ru4/RF-TiO2. (1) is an on-top 
position with µ1 bonding, assigned to the 300 K peak. (2) is an on-top position with µ2 
bonding, assigned to the 410 K peak. (3) is a µ2 cluster-substrate bridging site, 
assigned to the 690 K peak. 

7.5.2 Cluster-Surface Interaction 

The fact that all Ru-CO binding sites were blocked for Ru4/RF-TiO2 after the 1st CO-TPD 

heating cycle (Figure 7-3) points towards heat treatment causing the covering of clusters by 

substrate material, thereby blocking Ru-CO binding from occurring. These CO-TPD results 

match what occurred for Ru3/RF-TiO2 in Chapter 4; similarly, in that study all Ru-CO sites 

were lost after the 1st heating cycle. Chapter 5 provided further evidence to support the 

conclusion that substrate material was covering the Ru3 clusters after heating. These 

conclusions were assisted by LEIS and AR-XPS measurements which were not available 

for Ru4. However, the similarity of the TD-XPS, CO-TPD, and UPS results between the 

samples suggests the heating-induced encapsulation also occurred for Ru4/RF-TiO2. Figure 

7-6 shows a diagram of the cluster and surface before and after heat treatment, where heat 

treatment results in the encapsulation of the clusters. Chapter 6 showed the titania overlayer 

was a reduced form of titania, which matches previously reported findings for the 

encapsulation reaction of metal adsorbates atop TiO2 [185, 186, 207, 208, 210-213, 216, 

386].  
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Figure 7-6: Diagram showing the results regarding the encapsulation of Ru4/RF-TiO2, 
before and after heat treatment to 723 K. 

The UPS difference spectra for Ru4 and Ru3 are very similar, with only a slightly different 

shape in the low BE band (Figure 7-4c). In both cases the UPS onset is at 0 eV, providing 

evidence the supported Ru4 and Ru3 clusters have metallic states [61, 437, 440-442]. This 

is interesting because metal clusters are generally known for their molecule-like discrete 

electron levels and lack of metallic properties [13]. In Chapter 6, it was shown RF-TiO2-

supported Pt3 clusters had non-metallic characteristics, while Ru3 was metallic. This 

suggests the occurrence of metallic states is most likely related to the SMSI between Ru4 

and RF-TiO2. 

In Chapter 5 it was shown that heating causes a partial oxidation of the Ru3 clusters (by XPS 

comparison to a size-selected, CS-deposited Ru3 sample). However, this is not visible in the 

Ru4/RF-TiO2 TD-XPS results (Figure 7-2a) because the BE shifting with heat treatment was 

dominated by the effects of CO ligand removal. However, the similarity of the BEs after 

heating to 873 K (Figure 7-2a) implies Ru4 clusters are oxidised in the same way. These 

results do not show whether the clusters remain as bare 4-atom clusters, agglomerate, or 

break apart after heating to remove the ligands. 

7.5.3 Properties of Ru4 Compared to Ru3 

The TD-XPS, CO-TPD, and UPS results were very similar between Ru4/RF-TiO2 and 

Ru3/RF-TiO2. The main difference between the cluster types was the onset temperature for 

CO de-ligation, which was slightly lower for Ru4. However, after heating the similarity of the 

low BE region in UPS provides evidence that the effect of the CVD of Ru4 on the valence 

electron structure of RF-TiO2 is very similar to that of Ru3. This suggests that the 

encapsulation reaction is the dominating factor in determining the properties of the clusters 

after heating. It may also be the case that the cluster size difference of Ru4 compared to Ru3 

was too small to detect a noticeable difference with the techniques used. It is possible that 
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the difference may have been more noticeable in the UPS and other results for a larger 

change in cluster size. However, the change in DOS of supported clusters with cluster size 

is difficult to predict due to both the discrete energy levels of clusters in vacuum, as well as 

the possible effect of the SMSI for clusters on metal-oxide supports [185, 201, 202]. 

There are not any previously published studies on titania-supported H4Ru4(CO)12 to 

compare the results to. Comparisons between similar titania-supported Ru3(CO)12 results 

and previous literature can be found in the earlier chapters (sections 4.4.3, 5.4.6, 6.5). DFT 

calculations of Ru4 clusters on RF-TiO2 substrates would be ideal for the discussion on the 

DOS, but to the best knowledge of the author there are no such published results. Outside 

of Ru clusters, Krishnan et al. [3] have comparably reported only a small difference in UPS 

measurements for similarly-sized TiO2-supported Au9 and Au13 clusters (deposited by 

solution submersion with diphenylphosphino-protected clusters and heated to remove 

ligands), where Au13 was shifted closer to the Fermi level by only ∼0.1 eV. However, in that 

study the clusters were not metallised on the substrate like Ru4 was in this study, so these 

results are not directly comparable. Other experimental studies on CS-deposited, size-

selected clusters have shown a trend for the cluster DOS to extend towards the Fermi level 

as cluster size increases, becoming more bulk-like for Pdn/TiO2(110) [60], Ptn/Ag(110) [455], 

Pdn/Ag(110) [455]. This phenomenon does not hold for the case of Ru3 and Ru4 on RF-TiO2, 

most likely due to the metallisation and encapsulation of the clusters. 

Considering the properties of Ru4/RF-TiO2 and Ru3/RF-TiO2 were found to be very similar 

after heating suggests that clusters deposited onto sputter-treated RF-TiO2 using 

H4Ru4(CO)12 have the same potential uses as Ru3(CO)12. Notably, Ru clusters are 

particularly active catalysts for industry and environment-relevant reactions such as CO and 

CO2 hydrogenation [43-47, 49-51, 53, 54]. It is a possibility the reduction in CO adsorption 

capacity due to cluster encapsulation may reduce the capacity for CO hydrogenation [185, 

186, 213]. Alternatively, there have been cases showing an electronic structure which is 

suitable for photocatalysis without direct reactant-cluster contact [4, 397, 398], where cluster 

encapsulation can include additional benefits such as an increase in resistance to cluster 

agglomeration [4, 397], increase in photocatalytic reaction selectivity [398], and an increase 

in photocatalytic activity by hindering back reactions [4]. As such, measurements are 

necessary to determine the photocatalytic abilities of the Ru4/RF-TiO2.  
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7.6 Conclusions 

Ru4 was deposited onto Ar+ ion sputter-treated RF-TiO2 substrates by the CVD of 

H4Ru4(CO)12. Separate samples were prepared for analysis with TD-XPS, CO-TPD, and 

UPS. The results indicated that after heating to 723 K for the 1st CO-TPD cycle, all Ru-CO 

sites were lost due to the encapsulation of the Ru4 clusters by the RF-TiO2 substrate. UPS 

showed that after heating to 723 K Ru4 clusters have metallic properties, unlike what is 

generally expected for non-supported metal clusters. These results are very similar to 

previously reported (Chapter 4 to Chapter 6) results for CVD-deposited Ru3(CO)12 on RF-

TiO2 (Ru3/RF-TiO2). One notable difference between the clusters is that Ru4 appears to 

desorb CO at a lower temperature than Ru3 based on TD-XPS results. After heating to 723 

K, UPS shows that the valence electronic structures of the supported clusters are very 

similar. The similarity after heating suggests that Ru4 has the same potential catalytic 

benefits as Ru3, including use in the photocatalytic water splitting reaction. Studying the 

temperature stability and valence electronic structure of supported clusters works towards 

the goal of using such catalytic systems for technical or industrial applications. 
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Chapter 8 Concluding Remarks 

There is a trend in catalysis research for catalytic materials to be decreased in size towards 

the single-atom limit, where the active catalyst is present in only the topmost layer [40-42]. 

Metal clusters form part of this trend and are a rapidly growing area of interest [2-11] with 

the main motivation of cluster research being their potential use in catalysis and 

photocatalysis [4, 10, 56]. Recent cluster research has focussed on aspects such as cluster 

morphology, size, surface interaction, mobility, catalytic and photocatalytic properties, and 

electronic properties, as well as how these different aspects affect one another [20-39]. The 

DOS for some supported clusters have been previously measured using UPS and/or MIES 

[3, 5, 6, 57, 60, 73, 102, 292, 315], but exhaustive DOS measurements have not been 

performed for many types of supported clusters including small Ru clusters. 

The significant original contribution to knowledge in this thesis is the measurements and 

analysis of the surface properties and electronic structures of surface-supported Ru3 

clusters on RF-sputter deposited titania (RF-TiO2) substrates, as well as comparisons to 

other systems. Small Ru clusters were chosen as they display promise for catalysis, being 

efficient catalysts for the hydrogenation of CO and CO2 [43-55]. RF-TiO2 substrates were 

chosen as a cost-effective, more industry-applicable alternative to the TiO2(110) single 

crystal which is typically used in studies on titania-supported clusters.  

The focus of this thesis was on experimental measurements of the Ru3 temperature stability, 

electronic DOS, oxidation properties, and details about the cluster-surface interaction when 

supported on RF-TiO2. An additional goal was to compare the results using different 

deposition methods, as no previous studies comparing clusters of the same size deposited 

using different methods had been undertaken. To do this Ru3 was deposited by; solution 

submersion of Ru3(CO)12, CVD of Ru3(CO)12, and cluster source (CS) deposition of bare 

Ru3. To extend the study, results for Pt3 clusters and Ru4 clusters were compared to Ru3 in 

Chapter 6 and Chapter 7, respectively. 

8.1 Summary of Conclusions 

In Chapter 4 and Chapter 5 evidence was established showing that Ru3 clusters are 

encapsulated when supported on sputter-treated RF-TiO2. It was firstly shown, using CO-

TPD, that after heat-treatment of Ru3 on non-sputtered RF-TiO2, the main Ru-CO binding 

site was blocked while other Ru-CO sites remained. However, sputter-treated RF-TiO2 

resulted in the complete blocking of all Ru-CO sites for CS-deposited Ru3 with no heat-
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treatment required. For CVD-deposited Ru3(CO)12 heat-treatment was required before sites 

were blocked, presumably due to the loss of the protecting CO ligands. The mechanism for 

complete blocking of Ru-CO sites could not be initially determined in Chapter 4. This 

influenced the studies undertaken in Chapter 5, where ARXPS and LEIS results supported 

the interpretation that the loss of Ru-CO sites was due to cluster encapsulation. TD-LEIS 

results showed Ru3(CO)12 on sputter-treated RF-TiO2 was encapsulated by a 0.35 nm ± 

0.08 nm titania overlayer after heating, which is a thin enough overlayer for potential catalytic 

reactions to take place. In Chapter 6 MIES was used to measure the overlayer encapsulating 

the Ru3, and provided evidence that the overlayer was composed of reduced titania with a 

bonding structure such as Ru-Ti-O. This aligns with previous studies of metal adsorbates 

encapsulated by titania [185, 186, 207, 208, 210-213, 216, 386]. For Pt3 on sputter-treated 

RF-TiO2, UPS and MIES conversely provided evidence Pt was present on the top-most layer 

and was not encapsulated. The most likely reason for the difference in cluster-surface 

interaction between Ru3 and Pt3 was an energetic benefit for Ru encapsulation related to 

the minimisation of surface energy. 

It was shown with XPS in Chapter 4 and Chapter 5 that heating Ru3 clusters on RF-TiO2 

results in partially oxidised Ru clusters, which occurs on both sputter-treated and non-

sputtered RF-TiO2. Furthermore, the initial Ru 3d BE of the Ru3 clusters differed depending 

on the deposition method (solution, CVD, or CS), but heating to 723-873 K negated this 

difference and the BEs became identical, within experimental accuracy, suggesting that the 

oxidation state of the clusters was the same after heat treatment. The similarity of electronic 

properties was supported by UPS and MIES results in Chapter 6, showing that the electronic 

DOSs for solution-deposited Ru3 and CVD-deposited Ru3 on sputter-treated RF-TiO2 were 

very similar after heat-treatment. This suggests that if the Ru3 clusters are to be heated, the 

specific type of deposition method used would not be an important consideration for the 

production of catalytic materials. 

A notable achievement in Chapter 6 was the measurement of the valence electronic DOS 

for both Ru3 and Pt3 supported on sputter-treated RF-TiO2. Based on experimental 

measurements of supported clusters, valence spectra were determined for UPS and MIES 

which were associated with the cluster depositions (and not contributions from the blank 

substrate). These showed that after heat treatment Ru3 has metallic properties and Pt3 has 

non-metallic properties. The metallic properties of Ru3 may be related to the encapsulation 

and or/ oxidation of the clusters. Measurements of the DOS for small clusters such as this 

are vital for comparison to DFT measurements, the understanding of catalytic reactions, and 
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the design of efficient catalytic materials.  

To test the effects of changing the Ru3 cluster size by one atom to Ru4, Chapter 7 involved 

various complementary measurements of CVD-deposited Ru4 (H4Ru4(CO)12) on sputter-

treated RF-TiO2. The results were similar to those reported for CVD-deposited Ru3(CO)12 in 

earlier chapters. The main difference, based on TD-XPS, was that Ru4 begins desorbing 

ligands at a slightly lower temperature than Ru3, likely related to the loss of H bridging 

ligands. It was shown that Ru4 is encapsulated when heat-treated and has an electronic 

DOS with very similar features to Ru3. This suggests that the catalytic potentials of Ru3 and 

Ru4 are most likely similar when supported on sputter-treated RF-TiO2. 

8.2 Potential for Future Research 

Throughout this study much was learnt about Ru clusters, especially regarding the 

encapsulation of Run by RF-TiO2. However, one important question which was not resolved 

was: what is the structure of the Run clusters after being encapsulated by sputter-treated 

RF-TiO2? It is not clear whether the clusters remain as size-selected clusters beneath the 

overlayer, or whether they are agglomerated or dissociated. To remedy this, a future 

experiment should be devised to determine the structure of the clusters. For example, the 

Run clusters could be analysed using scanning transmission electron microscopy (STEM), 

which would help with identifying the size of the clusters after encapsulation. However, the 

Run/RF-TiO2 system would be problematic using STEM, because this requires the sample 

to be thin enough for electrons to pass through [334, 337, 338], and RF-TiO2 is present as 

a layer atop on a thick, bulk-scale SiO2 wafer. An alternative methodology to solve this issue 

would be to deposit Run onto titania nanoparticles, such as P25, as nanoparticles can be 

measured using STEM. For the deposition of clusters onto titania nanoparticles, solution 

submersion is often used by suspending the substrate nanoparticles in a solution of the 

clusters and stirring [10, 73, 100, 102, 103, 132-134]. This experimental work would be an 

ideal continuation of the work performed in this thesis, and the understanding of Ru cluster 

size after encapsulation would be beneficial due to the often size-dependent nature of metal 

cluster catalysis. It would have to be noted, however, that measurements on titania 

nanoparticles would not be directly comparable to those on RF-TiO2 because a difference 

in the cluster-surface interaction may be observed. 

A second avenue for future research opened by the work presented herein is the 

photocatalytic measurements of RF-TiO2-supported Run clusters. Such a course of study 

would be warranted as the encapsulation of Ru3 and Ru4 clusters by sputter-treated RF-
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TiO2 may provide an advantage for photocatalysis applications. A previous study on Aun-

loaded BaLa4Ti4O15 showed than when encapsulated by a chromium oxide overlayer, Aun 

was stabilised against agglomeration and received a photocatalytic benefit for water splitting 

by decreasing the back-reaction rate, even when thicker overlayers were present than those 

of Ru3/RF-TiO2 in this study [4, 146]. The water splitting reaction has notably received great 

attention in photocatalysis research as it is a potential source of H2, and a potential green 

fuel source [4, 10, 34, 36, 146, 271]. Thus, the encapsulation of Run by RF-TiO2 opens a 

pathway for photocatalytic water splitting measurements of the Run/RF-TiO2 systems. With 

a well-designed reaction vessel, reactions such as photocatalytic water splitting as well as 

the catalytic hydrogenation of CO could be tested for potential benefits using encapsulated 

Ru clusters. While instrumentation for such measurements was not available at Flinders 

University, it is hoped these studies will inspire further research on the materials.  

In this thesis it was demonstrated that UPS and MIES could be used collectively to measure 

the DOS for an encapsulated cluster and overlayer, respectively. By extension this leads to 

an idea that the unique surface sensitivity of MIES would work well in tandem with catalysis 

measurements to probe individual reaction steps. For such an experiment a gas molecule 

such as H2O could be introduced onto supported clusters, and UPS and MIES 

measurements would be performed before and after dosing. Since MIES only measures 

atoms on the top-most layer it could be used to probe how the electronic DOS of an 

adsorbed molecule changes due to its adsorption to clusters. This type of measurement 

could be performed with Ru3/RF-TiO2, or any other cluster/substrate combination showing 

catalytic or photocatalytic potential. While other surface-sensitive measurements of gaseous 

molecules adsorbed to metal clusters have been performed, such as ion scattering showing 

the molecule attachment [154, 331, 469], to the best knowledge of the author measurements 

have not been performed measuring the DOS of the top layer only. This may provide an 

experimental path for probing individual steps in catalytic reactions, which could further the 

understanding of catalysis by small metal clusters and in turn allow for the production of 

more efficient, cheaper catalysts for use in industrial and environmental settings.  
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Chapter 10 Appendices 

10.1 Appendix A: Instrument Maintenance and Modifications 

Throughout this PhD candidature, a significant amount of effort was spent by the author (as 

well as the other members of Professor Andersson’s research group) keeping the UHV 

instruments well maintained in order to produce reliable, repeatable results. Additionally, 

modifications were made to the instrument in order to run specific experiments or improve 

its capabilities. In this section, examples are given to highlight some of the work which was 

done. 

10.1.1 UHV System Maintenance 

Professor Andersson’s research group at Flinders University uses two main UHV systems; 

one is the MIES system, while the other is the NICISS system (neutral impact collision ion 

scattering spectroscopy). The MIES system was the main UHV system used for this thesis 

(see section 3.3.1 for details on the methodologies which were used), while the NICISS 

system was not used for experiments in this thesis. The author was part of a small 

maintenance team for both UHV systems. This involved going to weekly meetings to discuss 

the current instrument condition and anything which needed to be fixed or improved. This 

work required learning how to remove and replace vacuum components which use UHV 

flanges. They need to be installed effectively to avoid air leaks, in order to reach the low 

pressure range needed for UHV experiments. Additionally, new parts often needed to be 

sourced and ordered for this maintenance from various suppliers. As a specific example of 

a maintenance/modification procedure, a new gas dosing valve was installed onto the MIES 

system. This involved ordering vacuum parts and gas bottles, installing the gas dosing valve 

and piping system onto the main chamber using the flange system, and then checking for 

any air leaks into the main chamber. 

Some components of UHV systems require regular maintenance because they are 

extremely fragile or ware out with use over time. Examples of this are the filaments used for 

electron bombardment heating, which can crack over time due to repeated heating and 

cooling, and gas dosing valves which are continuously opened and closed. In some cases, 

the Flinders University workshop assisted with fixing components of the system which went 

beyond the scope of the maintenance team, such as performing repairs and maintenance 

on the high voltage X-ray source. 

Typically, the main vacuum chamber is left under UHV at all times and is never vented to 
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atmosphere. However, any procedure which involves removing a vacuum flange from the 

main chamber requires it to be vented. Additionally, the main chamber is sometimes vented 

accidentally by research group members when performing operations in an incorrect order. 

Venting occurs when too much gas enters the main chamber at once, which triggers an 

automatic venting procedure to protect the turbomolecular pumps. In order to return the 

main chamber to UHV pressures in the range of 10-10 mbar, a “bakeout” must be performed. 

This is a multi-day procedure, which involves setting up an insulating fibreglass tent around 

the UHV system while the pumps are running and using heaters to heat the system up to 

423 K for 1-2 days. This causes adsorbed contamination (such as water) to be desorbed 

from the inside walls of the chamber. 

10.1.2 Designing CVD Attachment 

A new attachment for the loading chamber of the MIES system was designed and built to 

perform CVD for a number of the experiments in this thesis. The general concept was 

designed by the author, which was then finished in collaboration with the Flinders University 

workshop. After the design was finalised, the author ordered the required parts, and the 

machining work was done by the workshop. The core design is a small manipulator arm 

attached to a vacuum flange. A metal holder for a 5 mL glass vial is welded to the 

manipulator arm, such that the glass vial can be moved inside the vacuum chamber. When 

performing CVD, a cluster material such as Ru3(CO)12 is loaded into the glass vial (see 

section 3.5.1 for further details on CVD). A sheath is attached in a fixed position to the flange, 

such that the glass vial can be retracted behind it to prevent the deposition of clusters onto 

samples outside of the intended deposition time frame. 

10.1.3 Installation of New NICISS System 

The basic process of a NICISS experiment involves bombarding a surface with He+ ions and 

detecting backscattered neutral He using time of flight (TOF) detectors. NICISS can be used 

to measure an atomic depth profile of the upper layers of a surface. During this PhD 

candidature, the Flinders University NICISS system was upgraded to an entirely new 

system. This involved replacing almost the entire system and keeping only a small number 

of parts from the original. The new NICISS system was purchased from SPECS and was 

sent to Flinders University largely disassembled. A technician from the company came to 

Flinders to install the system, which required significant assistance and cooperation from 

the maintenance team. Assistance was required for installing the turbomolecular and scroll 

pump systems, ion guns, TOF detectors, solid and liquid sample manipulators, and various 

other parts. The technician stayed for approximately one week until the instrument was 
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competed. After this, significant effort was put into optimising the system in order to collect 

accurate, repeatable ion scattering data at a fast pace. This required optimising many 

different aspects of the system, including ion gun voltages, detector voltages, gas flow 

settings, and digital counting hardware settings, as well as aligning two separate TOF 

detectors to receive the optimum backscattered signal. 

10.2 Appendix B: Ru Cluster Synthesis Data 

The Ru3(CO)12 and H4Ru4(CO)12 cluster materials used in this thesis were synthesised by 

Siriluck Tesana at the University of Canterbury. Tesana also performed measurements on 

the synthesised materials to determine their composition and lack of contaminants. The 

results from these measurements are presented in this section, but it should be stressed 

that they were performed by Siriluck Tesana, and not the author of the thesis. 

Powder X-ray diffraction (PXRD) was used for confirming the identity of clusters by 

comparing with simulated patterns based on the crystal structure data provided by the 

Cambridge Crystallographic Data Centre. The Ru clusters can diffract X-rays giving 

distinctive diffraction patterns which correspond to the arrangement of the atoms in the 

crystals. If there is agreement between the PXRD of the synthesised Ru clusters and the 

simulated patterns, this confirms the target Ru clusters were obtained without detectable 

crystalline impurities. However, it should be noted that amorphous impurities do not show 

any peaks in PXRD. The clusters were further characterized by 1H-nuclear magnetic 

resonance (NMR), infrared spectroscopy (IR), and thermogravimetric analysis (TGA). 
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Figure 10-1: PXRD results for a) Ru3(CO)12, and b) H4Ru4(CO)12. Performed using the 
Agilent Technologies SuperNova X-ray diffractometer with Mo Kα radiation. Baseline 
removal was performed using a polynomial fitting. All data were collected at room 
temperature in the 2θ range of 5 to 50 degrees. The sample powder was finely ground 
and packed into the end of a GC capillary column which was analysed for 40 minutes. 

 

Figure 10-2: 1H-NMR spectra for a) Ru3(CO)12, and b) H4Ru4(CO)12. Analysis performed 
using CDCl3 over silver foil. 

 

Figure 10-3: IR spectra for a) Ru3(CO)12 in hexane solvent, and b) H4Ru4(CO)12 in 
cyclohexane solvent.  
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Figure 10-4: TGA spectra for a) Ru3(CO)12, and b) H4Ru4(CO)12. TGA was performed 
using an Alphatech SDT Q600. Approximately 5 - 10 mg of samples were placed in an 
alumina crucible and heated under nitrogen flow (100 mL.min-1) from 298 to 773 K at 
a heating rate of 10 K.min-1. 

For Ru3(CO)12 the synthesis yield was ~0.78 g (1.22 mmol), which was a 71% yield by 

number of Ru atoms. The PXRD spectrum (Figure 10-1a) was an excellent fit with the 

simulation, confirming the composition of the clusters and lack of contamination [361]. The 
1H-NMR spectrum of Ru3(CO)12 (Figure 10-2a) showed no peaks, confirming the absence 

of the possible by-product H4Ru4(CO)12 [470]. The identity of the Ru3(CO)12 was supported 

by IR (Figure 10-3a), showing it possesses three carbonyl stretching vibrations at 2061 cm-

1 (vs), 2031 cm-1 (s) and 2011 cm-1 (m) agreeing with reports in literature [471]. TGA (Figure 

10-4a) showed 53% weight loss which matched calculated values based on the loss of 

ligands for Ru3(CO)12. 

For H4Ru4(CO)12 the synthesis yield was ~0.66 g (0.88 mmol), which was a 74% yield by 

number of Ru atoms. The PXRD spectrum (Figure 10-1b) was an excellent fit with the 

simulation, confirming the composition of the clusters and lack of contamination [362]. The 
1H-NMR spectrum of H4Ru4(CO)12 (Figure 10-2b) showed a singlet peak at δ - 17.79 ppm 

corresponding to the presence of H ligands [470]. The identity of the H4Ru4(CO)12 was 

supported by IR (Figure 10-3b), where carbonyl stretching vibrations were found at 2081 

cm-1 (s), 2067 cm-1 (vs), 2030 cm-1 (m), 2026 cm-1 (s) and 2010 (w), which corresponds to 

previous literature [362, 472, 473]. TGA (Figure 10-4b) showed 47% weight loss which 

matched calculated values based on the loss of ligands for H4Ru4(CO)12. 
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